
Bioactive Materials 16 (2022) 285–292

Available online 17 March 2022
2452-199X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Quantum dots-labeled polymeric scaffolds for in vivo tracking of 
degradation and tissue formation 

Kun Hee Sim a, Seyed Mohammand Mir b, Sophia Jelke a, Solaiman Tarafder a, Jinho Kim b,**, 
Chang H. Lee a,* 

a Regenerative Engineering Laboratory, Center for Dental and Craniofacial Research, Columbia University Irving Medical Center, 630 West 168th Street, VC12-211, New 
York, NY, 10032, USA 
b Department of Biomedical Engineering, Stevens Institute of Technology, Hoboken, NJ, 07030, USA   

A R T I C L E  I N F O   

Keywords: 
Key terms: quantum dots 
Polycaprolactone 
Tissue engineering 
In vivo tracking 
Degradation 

A B S T R A C T   

The inevitable gap between in vitro and in vivo degradation rate of biomaterials has been a challenging factor in 
the optimal designing of scaffold’s degradation to be balanced with new tissue formation. To enable non-/ 
minimum-invasive tracking of in vivo scaffold degradation, chemical modifications have been applied to label 
polymers with fluorescent dyes. However, the previous approaches may have limited expandability due to 
complicated synthesis processes. Here, we introduce a simple and efficient method to fluorescence labeling of 
polymeric scaffolds via blending with near-infrared (NIR) quantum dots (QDs), semiconductor nanocrystals with 
superior optical properties. QDs-labeled, 3D-printed PCL scaffolds showed promising efficiency and reliability in 
quantitative measurement of degradation using a custom-built fiber-optic imaging modality. Furthermore, QDs- 
PCL scaffolds showed neither cytotoxicity nor secondary labeling of adjacent cells. QDs-PCL scaffolds also 
supported the engineering of fibrous, cartilaginous, and osteogenic tissues from mesenchymal stem/progenitor 
cells (MSCs). In addition, QDs-PCL enabled a distinction between newly forming tissue and the remaining mass of 
scaffolds through multi-channel imaging. Thus, our findings suggest a simple and efficient QDs-labeling of PCL 
scaffolds and minimally invasive imaging modality that shows significant potential to enable in vivo tracking of 
scaffold degradation as well as new tissue formation.   

1. Introduction 

Various biomaterials have been widely applied for musculoskeletal 
tissue repair and regeneration, either as delivery carriers, grafts, or 
scaffolds [1–5]. The biomaterial-based carriers and scaffolds for tissue 
repair and regeneration are primarily biodegradable, as designed to 
allow a controlled release of bioactive factors or a balanced tissue for-
mation replacing the scaffolds over time [1–7]. However, the mode and 
mechanism of biodegradation vary as associated with the chemical 
composition and physical configuration of each biomaterial-based 
structure [5,8,9]. Although some special biomaterial constructs are 
designed for active degradation in response to specific in vivo bio-
chemical/physical environment at a target site [10], the most commonly 
used, polyester-based scaffold materials such as polycaprolactone (PCL), 

poly (L-lactic acid) (PLLA), poly (glycolic acid) (PGA), and poly (lac-
tic-co-glycolic acid) (PLGA) undergo passive degradation, primarily 
hydrolysis [11]. As biomaterial scaffolds are required to provide struc-
tural support at the implantation site until new tissue is formed and 
matured with functional restoration, the degradation rate of scaffolds is 
an essential factor to be considered for successful tissue regeneration in 
vivo. 

The degradation rates of widely used polyester-based material scaf-
folds have been well characterized. However, the degradation tests have 
been limitedly conducted under controlled in vitro settings. Degradation 
of scaffolds is not only regulated by passive hydrolysis but also by me-
chanical and biochemical factors in vivo [11]. For example, enzymatic 
activities and cell-mediated breakdown are closely involved with in vivo 
scaffold degradation [11]. From our years of investigations in 
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scaffold-based tissue regeneration, we have learned that the same type 
of scaffold can degrade at significantly different rates depending on 
animal species and implantation location [1–4,12–14]. Thus, there is an 
inevitable gap in scaffold degradation rates between in vitro and in vivo 
[15,16]. To track in vivo degradation of scaffolds, fluorescence labeling 
of scaffold materials has been applied [17–19]. For example, an organic 
fluorophore, di(thiophene-2-yl)-diketopyrrolopyrrole (DPP), was cova-
lently linked in PCL that resulted in yellow fluorescence [17]. Similarly, 
other fluorescent dyes in blue, green, red, and near-infrared (NIR) have 
been linked with PCL via covalent bonding to synthesize PCL-dye-PCL 
[17]. In another study, NIR fluorophore-conjugated copolymer of PCL, 
PLLA, and PGA was synthesized for bone tissue engineering scaffold 
[19]. NIR signal at 800 nm emitted from the scaffold showed promising 
efficiency of tracing in vivo scaffold degradation [19]. Despite the 
promising outcome of the existing fluorescent polymers for in vivo 
tracking of degradation, the synthesis of fluorophore-conjugated mate-
rials requires complicated processes and unique facilities for quality 
control of the chemical reactions [17–19]. Moreover, a specific chemical 
modification needs to be implemented for optimal labeling for each 
biomaterial, consequently serving as a barrier for expanded 
applications. 

This study introduces a simple and straightforward method to label a 
wide range of biomaterials using quantum dots (QDs), nanometer-sized 
fluorescent semiconductor crystals [20–22]. QDs have a tunable band 
gap ranging from the visible to the infrared (IR), high quantum yields 
(QYs), narrow and symmetric emission features, broad absorption above 
the band gap, large multiphoton absorption cross-sections, and high 
photostability [21–23]. These unique optical properties of QDs have 
been considered ideal for in vivo imaging [21,22]. Similarly, QDs have 
been extensively utilized for labeling cells, micelles, controlled delivery 
vehicles, cancer-targeting probes, and scaffolds for long-term tracking 
and deep-tissue imaging in live animals [21,24,25]. Here we adopted 
QDs with NIR light emission. Fluorescence in NIR wavelength 
(700–1000 nm) is suitable for deep-tissue in vivo imaging given its su-
perior tissue penetration capacity and minimal interference with adja-
cent tissues to those of visible light [23,26]. We successfully fabricated a 
3D-printed PCL scaffold labeled with NIR QDs that exhibited a prom-
ising potential for minimal- or non-invasive imaging and quantification 
of degradation as well as new tissue formation. We show a promising 
potential of imaging the QD-labeled PCL via an optical fiber inserted into 
tissue that enables to apply an excitation light directly to deep-tissue 
implanted scaffolds and to acquire the emission light traveling 
through the optical fibers. The fiber-optic imaging modality allowed us 
to achieve minimally invasive imaging regardless of the tissue thickness. 
This study may suggest a reliable and straightforward method to label 
polymeric scaffolds for in vivo tracking of degradation to be balanced 
with tissue healing. 

2. Materials and methods 

2.1. QD labeling of PCL 

We labeled PCL with QDs via a physical composition, not through a 
chemical reaction or affinity binding. Briefly, Green CdSe QDs (excita-
tion/emission: 500 nm/505–530 nm) and NIR CuInS/ZnS QDs (488 nm/ 
700–800 nm) were purchased from NNCrystals (Fayetteville, AR). We 
first precipitated QDs from the reaction mixture by adding methanol and 
chloroform, followed by isolation via centrifugation as previously 
described [24]. The isolated QDs were redissolved in a 6:1 solvent 
mixture of chloroform and dimethylformamide (DMF) (Sigma-Aldrich, 
St. Louis, MO). Then GMP-grade PCL (PURASORB® PC 12; 1.0–1.3 dl/g; 
Corbion, Palatine, IL) was dissolved in the QD-solvents at 15 wt%, fol-
lowed by vigorous stirring overnight. The final concentration of QDs was 
prepared at 0.3–0.5 wt% of PCL. The prepared PCL slurry was 
vacuum-dried for 48 h, and its fluorescence was confirmed using fluo-
rescence microscopy with a FITC filter. 

2.2. Fabrication and imaging of QDs-labeled PCL scaffold 

The QDs-PCL was fabricated into scaffolds in a dimension of 5 mm ×
5 mm x 1.5 mm using 3D Bioplotter® (4th generation, EnvisionTEC, 
Germany) as per our well-established methods [1,2,4]. Briefly, the 
prepared QDs-PCL was loaded in a high-temperature dispensing car-
tridge of Bioplotter® and heated up to 120 ◦C. The material was then 
dispensed through a stainless-steel needle to build 3D structures con-
sisting of 400 μm micro-strands and 200 μm inter-strand channels. For 
initial imaging to confirm fluorescence, Maestro™ in vivo imaging sys-
tem (Caliper Life Science, Waltham, MA) was utilized by applying a 
spectrum of excitation light (400–600 nm wavelength) on top of scaf-
folds. The emission signals were acquired by a top-positioned CCD 
camera at 515 nm and 780 nm for green and NIR QDs, respectively. To 
determine the feasibility of in vivo imaging, the NIR QDs-PCL scaffolds 
were implanted in the knee joint of Sprague-Dawley rat cadavers, fol-
lowed by imaging with Maestro™ at 488 nm/780 nm. To measure tissue 
thickness allowing non-invasive deep-tissue imaging of scaffolds, we 
imaged QD-PCL scaffolds placed under multiple layers of rat skins up to 
3 mm thickness. 

2.3. Fiber-optic imaging set-up 

Although QDs’ emission at the NIR range is suitable for deep-tissue 
penetration with minimal tissue interference, the excitation light at a 
short wavelength is largely blocked by tissue barriers [23]. This may 
serve as a challenge in achieving sufficient excitation from the light 
applied on top of tissue layers to the scaffold embedded under thick 
tissues. To further enhance the in vivo imaging quality of the QDs-PCL 
scaffolds embedded in tissue layers, we built a custom-designed imag-
ing system implemented with optical fibers and probe as in our previous 
works [27]. Briefly, our imaging system was designed to illuminate 
488-nm laser light directly onto the scaffold through an optical probe, as 
780-nm emission light from the target materials is collected by a CCD 
camera located on the overlaid tissue surface or through the same probe 
simultaneously. We used optical fibers of 700–1000 μm in diameter, 
allowing minimally invasive insertion inside tissues. Imaging probes 
consisted of A GRIN lens (LRL-070-P300, Oroton) and an optical-fiber 
imaging bundle (FIGH-03-215S, Fujikura) integrated into the 
epi-illumination compartment of the custom-built fluorescent imaging 
microscope. The laser light sheet was created by passing the laser beam 
(Jive 200 mW laser, Cobolt) through a cylindrical lens (ACY254-050-A, 
Thorlabs). Fluorescent signals from fluorescent QDs (780 nm) were 
separated from the excitation light (488 nm) by using a dichroic mirror 
(FF596-Di01-25 × 36, Semrock). The separated emission light signals 
were passed through an optical filter (FF02-641/75-25, Semrock) and 
detected by a camera (Zyla sCMOS 4.2, Andor) with the 10 × (PlanN 10 
× , NA 0.25, Olympus) objectives. The obtained image data were pro-
cessed using a custom-built algorithm based on the Fourier transform to 
remove structural and background noise from the images as per our 
prior works [27]. 

2.4. Accelerated in vitro degradation of QDs-PCL scaffolds 

To determine a statistical correlation between the scaffold degra-
dation and quantitative intensity of fluorescent signals, the QDs-PCL 
scaffolds (10 mm × 10 mm x 5 mm) underwent accelerated in vitro 
degradation by 1 M NaOH treatment, along with imaging by the custom- 
built optical-fiber system. Up to 38 days, the degradation of scaffolds 
was quantified by loss of dry weight and compressive moduli, measured 
at 0.1% strain/sec using UniVert mechanical tester (CellScale Bio-
materials Testing, Waterloo, ON, Canada) as per our well-established 
protocols [2,4] (n = 5 per group and time point). PCL scaffolds 
without QDs labeling were tested as controls. The signal intensities at 
780 nm were quantified using our own custom-built digital imaging 
processing [27]. Spearman’s correlation test analyzed a statistical 
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correlation between degradation and deep-tissue fluorescence intensity 
[28]. 

2.5. Cytotoxicity of QDs-PCL 

Cytotoxicity of QDs-labeled PCL scaffolds was measured using 
Transwell® co-culture with P1-2 human bone marrow-derived mesen-
chymal stem/progenitor cells (MSCs) (All Cells, Alameda, CA). Briefly, 
QDs-PCL scaffolds, after undergoing seven days of in vitro accelerated 
degradation, were placed on Transwell® inserts where MSCs were 
monolayer-cultured on the bottom substrate. Controls included groups 
with no scaffold and PCL scaffolds without QDs. The numbers of live 
cells were then counted for six days culture in growth media. Fluores-
cence microscopy was used at 1, 2, 3, and 6 days of culture to identify 
any QDs cleaved from scaffolds on the MSC culture plate. 

2.6. Multi-lineage differentiation of MSCs in 3D-printed QDs-PCL 
scaffolds 

To test tissue formation in the QDs-PCL scaffolds, P2-3 MSCs (2 ×
106/ml) were seeded via collagen gel as per our prior works [2,13]. 
Briefly, cells were suspended in neutralized type I collagen solution, 
infused into scaffold’s microchannels, and then incubated for 1 h at 
37 ◦C for gelation. PCL scaffolds without QDs were used as control. The 
cell-seeded scaffolds were cultured for four weeks in fibrogenic, chon-
drogenic, and osteogenic differentiation media as per our previous 
studies [1,2,4,13,29]. Fibrogenic differentiation supplements included 
100 ng/ml connective tissue growth factor (CTGF) (BioVendor, Candler, 
NC) and 50 μg/ml ascorbic acids. The chondrogenic medium was sup-
plemented with 10 ng/ml transforming growth factor β3 (TGFβ3) (R&D 
Systems, Minneapolis, MN), whereas the osteogenic medium was sup-
plemented with 100 nM dexamethasone, 10 mM β-glycerophosphate, 
and 0.05 mM ascorbic acid-2-phosphate (Sigma) per our prior methods 
[1,2,4,13,29]. At four weeks, all samples were harvested for histological 
analysis. Randomly selected 5-μm thick tissue sections were stained with 
H&E, picrosirius red (PR) (staining for collagen), safranin O/fast green 

(Saf-O/FG) (staining for cartilaginous matrix), and alizarin red (AR) 
(staining for Ca2+-rich mineralized matrix). Fluorescence microscopy 
was used to image FITC (519 nm) and NIR signals (780 nm) from the 
engineered tissues in PCL and QDs-PCL scaffolds cultured with MSCs. In 
addition, digital imaging processing was performed to quantify fluo-
rescent signal intensity as per our prior studies [12,27]. 

2.7. Statistical analysis 

For all the quantitative data, following confirmation of normal data 
distribution, one-way analysis of variance (ANOVA) with post-hoc 
Tukey HSD tests were used with a p-value of 0.05. Sample sizes for all 
quantitative data were determined by power analysis with one-way 
ANOVA using a level of 0.05, power of 0.8, and effect size of 1.50 
chosen. 

3. Results 

3.1. Fluorescent PCL blended with QDs 

We have successfully established a simple protocol for the efficient 
labeling of PCL scaffolds. Mixture with QDs at 0.3 wt% and 0.5 wt% 
resulted in a solid fluorescent signal at 520 nm emission (Fig. 1A). The 
3D-printed scaffolds labeled with green QDs and NIR QDs showed strong 
emission at respective wavelengths compared to no emission from PCL 
scaffolds without QDs (Fig. 1B). Application of excitation light over 
tissue layers by Maestro™ system (Fig. 1C) showed NIR signals from 
scaffolds implanted in the rat knee joint (Fig. 1D). However, the overlaid 
animal tissues diminished the intensity of NIR emission signals detected 
through tissue layers (Fig. 1E). 

3.2. Fiber-optic imaging to improve deep-tissue detection 

We designed a fiber-optic imaging modality that allows detection of 
NIR emission both on the overlaid tissue surface and through an optical 
probe inserted inside the tissues (Fig. 2A). A custom-built image system 

Fig. 1. A mixture of QDs >0.3 wt% showed strong fluorescence (A), and QD-labeled PCL was successfully 3D-printed (B). Application of excitation light over tissue 
layers (C) successfully detected QDs-PCL scaffolds implanted in the rat knee joint (B). However, the NIR signal intensity gradually decreased with the increasing 
thickness of overlaid tissues (E), suggesting the limitation of QD excitation through tissue layers. 
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comprises flexible optical fiber connecting the laser source to the optical 
probe connected back to a camera (Fig. 2B). A separate CCD camera was 
installed for signal detection on the tissue surface (Fig. 2C). When QDs- 
PCL scaffolds were imaged under animal tissue, the CCD camera ac-
quired strong NIR signals, both with 1.5 mm and 3.0 mm thick tissue 
cover (Fig. 2D). In addition, a strong NIR signal from the QDs-PCL 
scaffold was detected via the optical probe inserted through the tissue 
cover in contrast to no signal from the PCL scaffold (Fig. 2E). The direct 
detection via an optical probe, as emission light travels through the 
inserted optical fiber to the camera at the other end, has no signal 
interference regardless of the thickness of tissue layers. This is consistent 
with our previous study that demonstrated a robust imaging efficacy of 
labeled cells inside animal’s lung using the fiber-optic imaging system 
[27]. 

3.3. Degradation of QDs-PCL scaffolds correlated with fluorescence 
intensity 

Macroscopically, PCL and QDs-PCL treated with 1 M NaOH up to 38 
days showed structural breakdown with significant enlargement of 
pores (Fig. 3A). Quantitatively, the percent of degradation calculated by 
remaining dry weights increased over time by 38 days both in PCL and 
QDs-PCL (Fig. 3B). Consistently, the compressive moduli of both PCL 
and QDs-PCL scaffolds gradually decreased over time (Fig. 3C). The 
weight loss and compressive moduli suggested that QDs-PCL exhibit a 
faster degradation rate than PCL (Fig. 3B and C) (n = 5 per group; p <
0.01). The NIR images acquired by our fiber-optic imaging system 
consistently showed a gradual decrease in the signal intensity for 38 

days (Fig. 4A). Quantitative light intensity at 780 nm wavelength also 
showed declines over time (Fig. 4B). Spearman’s correlation test 
demonstrated a statistically significant disproportional correlation (R =
− 0.981) between the degradation rate and fluorescent signal intensity 
(Fig. 4C) (n = 8–10 per time point; p < 0.000001), suggesting the NIR 
signal detected through the optical probe is a reliable indicator of 
scaffold degradation. 

3.4. No observed cytotoxicity of QDs-PCL scaffolds 

Transwell® co-culturing of degrading QDs-PCL scaffolds with MSCs 
(Fig. 5A) showed no sign of any cytotoxicity up to 6 days culture, given 
the increasing number of live cells over time with no statistically sig-
nificant difference from no scaffold control and PCL control (Fig. 5B) (n 
= 5 per group). Furthermore, fluorescence image overlapped with 
brightfield microscopic image identified very few spotty clusters of 
cleaved QDs during the PCL degradation (Fig. 5C). Nonetheless, the 
cleaved QDs appeared not to be taken up by adjacent cells (Fig. 5C). 

3.5. In vitro tissue formation in QDs-PCL scaffolds 

After 4 weeks of culture in respective differentiation media, both PCL 
and QDs-PCL scaffolds seeded with MSCs formed dense tissue matrix as 
compared to control cultured in growth media, with no noticeable dif-
ference between PCL and QDs-PCL scaffolds (Fig. 6A). Specific staining 
further suggested that PCL and QDs-PCL are suitable for guiding MSC’s 
differentiation into the selected tissue types (Fig. 6B–D). PR staining 
showed dense fibrous tissue matrix formed both in PCL and QDs-PCL 

Fig. 2. An optical fiber-imaging system was designed 
to directly illuminate implanted scaffolds and imag-
ing of emission (A). The hardware set-up of the im-
aging system (B) shows optical fibers connecting 
probe, light source, and a CCD camera (C). Excitation 
through optical fibers inserted into tissue layers 
resulted in the successful detection of emission light 
through the tissue layers (D). Direct emission detec-
tion via inserted optical probe also showed strong 
signal from QDs-labeled PCL scaffolds in contract to 
control PCL without QD (E).   

Fig. 3. In vitro accelerated degradation of 3D-printed PCL and QDs-PCL scaffolds. Both PCL and QDs-PCL scaffolds showed structural breakdown by 1 N NaOH 
treatment for 38 days (A). Percent of degradation measured by dry weight loss (B) and compressive moduli (C) consistently showed a gradual decrease over time, 
with somewhat slowed degradation of QDs-PCL as compared to PCL (n = 6 per group and time point). 
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compared to control without fibrogenic differentiation media (Fig. 6B). 
Saf-O/FG staining showed cartilaginous matrix formation in PCL and 
QDs-PCL scaffolds seeded with MSCs (Fig. 6C). Similarly, AR staining 
showed a mineralized tissue matrix in PCL and QDs-PCL scaffolds 
(Fig. 6D). These findings suggest that QD labeling has no negative effect 
on the capability of PCL scaffold in support of multi-lineage tissue for-
mation. Under observation with FITC (495 nm/519 nm), QDs-PCL 
showed no autofluorescence, unlike the strong autofluorescence from 
unlabeled PCL scaffolds (Fig. 7A). In addition, the MSC-derived multiple 
types of tissue matrix showed notable autofluorescence (Fig. 7A) with 
some degree of tissue type-dependent intensity (Fig. 7B). Given the lack 
of autofluorescence of QDs-PCL and strong autofluorescence of de novo 
tissues, multi-channeled fluorescence with FITC (519 nm) and NIR (780 
nm) clearly distinguished the remaining structure of QDs-PCL scaffolds 
from newly formed tissue matrix (Fig. 7C). The autofluorescence-based 
detection of newly forming tissues was challenging due to the auto-
fluorescence of PCL at the same excitation and emission (Fig. 7C). These 
observations may suggest the potential of QDs-PCL scaffold for in vivo 
tracking of scaffold degradation and new tissue formation. 

4. Discussion 

Our findings suggest a simple and efficient QDs-labeling of PCL 
scaffolds and minimally invasive imaging modality that may have the 
potential to enable in vivo tracking of scaffold degradation and new 
tissue formation. QDs are semiconductor nanometer-sized crystals with 
unique photochemical and photophysical properties, such as improved 
brightness, lacked photobleaching, and multicolor fluorescence emis-
sion. Furthermore, unlike the previous methods involved with chemical 
modifications and reactions, our QDs-based labeling is a simple process 
any lab can easily use and is applicable for various materials such as 
synthetic polymers, natural and synthetic hydrogels, and bioadhesive. 

Since QDs have been widely utilized for in vivo tracking of labeled 
cells, we performed an in vitro co-culture experiment to ensure no sec-
ondary labeling of QDs cleaved from degrading scaffolds. Our data 
strongly suggest that QDs-blended in PCL scaffolds provide accurate 
imaging of scaffolds without labeling adjacent cells/tissue. Few previous 
studies performed a passive QD labeling of cells where QDs undergo 
endocytosis as being incubated with cells for a prolonged duration [30]. 

Fig. 4. Correlation between NIR signal intensity and scaffold degradation. Degrading QDs-PCL scaffolds showed decreased NIR signal intensity over time (A). 
Quantitatively, the signal intensity was reduced over time (B) that were statistically correlated with the percent of degradation (C) (n = 10–15 per time point). 

Fig. 5. Co-culture of QDs-PCL scaffolds with MSCs (A) showed no sign of cytotoxicity demonstrated by no difference in live cell number for six days compared to 
controls with no scaffold and PCL alone (B). In addition, fluorescence microscopy identified a few spotty cleaved QDs starting 3 days, but no sign of secondary 
labeling was observed (C). 
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However, QD-labeling of cells has been dominantly performed by active 
labeling with surface functionalization of QDs to target specific cells [21, 
22,25]. Accordingly, it is postulated that QDs in this study, physically 
blended in PCL without any functionalization, possess a low possibility 
to undergo endocytosis into adjacent cells. Besides, the slow degradation 

of PCL limiting the amount of QD cleavage at given times and the ver-
satile in vivo environment with fluid flow and diffusion may further 
lower the possibility of secondary QD-labeling in vivo. 

Despite the unique optical properties of QDs, the potential cytotox-
icity of QDs has been an unresolved issue for their preclinical 

Fig. 6. Differentiation of MSCs seeded on QDs-PCL scaffolds to fibrogenic, chondrogenic, and osteogenic lineages for 4 weeks in vitro. H&E sections (A) showed dense 
tissue matrix formed under respective differentiation media, with no noticeable difference between PCL and QDs-PCL scaffold. PR (B), Saf-O/FG (C), and AR (D) 
staining showed fibrous, cartilaginous, and mineralized tissue formation, respectively, without notable difference between PCL and QDs-PCL scaffolds. 

Fig. 7. Multi-channel fluorescence microscopy 
showed that autofluorescence of PCL at 495nm/519 
nm disappeared by QD labeling, while auto-
fluorescence of newly forming tissue matrix is visible 
(A). The intensity of autofluorescence of newly 
forming tissues varied depending on the type of tis-
sues (B) (*:p < 0.005 compared to undifferentiated 
control; n = 10 per group). In contrast to PCL scaf-
folds showing green autofluorescence as same as tis-
sue autofluorescence, QDs-PCL allowed 
distinguishing the green tissue autofluorescence from 
the remaining scaffolds detected at 780 nm emission 
(C) (arrows indicate newly forming tissues). (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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applications [31]. Although a recent primate study showed no cyto-
toxicity of in vivo injected QDs [32], it is worth fully considering the 
potential cytotoxicity of QDs to be delivered with slow degrading PCL 
scaffolds. It has been suggested that QD cytotoxicity is associated with 
the physiochemical properties, as connected with some inherent 
chemical feature such as the elements contained in the QD core [31,33]. 
Some studies have suggested that the elemental toxicity is mainly 
dependent upon the accessibility of the core atoms to the surrounding 
solvent [31,34]. In addition, previous studies showed a meaningful 
correlation between QD cytotoxicity and Cd2+ release and its cellular 
uptake [20,31]. Another study suggested that surface oxidation of QDs 
leads to the release of free cadmium ions, resulting in apoptosis [20]. 
Thus, no QD cytotoxicity shown in this study is potentially attributed to 
the low QD amount (0.3 wt%), the limited endocytosis, and the adoption 
of CuInS/ZnS free of cadmium. Consistently, a previous study showed no 
cytotoxicity of unfunctionalized CuInS/ZnS QDs in contrast to Cd-based 
QDs [35]. Despite the paucity of in vivo outcome, the major weakness of 
this study, the in vitro cytotoxicity data strongly advocate the in vivo 
safety of our QD-PCL scaffolds considering the small QD dose per scaf-
fold, the slow in vivo degradation rate resulting in negligible amount of 
QD cleavages at a certain time-point, and the quick in vivo QD diffusion 
rate (<2 h) reported in literature [36]. 

An interesting observation in this study is that QDs-labeling mini-
mized green-light autofluorescence of PCL by darkening the color of PCL 
scaffolds (e.g., Fig. 3A). Despite being an unexpected finding with un-
known mechanism, this feature was highly beneficial in distinguishing 
the mass of remaining scaffolds from those of newly forming tissues 
showing strong autofluorescence in green light. Furthermore, with 
multi-channeled fluorescence imaging for green and NIR wavelengths, 
we have demonstrated the feasibility of tracking scaffold degradation 
and the formation of new tissue. In conclusion, QDs-PCL scaffolds with 
optical-fiber imaging modality have significant potential in our efforts to 
optimize the degradation rate of biodegradable scaffolds as balanced 
with in vivo tissue regeneration. As scaffold degradation and rate of new 
tissue formation may vary between individual animals, species, and 
human patients, our study enabling minimally invasive in vivo tracking 
has significant implications in scaffold-supported tissue engineering and 
regenerative medicine. 
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