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has attracted intensive attention due to their high sensitivity, low cost and easy operation. Particularly,
upconversion nanoparticles (UCNPs) that emit visible lights upon near-infrared (NIR) light excitation as
tracking probes are promising in deciphering the fate of hydrogels after transplantation. Herein, we
reported a facile and non-invasive in vivo hydrogel tracking method using UCNPs, where the degradation

Keywords: of hydrogels was determined using the decrease in fluorescence intensity from the UCNPs encapsulated
Hydrogels . . . .
Degradation in the hydrogels. We found that the change in the fluorescence intensity from the UCNPs was well con-

Upconversion nanoparticles sistent with that of the fluorescein isothiocyanate (FITC) covalently conjugated to hydrogels and also with

Non-invasive tracking the weight change of the hydrogels, suggesting the accuracy of the UCNPs in tracking the degradation of
hydrogels. Furthermore, the in vivo fluorescence signals were only observed from the UCNPs instead of
FITC after implantation for 7 days due to the deep tissue penetration of UCNPs, demonstrating the capa-
bility of UCNPs in longitudinal, consecutive and non-invasive monitoring the in vivo degradation of
hydrogels without causing any damage to the major organs (heart, lung, liver and kidney) of model rats.
This study thus paves the way for monitoring the in vivo behaviors of biomimetic materials via deep tis-
sue imaging with great clinical translation potentials.

Statement of Significance

Long-term noninvasive in vivo tracking of the distribution and degradation of biodegradable hydrogels
using fluorescent probes is important in tissue regeneration and drug delivery. Unlike the widely used
fluorescent dyes and quantum dots (QDs) that suffer from photobleaching and undesired toxicity, upcon-
version nanoparticles (UCNPs) with high stability, deep tissue penetration as tracking probes are promis-
ing in deciphering the fate of hydrogels after transplantation. Herein, we reported a noninvasive in vivo
hydrogel tracking method using UCNPs and found that the fluorescence intensity change from the UCNPs
was well consistent with the weight change of the hydrogels, suggesting the accuracy of UCNPs in track-
ing hydrogel degradation. This study provides inspirations on developing advanced NIR light regulated
probes with great clinical translation potentials.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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required to match the pace of neo-tissue formation, which ensures
the structural and functional integration of implanted hydrogels
with the host tissue for progressed tissue regeneration [3-6]. Quick
degradation may lead to insufficient support for tissue ingrowth,
whereas slow degradation may hinder the neo-tissue formation
and result in fibrosis [7]. Also, degradation of hydrogel is highly rel-
evant to the release mechanism of the drugs encapsulated in the
hydrogels, which is important for the design and development of
formulations with controlled release kinetics [8]. Therefore, it is
extremely crucial to track the in vivo degradation of hydrogel to
match the material degradation with tissue regeneration and/or
to tune the drug release kinetics.

Efforts have been devoted for monitoring of hydrogels degrada-
tion by measuring the changes of hydrogels in terms of mechanical
properties, molecular weight, matrix weight, morphology and vis-
cosity [9,10]. However, these methods are invasive and inconsecu-
tive in monitoring the dynamic behaviors of implanted hydrogels.
For instance, the ex vivo histological staining is a common method
for determining the resorption of biomaterials, which needs to sac-
rifice significant amount of animals limiting its clinical applica-
tions. Therefore, monitoring the degradation of hydrogels in a
real-time and non-invasive manner has attracted increasing atten-
tions. With the help of molecular imaging modalities such as mag-
netic resonance imaging (MRI) [11], positron emission tomography
(PET) [12] and fluorescence imaging [13], people can visualize the
degradation of biomaterials and their interactions with surround-
ing tissues in living systems in real-time and non-invasive ways
[14,15]. Among these imaging modalities, fluorescence imaging
offers advantages in providing a maneuverable nonionizing plat-
form to track the in vivo fate of biomaterials, drugs and cells due
to its easy setup, low cost, high sensitivity, non-invasiveness and
long-term observation [16-18]. For instance, fluorescent dyes
(e.g., fluorescein-5-carboxyamido hexanoic acid, Alexa Fluor 647
and protoporphyrin) have been covalently attached to hydrogels
for monitoring the degradation of hydrogels in vivo based on the
decay in fluorescence signals [19-21]. Quantum dots have been
entrapped within collagen and silk hydrogels for tracking hydrogel
degradation based on the reduction of fluorescence intensity of
hydrogels [22,23]. However, these fluorescent probes usually suffer
from poor stability, biocompatibility and biodegradability, which
may hinder their applications for in vivo hydrogel tracking
[24,25]. Moreover, decorating the fluorescent dye onto the hydro-
gel is a complex route, and fluorescent labels may affect the degra-
dation pattern [26]. Besides, fluorescent dyes and quantum dots
require excitation of UV or visible lights, which have limited pen-
etration depth into biological tissues because they can be largely
absorbed by the skin and underlying fat tissues [27], limiting their
in vivo applications.

Upconversion nanoparticles (UCNPs) that emit visible lights
upon near-infrared (NIR) light excitation hold great promise to
address the above mentioned issues [28], due to their advantages
of large anti-Stokes shifts, long lifetimes, high photostability,
reduced auto-fluorescence, no blinking, and deep tissue penetra-
tion [29-31]. Because of these merits, UCNPs have been intensively
applied in bioimaging and cell tracking [32,33]. Non-invasive mon-
itoring of hydrogel degradation using UCNPs has also been
explored [34]. However, the ex vivo tracking hydrogels embedded
within the cultured intervertebral discs using UCNPs cannot pre-
cisely predict their in vivo behaviors such as degradation, retention
and engraftment, due to the complicated and dynamic in vivo
microenvironment. In addition, the hydrogel degradation results
obtained by using UCNPs as the only tracking probe are not con-
vincing because of the potential leakage of the physically mixed
UCNPs from hydrogels. Therefore, the capability of UCNPs in track-
ing the degradation of hydrogels in living animals needs to be eval-
uated urgently, using a chemically conjugated fluorescent reporter

as the benchmark to confirm the reliability of UCNP in in vivo
hydrogel tracking.

In this contribution, we used NaYF4:Yb,Er@PAA UCNPs as NIR
regulated fluorescent probe for non-invasive tracking of hydrogel
degradation both in vitro and in vivo in a rat model (Scheme 1) with
fluorescein isothiocyanate (FITC) that can be covalently modified
onto hydrogel polymer chains as the benchmark. The model hydro-
gels were gelatin methacryloyl (GelMA) hydrogels that are widely
applied in various biomedical applications [35-39]. To this end,
NaYF4:Yb,Er@PAA UCNPs were physically mixed within FITC-
modified GelMA hydrogels and the fluorescence intensity changes
from UCNPs and FITC are well consistent with the weight changes
of GelMA hydrogels, confirming the capability of UCNPs in precise
tracking of hydrogel degradation. Then the capability of UCNPs in
long-term tracking of the degradation of GeIMA hydrogel was eval-
uated in vivo by embedding the UCNP-labeled GelMA hydrogels
into rat abdomens. The gradual decrease in fluorescence signals
from UCNPs in the transplanted site can be monitored for 7 days,
suggesting the degradation of GelMA hydrogels in vivo. However,
no fluorescence signals were observed from FITC due to the limited
tissue penetration of its excitation light. The fluorescence signal
changes of UCNPs and FITC obtained from tissue section slides
under confocal microscope are in similar trends, confirming the
accuracy of in vivo hydrogel tracking with UCNPs. The safety of
UNCPs in long-term hydrogel tracking was proved by the histolog-
ical staining of the tissue sections from different organs compared
with the ones without hydrogel implantations. These results con-
firm the capability of UCNPs in longitudinal and consecutive mon-
itoring the degradation of hydrogels in vivo.

2. Materials and methods
2.1. Synthesis and characterization of NaYF,:Yb,Er@PAA UCNPs

The synthesis of UCNPs was carried out by a thermal decompo-
sition procedure. In a typical synthesis of 30 nm sized B-NaYF4:Er/
Yb, YCl3-6H,0 (242.69 mg, 0.8 mmol), YbCl;-6H,0 (69.75 mg,
0.18 mmol), and ErCl3-6H,0 (7.64 mg, 0.02 mmol) were dissolved
in 2 mL ultrapure water and then added into a flask containing
15 mL 1-octadecene and 7.5 mL oleic acid. The obtained solution
was stirred at room temperature for 0.5 h. Afterwards, the mixture
was slowly heated to 120 °C and then kept for 1 h at 156 °C to
remove ultrapure water under argon atmosphere protection and
then cooled down to room temperature. Next, 10 mL methanol
solution of NH4F (148.15mg, 4 mmol) and NaOH (100 mg,
2.5 mmol) were added into the solution and kept stirring at room
temperature for 2 h. After methanol evaporation, the solution
was heated to 280 °C and maintained for 1.5 h, then cooled down
to room temperature. The resulting product was centrifuged and
washed with ethanol and cyclohexane for three times and was
finally re-dispersed in 10 mL cyclohexane. To modify the surface
of UCNPs, a ligand exchange process was performed using poly
(allylamine hydrochloride) (PAA) as a multidentate ligand that dis-
places the original hydrophobic ligands on the surface of UCNPs by
mixing 1 mL ethanol, 1 mL of UCNPs and 14.5 pL PAA, dispersed in
chloroform (~15 mg/mL) with overnight stirring. The solution was
then centrifuged at 10,000 rpm for 12 min. After being washed
three times with ethanol and ultrapure water, the particles were
re-dispersed in 5 mL ultrapure water.

The morphologies of the samples were obtained by transmis-
sion electron microscopy (TEM) using a JEM 2100 instrument at
an accelerating voltage of 200 kV. The as-prepared samples were
characterized by powder X-ray diffraction (XRD) on an XRD-7000
diffractometer with Cu Ko radiation. The FTIR spectra of the
nanoparticles were obtained using a Nicolet iS50 Fourier transform
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Scheme 1. Schematic illustration of the synthesis of GeIMA hydrogel physically mixed with NaYF,:Yb,Er@PAA UCNPs and followed by in vitro and in vivo tracking the

degradation of hydrogels using upconversion nanoparticles.

infrared spectrophotometer (Thermo Electron Co., USA) by the KBr
method. The upconversion emission spectra were recorded by
using a spectrophotometer (QuantaMasterTM40) under external
excitation of a 250 mW 980 nm laser diode (RGB Lasersystems).
Images of printed patterns upon excitation using a 980 nm CW
laser and 360 nm UV laser (Changchun Liangli Photoelectric Co.,
Ltd) were obtained via a Nikon D90 digital Single Lens Reflex with
Macro lens with a 500-700 nm bandpass filter. All the measure-
ments were performed at room temperature.

2.2. Cytotoxicity study of NaYF,:Yb,Er@PAA UCNPs

The metabolic activity of NIH-3T3 cells was evaluated by met
hylthiazolyl-diphenyl-tetrazolium bromide (MTT) assays to study
the cytotoxicity of UCNPs. NIH-3T3 cells were seeded in 96-well
plates (Costar, IL, USA) at 1 x 10* cells/mL. After 24 h incubation,
the medium was replaced by 100 pL of the UCNPs suspension at
concentrations of 20, 40 and 60 mg/mL, and the cells were then
incubated for 48 and 72 h, respectively. After the designated time
intervals, the wells were washed twice with 1 x PBS buffer and
100 puL of freshly prepared MTT (0.5 mg/mL) solution in culture
medium was added into each well. The MTT medium solution
was carefully removed after 3 h incubation in the incubator at
37 °C. DMSO (100 pL) was then added into each well and the plate
was gently shaken to dissolve all the precipitates formed. The
absorbance of MTT at 570 nm was monitored by using the micro-
plate reader (Genios Tecan). Cell viability was expressed by the
ratio of absorbance of the cells incubated with UCNP suspension
to that of the cells incubated with culture medium only.

Absorbance of UCNP — treated Cells
Absorbance of UCNP free Cells
x 100%

Cell viability (100%) =

2.3. Synthesis of GelMA

Synthesis of GeIMA was described previously [38]. Briefly, 20 g
of gelatin from porcine skin (Sigma-Aldrich, China) was dissolved
in 200 mL of phosphate buffered saline (PBS, 1X, Invitrogen) at
50 °C using magnetic stirrer. Then, 16 mL methacrylic anhydride
(Sigma-Aldrich, China) was added to react with the gelatin solution
under vigorous stirring for 3 h at 60 °C. After that, the solution was
transferred into a dialysis membrane with 12-14 kDa cut-off in
distilled water at 40 °C for removing the salts and other small
molecules. The distilled water was changes 2 to 3 times every
day. After dialysis for 7 days, the GeIMA solution was filtered with

a sterile filter and transferred to 50 mL-Falcons. The solution was
then freeze-dried to obtain GelMA foam that was stored at
—80 °C before use.

2.4. Conjugation of FITC onto GelMA hydrogel network

To conjugate FITC onto GelMA hydrogel network, 1 g freeze-
dried of GelMA was dissolved in 50 mL of sodium bicarbonate
(Sigma-Aldrich) aqueous solution (100 mM) at 40 °C, and 20 mg
of FITC was dissolved in 10 mL dimethyl formamide (DMF, EMD
chemicals). The two solutions were mixed and reacted for 6 h at
40 °C. The resultant solution was dialyzed against distilled water
at 40 °C for 7 days, and lyophilized to obtain solid FITC-GelMA.
The reaction and purification were performed in the dark to mini-
mize fluorescein photobleaching.

2.5. Fabrication of UCNP-labeled GelMA hydrogel

To fabricate GelMA hydrogel incorporated with NaYF,:Yb,
Er@PAA UCNPs, 1 g freeze-dried of GelMA foam was dissolved in
2 mL of distilled water and then 10 pL crosslinking agent (2-Hydr
oxy-2-methylpropiophenone) was added into GeIMA solution with
slight shacking. The prepolymer solution was further mixed with
400 pL NaYF4:Yb,Er@PAA UCNPs solution (40 mg/ml). Then, the
mixed solution was pipetted into a mold (high 3 mm; diameter
11 mm) as shown in Fig. S1 and exposed to 6.9 mW cm 2 UV light
(365 nm) for a certain period of time to yield UCNP labeled-GelMA
hydrogels with white color. The protocol of synthesizing UCNP and
FITC dual labeled-GelMA hydrogels with yellow green color was
similar with the description above.

2.6. Tissue penetration evaluation of UCNPs for in vitro hydrogel
tracking

One clean cuvette was injected with 1 mL of transparent UCNP-
labeled GelMA solution (40 mg/mL) and the other cuvette was
injected with 1 mL of green FITC-labeled GelMA solution. Then
fresh slices of chicken breast meat (SCBM) with different thickness
(2 mm, 6 mm and 10 mm) were covered on the top of the cuvettes,
respectively. The NIR (980 nm) and UV (365 nm) lasers with the
same output power (50 mW cm2) were located perpendicularly
to the tissue slices covered on the top of the cuvettes, respectively.
The fluorescence images from both UCNPs and FITC were captured
in darkroom using a Nikon D90 digital Single Lens Reflex with
Macro lens attached with UV filter (wavelength pass <700 nm) or
IR filter (wavelength pass >500 nm), respectively. In addition, the
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parameters of the camera such as exposure time (4 s) and aperture
(F3.3) remain unchanged through experiments.

2.7. In vitro tracking of GelMA degradation using UCNPs

The UCNP and FITC dual labeled 10% crosslinked UCNP-FITC-
GelMA hydrogels were located into culture dish and then
immersed in 3 mL 1 x PBS solution, which was refreshed every
day. The in vitro tracking of GelMA degradation using UCNPs was
carried out for 7 days. After every 24 h, the hydrogels were put
on a coverslip to take fluorescence images in the darkroom and
the parallel control samples were measured to obtain the dry
weight of hydrogels. Then software Image] (NIH, USA) was used
to calculate the mean fluorescence intensity of hydrogels that is
reflected by the mean gray value of the fluorescence region after
subtracting the background fluorescence from the fluorescence
images captured at designed time intervals. We notice that the
change in mean gray value may not reflect the weight change if
the hydrogels are in different physical properties (such as shape,
volume et al.). To avoid the potential error caused by the difference
in hydrogel physical properties, we used a mold as shown in Fig. S1
to fabricate hydrogels and the same dosage of hydrogel solution is
used and strictly controlled. In this contribution, the volume and
shape of the hydrogels are nearly the same in this study. Therefore,
the change of hydrogel mean gray value can reflect the hydrogel
weight change in this study. For further evaluation of the capability
of NaYF4:Yb,Er@PAA UCNPs in accurate tracking of hydrogel
degradation with different crosslink intensity and liquid environ-
ment, we put 5% and 10% UCNPs-GelMA hydrogels into 3 mL
mixture of 1 x PBS solution supplemented with 0.25% trypsin
and 2.21 mM EDTA solution and 3 mL 1 x PBS solution respec-
tively. The fluorescent images of the UCNP-labeled hydrogels were
taken every hour, meanwhile the dry weight of the control samples
were measured.

2.8. In vivo tracking of GelMA degradation using UCNPs

All animal studies were performed in compliance with the
guidelines in the Declaration of Helsinki and the project protocols
were approved by the Animal Ethics Committee of Xi'an Jiaotong
University. The Sprague-Dawley rats were purchased and fed in
the animal center at the medical school of Xi'an Jiaotong
University. Healthy rats with body weight around 400 g were
selected for in vivo hydrogel tracking study. The synthesized 5%
UCNP-FITC-GelMA hydrogels bulks were first embedded into rat
abdomen, which is nearly 6 mm under the skin. We marked the
hydrogels location and took fluorescent images on day 1, 3, 5
and 7 when the rats were anesthetized with 1-2% isoflurane.
Meanwhile, the rats in the parallel control group were euthanized
at the designed time intervals and the remained hydrogels were
collected for dry weight measurement. The in vivo tracking of
GelMA degradation using UCNPs has been prolonged for 15 days.
The fluorescent images of hydrogels that were embedded into rat
abdomen were captured on day 3, 5, 10 and 15. Meanwhile, we
perpendicularly inserted hydrogels into rat leg muscular tissue,
which is nearly 10 mm under the skin. After 7 days, we obtained
tissues from the hydrogel-implanted sites and prepared tissue
freezing microtome slices in 20 um thickness and characterized
the fluorescence changes by confocal microscopy.

2.9. Haematoxylin and eosin (H&E) staining

The histopathological analysis of rat organs such as heart, liver,
lung and kidney were performed by H&E staining. These organs
were obtained from the rats with UCNP-FITC-GelMA hydrogel
implantation for 7 days and the control group was from the rats

without hydrogel implantation. The tissues were collected and
quickly fixed with 10% formalin overnight, followed by preserva-
tion with 70% ethanol to dehydrate, and then paraffin-embedded.
Paraffin embedded tissues were cut (5 mm) and stained with H&E.

2.10. Western blot

To study the in vivo safety of UCNPs, western blot was per-
formed by the chemiluminescence method as described previously
[40]. The organs including lung, liver, spleen, kidney and heart
were obtained from the rats with UCNP-FITC-GelMA hydrogel
implantation and then electrophoresed, transferred to nitrocellu-
lose. Briefly, aliquots of whole-tissue lysates containing 10 pg of
total protein were separated on sodium dodecyl sulfate (SDS) gels
and blotted onto nitrocellulose. The completeness of protein trans-
fer was checked by Coomassie staining of the gel after blotting.
After fixation with 0.5% glutaraldehyde, the blots were stained
with Poceau S to test the quality of the protein transfer [41]. The
fixation enables reuse of the same blot several times, thus saving
labor and increasing the comparability of the blots generated with
various antibodies. The blot was treated with the primary anti-
body, B-actin and caspase12 (Cell Signaling Technology) that was
dissolved in tris-buffered saline containing 2% skim milk and
0.1% Tween, respectively and the treated blot was left overnight
at 4 °C. After washing the blot, it was incubated with anti-rat IgG
(Cell Signaling Technology) in tris-buffered saline containing 4%
skim milk and 0.1% Tween for 2 h at room temperature. Primary
antibody binding was visualized using secondary antibodies and
an enhanced chemiluminescence (ECL) detection system. Then,
the final samples were scanned using an Image Quant LAS 4000
instrument (GE Healthcare).

2.11. Statistical analysis

All quantitative results were obtained from at least three sam-
ples for analysis. Data were expressed as the mean + standard error
of the mean. A two-tailed paired Student’s t-test was used to com-
pare the differences. Difference with p < 0.05 was considered to be
statistically significant.

3. Results and discussion
3.1. Characterization of NaYF,:Yb,Er@PAA UCNPs

The fluorescence spectrum of NaYF4:Yb,Er@PAA UCNPs was
shown in Fig. 1A, which demonstrated the upconversion fluores-
cent peaks centered at 535 nm and 655 nm, respectively. The mor-
phology and size of the NaYF,;:YbEr@PAA UCNPs were
characterized by TEM. Uniformly distributed typical hexagonal
morphology with a diameter around 35nm (insert left) was
observed. The bright fluorescence (insert right) was clearly
observed from the fluorescent images of UCNPs that were captured
in the dark field. To confirm the identity of the UCNPs, X-ray
diffraction analysis was performed. As shown in Fig. 1B, the peak
positions and intensities of the synthesized UCNPs agree well with
the calculated line pattern for hexagonal-phase NaYF, (JCPDS
card), indicating that these UCNPs have pure hexagonal morphol-
ogy with high crystallinity [42,43]. To improve the biocompatibil-
ity and water dispensability of UCNPs, the synthesized NaYF,:Yb,
Er@OA UCNPs were further decorated with water-soluble poly-
acrylic acid (PAA) to obtain the NaYF4:Yb,Er@PAA UCNPs, and
the successful decoration of PAA was verified by the Fourier
transform infrared spectroscopy (FTIR) (Fig.1C). The broad
band of UCNPs@OA and UCNPs@PAA was at approximately
3445.3 and 3447.2 cm™!, respectively, which were corresponding
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Fig. 1. Characterization of NaYF,:Yb,Er@PAA UCNPs and cell proliferation on UCNP-labeled GelMA hydrogels. (A) Fluorescence spectrum of NaYF4:Yb,Er@PAA UCNPs under
the 980 nm excitation. The inserts show the TEM morphology of UCNPs and the fluorescent image of UCNPs in a cuvette, respectively. (B) XRD pattern of NaYF,:Yb,Er@PAA
UCNPs (black) and JCPDS card (red); (C) FITR spectra of NaYF,4:Yb,Er@PAA UCNPs (red) and UCNPs without coating (black). (D) The metabolic viabilities of NIH 3T3 cells after
incubation with 20, 40 and 60 mg/mL NaYF,:Yb,Er@PAA UCNPs for 48 h, respectively. (E) SEM image of NaYF,:Yb,Er@PAA UCNP-labeled GelMA hydrogel. The insert shows the
UCNPs (indicated by the red arrow) within hydrogel under high magnification. (F) The proliferation profiles of NIH 3T3 cells incubated with 40 mg/mL NaYF,:Yb,Er@PAA
UCNP-labeled GelMA hydrogels for 7 days in culture medium using UCNP-free GelMA hydrogels as control. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

to the O-H stretch vibration. The transmission bands of UCNPs@OA
at 2926.4 and 2863.5 cm™! are assigned to the stretching vibration
of methylene (CH;) in the oleic acid molecules [44]. After the
surface modification with PAA, the disappearance of the vibration
at 2926.4 and 2863.5cm™! suggests the successful coating of
PAA onto the particle surface [45]. Further, the two strong bands
of UCNPs@PAA centered at 1571.5 and 1461.2 cm™! were associ-
ated with the asymmetric and symmetric stretching vibrations of
carboxylate anions on the surface of the UCNPs, respectively.
Meanwhile, the strong band of UCNPs@PAA at 1720.2 cm™!
indicated the presence of the COOH groups on the particle surface,
further confirming the successful coating of PAA on the surface of
UCNPs [46].

The ideal fluorescent probes for hydrogel tracking should be
non-toxic, photo-stable and with the capability of deep tissue
penetration [24,29]. Therefore, the cytotoxicity of NaYF,:Yb,
Er@PAA UCNPs with four different concentrations of UCNPs
(0 mg/mL, 20 mg/mL, 40 mg/mL and 60 mg/mL) was evaluated by
co-culturing with NIH 3T3 cells for 48 h using MTT method,
respectively (Fig. 1D). The viability of NIH 3T3 cells remained at
above 84% after incubation with various concentrations of NaYF,:
Yb,Er@PAA UCNPs (20, 40 and 60 mg/mL). The NaYF,:Yb,Er@PAA
UCNP-treated NIH 3T3 cells and UCNP-free NIH 3T3 cells
showed no significant difference (p < 0.01) in cell viability, suggest-
ing the low cytotoxicity of NaYF,:Yb,Er@PAA UCNPs to cells.
The morphology of the synthesized GeIMA hydrogel was character-
ized by SEM, from which we observed clear and typical porous
network structure of hydrogel (Fig. 1E). Meanwhile, the effect of
blending UCNPs within GelIMA hydrogel on cell proliferation was
also evaluated by MTT assay for 7 days (Fig. 1F). No significant dif-
ference was found in the cell proliferation between the UCNP-
labeled and UCNP-free GelMA hydrogels, confirming the negligible
effect of NaYF,:Yb,Er@PAA UCNPs on the biocompatibility of
GelMA hydrogels.

3.2. Tissue penetration evaluation of UCNPs for in vitro hydrogel
tracking

In addition to low cytotoxicity, high photostability and deep tis-
sue penetration of the fluorescent probes used in cell and biomate-
rial tracking are the two important criteria for achieving real-time
and non-invasive hydrogel tracking for long duration. Quantum
dots (QDs) as popular fluorescent probes have been incorporated
in silk materials for studying silk biodegradation and distribution
in vivo. However, the fluorescence of QD-incorporated silk micro-
spheres was quenched within 24h. Although the QD-
incorporated silk hydrogels could attenuate the quenching of
QDs, the labeled silk hydrogels could only be tracked around 4 days
after subcutaneous injection into rats [23]. In addition, QDs suffer
from potential degradation caused by reactive oxygen species [25],
further resulting in fluorescence decrease and release of toxic
heavy metal ions [47]. As compared to conventional down-
conversion QDs and fluorescent dyes, UCNPs exhibit high photo-
stability, because of their stable structure and the limited exposure
to NIR light (980 nm) [22,48]. To evaluate the tissue penetration
ability of NaYF,:Yb,Er@PAA UCNPs, the fluorescent images of
UCNP-labeled GelMA hydrogels in glass cuvette were obtained by
letting the excitation light pass though slices of chicken breast
meat (SCBM) with different thickness and a fluorescent dye FITC-
labeled GelMA hydrogels were used as control group (Fig. 2).

We observed bright fluorescent emission from both UCNPs and
FITC before covering SCBM under the excitation of NIR and UV
light. However, the fluorescence intensity of FITC decreased
significantly with increasing thickness of SCBM and no fluores-
cence signals could be observed when the thickness of the chicken
chip reached 6 mm (Fig. 2). In contrast, strong fluorescent emission
from UCNP-labeled GelMA hydrogels can still be observed even
with the 6 or 10 mm thickness tissue coverage, demonstrating
deep tissue penetration capability of UCNPs. This is because of
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Fig. 2. lllustration of the experimental setup used to estimate the tissue penetration ability of UCNPs and FITC inside tissues. A slice of chicken breast meat with varying
thickness (2 mm-10 mm) was placed between the laser source and the glass cuvette containing NaYF,:Yb,Er@PAA UCNP-labeled hydrogel and FITC labeled hydrogel. NIR

images showed upconversion emission from UCNPs.
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Fig. 3. In vitro tracking the degradation of hydrogels using NaYF4:Yb,Er@PAA UCNPs. (A) Schematic illustration of UCNP and FITC dual labeled GelMA hydrogel (left). In vitro
fluorescent and NIR images of GelMA hydrogel degradation for 7 days with FITC and NaYF,:Yb,Er@PAA UCNPs, respectively (right). (B) Plots of fluorescence intensity indicated
by the gray value of each fluorescent image as showed in (A), calculated using Image ] and the dry weight changes of hydrogels for 7 days. (C) Curve fitting between dry

weight of hydrogels and PL intensity from UCNPs and FITC, respectively.

the strong tissue penetration capability of NIR light (up to 3.2 cm)
that is not significantly absorbed by biological tissues [28]. Overall,
the low cytotoxicity, high photostability and deep tissue penetra-
tion are of high importance to ensure the accuracy and reliability
of NaYF,:Yb,Er@PAA UCNPs in long-term in vivo hydrogel tracking.

3.3. In vitro tracking of GelMA degradation using UCNPs

One concern of using UCNPs as hydrogel tracker is the leakage
of these physically mixed UCNPs, which may give unreliable pred-
ications in hydrogel degradation. To evaluate the feasibility and
accuracy of NaYF,:Yb,Er@PAA UCNPs in tracking hydrogels, the
potential leakage of these UCNPs from GelMA hydrogels was

studied by comparing the fluorescence intensity change between
the UCNPs and FITC that was covalently modified on GelMA hydro-
gels (Fig. 3A). The tendency in the fluorescence intensity change of
UCNPs matched with FITC during hydrogel degradation for 7 days,
suggesting the reliability of UCNPs in labeling hydrogels without
obvious leakage. Meanwhile, the dry weight of GeIMA hydrogels
in a parallel control group was measured as the standard degrada-
tion data and the change tendency of fluorescence intensity was in
well agreement with the change tendency of dry weight of UCNP-
FITC GelMA hydrogels (Fig. 3B), indicating the accuracy of UCNPs in
long-term tracking of hydrogel degradation. We then further quan-
tified the relationship between fluorescence intensity change and
dry weight change through curve fitting and revealed a good linear



416

relationship (Fig. 3C), suggesting that the degradation of hydrogels
was proportional to the fluorescence intensity decrease of UCNPs
encapsulated in hydrogels. The degradation rate of GelMA hydrogel
depends on both crosslinking density and enzymolysis environ-
ment. To evaluate the capability of UCNPs in tracking hydrogels
with different degradation rates, GeIMA hydrogels with different
crosslink degrees were located in both hydrolysis and enzymolysis
environment (Fig. S2A). The degradation rate was faster for hydro-
gel in enzymolysis environment as compared to that in only
hydrolysis environment. Hydrogels with lower crosslink density
processed faster degradation rate. This result indicates that the fast
degradation was due to the easy infiltration of enzymes into the
hydrogels with low crosslinking density while hydrogels with high
crosslinking density limited enzyme diffusion, protecting the inner
part of the hydrogel from degradation. These results are also in
accordance with previous results reported in literature [21]. In
addition, we measured the hydrogels dry weight and fluorescence
intensity presented in a normalized linear graph (Fig. S2B-C). The
accordant linear tendency of each group further proved the capa-
bility of UCNPs in accurate tracking of hydrogel degradation.

3.4. In vivo tracking of GelMA degradation using UCNPs

To evaluate the capability of UCNPs in tracking the hydrogel
degradation in vivo in a real-time and non-invasive manner, we
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embedded the UCNPs and FITC dual labeled UCNP-FITC-GelMA
hydrogels into rat abdomen and monitored the fluorescence inten-
sity changes by fluorescence imaging for 7 days (Fig. 4A). Compar-
ing NIR and UV channels, the fluorescence intensity of FITC was
barely seen (Fig. 4B), mainly due to the limited tissue penetration
of UV light. This observation is consistent with the tissue penetra-
tion result (Fig. 3). In contrast, the fluorescence intensity changes
from UCNPs were clearly seen (Fig. 4B). The NIR excitation light
(980 nm) and the red upconversion emission (655 nm) of NaYFy:
Yb,Er@PAA UCNPs both process deep tissue penetration ability,
therefore the in vivo hydrogel degradation process can be easily
tracked. In addition, information such as the size and location of
implanted GelMA hydrogels can also be obtained. To evaluate the
accuracy of NaYF,;:Yb,Er@PAA UCNPs in tracking the in vivo
hydrogel degradation, the fluorescence intensity change of UCNPs
was compared with the hydrogel dry weight change determined
by the classic gravimetric method. Following the degradation of
hydrogel, the fluorescence intensity of UCNPs decreased gradually
and the tendency was matched with the decrease of hydrogel dry
weight. The result confirmed that the fluorescence intensity
change of UCNPs encapsulated within hydrogel indeed reflects
the in vivo degradation of the embedded hydrogels. To further
confirm the accuracy of UCNPs in in vivo hydrogel tracking,
confocal images of tissue section slides from the implanted site
were obtained and the fluorescence intensity changes from both

Day 5 Day 7

Gray value
(%))
=)

P
=)

]
Time(day)

Fig. 4. In vivo tracking of the degradation of hydrogels using NaYF4:Yb,Er@PAA UCNPs. (A) In vivo NIR image of UCNP and FITC dual labeled hydrogels transplanted into rat
abdomens. (B) The relative PL intensity change of the NIR images as showed in (A) as compared to the dry weight change of the embedded hydrogels. (C) Plots of PL intensity
calculated form confocal images taken from the tissue sections at the implanted sites. The insert shows confocal image of co-localization of UCNPs and FITC.
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Fig. 5. In vivo safety study of UCNPs. The H&E staining of heart (A), lung (C), liver (E) and kidney (G) tissues from rats implanted with UNCP-labeled GelMA hydrogel
implantation for 7 days, and heart (B), lung, (D) liver (F) and kidney (H) tissues obtained from rats without hydrogel implantation, respectively. (I) Western blot analysis of
active cleaved caspase 12 in lung, liver, spleen, kidney and heart tissues obtained from rats with UNCP-labeled GelMA hydrogel implantation as compared to the control

group without implantation. (J) WB bands were normalized to B-actin.

UCNPs and FITC were calculated. Both fluorescence intensity
changes followed the same tendency, demonstrating the precise
in vivo hydrogel tracking by UCNPs (Fig.4C). Meanwhile, the
UCNPs were found to situate uniformly within hydrogel network
without leakage into the hydrogel pores (insert, Fig. 4C). To moni-
tor the entire degradation cycle of UCNPs-encapsulated hydrogel,
the in vivo hydrogel tracking was prolonged for 15 days. The
fluorescent images of hydrogels that were embedded into rat abdo-
men were captured on day 3, 5, 10 and 15. On day 15, the fluores-
cence intensity of hydrogel in rat abdomen could hardly be
detected. After dissection at the embedding site, the remained
hydrogel was hard to distinguish and almost completely degraded
(Fig. S3A-B). The results confirmed that UCNPs were able to
accurately monitor the whole degradation process of the in vivo
embedded hydrogels. With the help of UCNPs, precise in vivo
monitoring of hydrogel degradation can be achieved, which pro-
vides a powerful tool in predicating the performance of hydrogels
applied in drug delivery and tissue regeneration. It is good to know
that cells from the host tissue were successfully infiltrated into
GelMA hydrogels, demonstrating the good integration of GelMA
with host tissue (Fig. S4A-B).

To further evaluate the in vivo safety of UCNPs as hydrogel
tracking probes, we performed H&E staining to study the
histopathological changes of the major organs (heart, lung, liver
and kidney) and western blot analysis to study the caspase 12
expression (an inflammatory indicator) in various organs (lung,
liver, spleen, kidney and heart tissues) from rats implanted with
UCNP labeled hydrogels, using hydrogel-untreated rats as the
control group. H&E staining results demonstrated that the key
organs from both hydrogel-treated and untreated groups have
integrated tissue structure without inflammation, edema and
abnormal defects (Fig. 5). No significant histological differences
were observed for the key organs obtained from both groups,

suggesting the in vivo safety of employing UCNPs as fluorescent
reporter for in vivo tracking hydrogel degradation. Additionally,
we observed no significant difference in the expression of caspase
12 in the organs from hydrogel treated and untreated groups
(Fig. 51 and J), suggesting the safety of using UCNPs as hydrogel
tracking probes without causing obvious side effects.

4. Conclusion

To the best of our knowledge, this is the first contribution on
real-time and non-invasive tracking of hydrogel degradation using
upconversion emission signals from UCNPs both in vitro and
in vivo. The feasibility of UCNPs for longitudinal and consecutive
tracking of hydrogel degradation is evaluated against dry weight
changes of hydrogels during degradation and further confirmed
with the consistent fluorescent intensity changes from FITC that
is covalently bonded to the polymer chain of hydrogels. As com-
pared with FITC, UCNPs are more capable in realizing real-time
tracking of hydrogel degradation due to the high tissue penetration
capability of the excitation light over a 7-day period. The fluores-
cence changes of UCNPs and FITC from tissue slices are in the sim-
ilar tendency, further confirming the accuracy of UCNPs in
realizing longitudinal and consecutive tracking the in vivo degrada-
tion of hydrogels without causing any side effects. This study
reported a facile and reliable way in reporting the in vivo distribu-
tion and degradation of hydrogels using UNCPs, which provides
new opportunities for developing advanced NIR light regulated
probes for clinical applications.
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