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ABSTRACT: The surgical treatments of injured soft tissues lead
to further injury due to the use of sutures or the surgical routes,
which need to be large enough to insert biomaterials for repair. In
contrast, the use of low viscosity photopolymerizable hydrogels
that can be inserted with thin needles represents a less traumatic
treatment and would therefore reduce the severity of iatrogenic
injury. However, the delivery of light to solidify the inserted
hydrogel precursor requires a direct access to it, which is mostly
invasive. To circumvent this limitation, we investigate the approach
of curing the hydrogel located behind biological tissues by sending
near-infrared (NIR) light through the latter, as this spectral region
has the largest transmittance in biological tissues. Upconverting
nanoparticles (UCNPs) are incorporated in the hydrogel precursor
to convert NIR transmitted through the tissues into blue light to trigger the photopolymerization. We investigated the
photopolymerization process of an adhesive hydrogel placed behind a soft tissue. Bulk polymerization was achieved with local
radiation of the adhesive hydrogel through a focused light system. Thus, unlike the common methods for uniform illumination,
adhesion formation was achieved with local micrometer-sized radiation of the bulky hydrogel through a gradient
photopolymerization phenomenon. Nanoindentation and upright microscope analysis confirmed that the proposed approach for
indirect curing of hydrogels below the tissue is a gradient photopolymerization phenomenon. Moreover, we found that the hydrogel
mechanical and adhesive properties can be modulated by playing with different parameters of the system such as the NIR light power
and the UCNP concentration. The proposed photopolymerization of adhesive hydrogels below the tissue opens the prospect of a
minimally invasive surgical treatment of injured soft tissues.

■ INTRODUCTION
The treatment of injured soft tissues or arteries is typically
done by arthroscopy. For instance, suturing a torn meniscus
often requires centimeter-scale incisions on the knee and
creating holes in the healthy meniscus through complex
invasive suturing techniques.1 Incisions are ubiquitous for
repairing internal bleeding due to ruptured arteries.2 These
procedures are traumatic and challenging, which can
potentially result in the damage of surrounding tissues,
creating what is called an iatrogenic injury. The esthetic
aspects of postsurgery healing are equally crucial and need
attention.
A potential alternative method to sutures, for the treatment

of such torn soft tissues, has been shown by using bioadhesive
materials, although with limited success.3 The bioadhesive
material is brought deep inside biological tissues by a
minimally invasive technique. Among various types of cross-
linking (e.g., enzymatic, thermal, chemical, physical, etc.), light-
responsive biomaterials (e.g., photocurable hydrogels) con-
stitute an interesting class of biomaterials for clinical situations

because the light, as opposed to other stimuli, can be remotely
applied and tuned to activate the biomaterial in situ. Therefore,
it provides the distinct advantages of precise three-dimensional
(3D) control of polymerization.4 Owing to a native
extracellular matrix (ECM), hydrogels, which are water-
swollen polymer 3D networks, are of utmost interest in
biomedical fields since they permit the encapsulation of cells
and can be engineered with a plethora of biological signals.3,5,6

The design of photocurable hydrogels presenting sufficient
injectability via a thin cannula, adhesion, and physicochemical
properties is demanding.7,8 A variety of techniques have been
established to develop hydrogels for biomedical applications.
However, the light-triggered curing of the bioadhesives highly
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relies on using the high-energy short-wavelength light to
induce photopolymerization. Conventionally, hydrogels are
fabricated by embedding photoinitiators in a hydrogel
precursor, which are then activated with ultraviolet (UV) or
blue light. This method can be noninvasive as long as UV/
visible light propagates through biological tissues. However, in
addition to the serious biosafety concerns and adverse
biological effects of short-wavelength lights on tissue, the
short penetration depth of blue/visible wavelength into tissue
is not appropriate to cure adhesive hydrogels deep inside
biological tissues.9 In some reported hydrogel systems, the
photopolymerization can also be performed with the green
light; however, they can present some concerns regarding using

commercial and biocompatible photoinitiators, as well as the
light penetration depth.10

Biological tissues are optically complex turbid media. Light
transport in such media is governed by their absorption and
scattering properties.11,12 Near-infrared light (NIR) ranging
from 650 to 1350 nm, also known as the spectral optical
window, allows a greater depth penetration in tissue due to
reduced absorption and scattering than shorter wavelengths in
the visible or UV spectrum.13−15 NIR has also lower energy per
photon, which limits potential damage to biomolecules in cells
and tissues.13,16 This is why, these wavelengths (NIR) are
exploited to visualize tissue morphology and physiology at
cellular level deep within scattering tissue by two/three-photon

Figure 1. Schematic of NIR light-mediated photocuring of an adhesive hydrogel below the tissue. The UCNP-containing hydrogel precursor is first
injected through the tissue. NIR interacts and activates UCNPs. Due to light scattering by the tissue, the focused radiation system shapes the
incident NIR and maximizes the transmitted intensity. Subsequently, the photopolymerization occurs through emission of blue light by UCNPs
and in the presence of a photoinitiator. The photoinitiator absorbs the upconverted photons and upon excitation, produces radicals that initiate
polymerization of MePGa-Gel and induces the cross-linking between the polymer chains.
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microscopy.17,18 Therefore, to circumvent the limited pene-
tration of UV/visible light, NIR can be used to increase
penetration depth and thanks to upconverting nanoparticles
(UCNPs) dispersed into the hydrogels, photopolymerization
can be triggered by the local generation of blue light created by
multiphoton absorption of the NIR light.
Lanthanide ions in UCNPs have the capability of photon

upconversion through a mechanism, in which multiple low-
energy photons are used to excite an electron to a high energy
level which generates a single high-energy photon. In
lanthanide-doped upconversion nanoparticles, the ladder-like
electronic energy structure of lanthanides can be exploited to
precisely tune the emission of UCNPs to a particular
wavelength by controlling the energy transfer via selective
lanthanide-ion doping.19,20 UCNPs composed of a NaYF4
ceramic host codoped with Yb3+ as a sensitizer and Er3+ or
Tm3+ as an activator are considered as one of the efficient anti-
Stokes photoluminescent materials.21 These materials can
generate shorter wavelength photons (in the UV/blue) from
two or more longer wavelength photons (in the NIR).
Recently, the triplet−triplet annihilation (TTA) process has
also been employed for the development of UCNPs with
enhanced upconversion efficiency, while a low excitation power
is required. In optical triplet−triplet annihilation upconversion
(TTA-UC), long wavelength photons with low energy can be
converted to shorter wavelength photons to provide high
power.22,23 This is of high interest particularly in biomedical
applications, in which safe doses of irradiation is a significant
consideration.
UCNPs have been widely used in upconversion lumines-

cence, biosensing, high-contrast bioimaging, photoacoustic
imaging, photodynamic therapy, and other disease treat-
ment.21,24,25 Recently, however, Chen et al. used UCNPs for
3D printing technology that enables the noninvasive in vivo 3D
bioprinting of tissue constructs,24 whereas Chen et al.
employed UCNPs as optogenetic actuators of NIR light to
stimulate deep brain neurons.26 Curing adhesive hydrogels
deep below the tissue for the treatment of torn soft tissues
through a focused light system without incisions has not been
proposed early where UCNPs are employed to trigger
photopolymerization using NIR light.
In this study, we report on how NIR can be used to form

adhesive hydrogels through biological tissues without incisions,
leading to a potentially alternative method to treat torn soft
tissues (see Figure 1). With a local radiation of the adhesive
hydrogel precursor, through a focused beam of NIR light with
adjustable power, we proposed a tunable and nonlinear bulk
photopolymerization. This is achieved, thanks to NaYF4/
Yb,Tm UCNPs homogeneously dispersed in the precursor of
the hydrogel that allow to convert NIR light into UV/blue
photons. The isotropically emitted blue light initiates the
photopolymerization of the precursor (phosphoserine-modi-
fied methacryloyl gelatin, MePGa-Gel)7 after the activation of
a widely used and commercially available photoinitiator
(lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate, LAP).
Consequently, the hydrogel network is formed through
chemical reactions between polymer chains, while the hydrogel
adheres to the tissue with its interfacial bonds. Indeed, LAP is
known for its cytocompatibility and is used broadly in
biomedical applications.27 MePGa-Gel is used for creating
interfacial interactions with biological tissues. We performed a
series of experiments with changing either the thickness of the
tissues or the composition of the gel and showed that NIR is

an excellent alternative to UV to polymerize adhesive
hydrogels located below and inside tissues and as well to
avoid the detrimental damages by UV exposure.

■ MATERIALS AND METHODS
Synthesis of NaYF4/Yb,Tm Core−Shell Particles. The syn-

thesis of UCNPs was performed using a method reported earlier.24,26

Briefly, the core of UCNPs was synthesized by adding YCl3·6H2O
(168.67 mg, 0.556 mmol), YbCl3·6H2O (93.00 mg, 0.24 mmol), and
TmCl3 (1.1 mg, 0.004 mmol) to a 100 mL flask containing 6 mL of
oleic acid and 14 mL of 1-octadecene. The solution was heated to 140
°C under vacuum for 1 h to obtain a homogeneous transparent light-
yellow solution. Once the solution was cooled, 10 mL of methanol
solution of NH4F (118.50 mg, 3.2 mmol) and NaOH (80 mg, 2
mmol) was added. The resulting cloudy mixture was stirred for
another 30−45 min at 50 °C. Subsequently, the methanol was
distilled off after heating at 120 °C for 1 h. After three rounds of N2
purging at 120 °C, the solution was heated to 300 °C quickly under
the N2/Ar flow and kept for 1.5 h. The mixture was precipitated by
the addition of 20 mL of ethanol and collected by centrifugation at
4000 rpm for 3 min. After washing four times in ethanol, the final
product NaYF4/Yb,Tm was redispersed in 4 mL of cyclohexane.
To suppress surface quenching causing luminescence weakening,

an optically inert shell layer of NaY4F was grown epitaxially onto the
as-synthesized UCNPs. Specifically, 0.8 mmol of YCl3·6H2O (242.69
mg) was mixed with 6 mL of oleic acid and 14 mL of 1-octadecene
and heated at 150 °C for 1.5 h. After cooling to 80 °C, all of the
UCNP products (NaYF4/Yb,Tm) from the previous step (in 4 mL of
cyclohexane) were added to the reaction mixture. The solution was
further stirred at 80 °C for 1 h to evaporate the cyclohexane content.
Subsequently, a methanol solution containing 2 mmol of NaOH (80
mg) and 3.2 mmol of NH4F (118.50 mg) was added to the reaction
solution at 50 °C. After 0.5 h of continuous stirring at 50 °C, the
reaction was heated to 120 °C under vacuum for 1 h. After three
rounds of N2 purging at 120 °C, the reaction temperature was ramped
to 300 °C and maintained at 300 °C for 1.5 h. The reaction was
cooled down to room temperature, and the core−shell UCNP
products were washed twice with ethanol and dispersed into 4 mL of
cyclohexane.
The as-synthesized UCNPs were transferred into an aqueous phase

through an acid-induced ligand removal process. Cyclohexane (4 mL)
was added with 4 mL of ethanol and centrifuged at 5000 rpm for 3
min. The pellet was redispersed with a mixture of 4 mL of ethanol and
4 mL of HCl aqueous solution (2 M) by sonication. The acid-treated
UCNPs were thereafter washed three times with ethanol to remove
excess acid content. The ligand-free UCNPs were dispersed into 4 mL
of deionized (DI) H2O for subsequent surface modification.

Tissue Preparation. To evaluate the effect of tissue thickness on
the NIR light transmission and hydrogel photopolymerization, we
prepared tissues with various thicknesses. The tissue samples were
prepared from fresh articular cartilage isolated from bovine knee.
Accordingly, we first cut cartilage-on-bone blocks from the femoro-
patellar groove in small sizes. Afterward, the tissue blocks were
embedded in 5 wt % agarose (Sigma-Aldrich, A9539) solution and
solidified in an ice container. Tissue blocks were then mounted
(glued) onto the cutting stage in cold phosphate-buffered saline
(PBS) shortly after fixation and sliced into tissue sections with a
defined thickness using a vibratome. To have a precise comparison
between samples with different thicknesses, all tissue pieces were cut
from the top part of the cartilage layer, so that the thicker samples
were just obtained with a deeper cut, including the superficial zone.
The tissue samples were sliced into 100−800 μm thick sections and
then collected in PBS for the analysis.

Hydrogel Synthesis. The adhesive gelatin-based hydrogel was
fabricated on the basis of our previously published protocol.7 MePGa
polymers were synthesized using a two-step modification process
including (i) methacrylation of the gelatin backbone and (ii)
phosphoserine functionalization. Briefly, 5 g of gelatin type A from
porcine skin (G2500, Sigma-Aldrich) was dissolved in 50 mL of
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Dulbecco’s phosphate-buffered saline (DPBS) and heated at 60 °C for
30 min. Subsequently, 3 mL of methacrylic anhydride (276685,
Sigma-Aldrich) was added dropwise to the solution. After 2 h of
continuous stirring, the solution was diluted 5 times and dialyzed
against distilled water at 50 °C for 5 days. The lyophilization of the
solution was then performed for 4 days to obtain the resulting
methacrylated polymer. The second modification step was carried out
by dissolving 1 g of the methacrylated gelatin in 50 mL of MES buffer
at the pH of 5. Following EDC/NHS activation of the solution at 37
°C for 15 min, phosphoserine (17885-08-4, Flamma) was added (25
mM). The mixture was stirred vigorously for 8 h, dialyzed for 5 days,
and lyophilized for 4 days to obtain the MePGa product.
The hydrogel precursor was synthesized by dissolving the produced

MePGa polymer in distilled water. The resulting solution was then
mixed with the LAP photoinitiator (6146, Tocris Bioscience) and the
UCNP solution. The final concentration of MePGa and LAP in the
precursor was 15 and 0.2 wt %, respectively. The resulting solution
was well mixed by vortexing and sonication for at least 15 min to have
homogeneous distribution of the particles. To improve the efficacy of
the UCNPs for radical polymerization in hydrogels, the UCNPs were
coated with the LAP photoinitiator by sonication of their mixture for
1 h before mixing with the MePGa polymer.

Dynamic Light Scattering. To characterize the photoinitiator
coating on the UCNPs, ζ-potential (ZP) measurements were
performed on a Malvern Zetasizer NS90 instrument. The ζ-potential
was measured after diluting all of the samples 10-fold.

Optical Setup for Photopolymerization and Transmission
Measurement. A continuous-wave (CW) laser at 976 nm (9 W,

LU09xxT090, Lumics) is coupled into a multimode circular-core fiber
(NA 0.22, 105 μm). The output beam is collimated by a lens
(F230APC-980, Thorlabs, f = 4.55 mm) and modulated (amplitude-
only modulation) by a digital micromirror device (DMD) (V-650L,
Vialux). The angle of incidence is ∼17° relative to the surface normal
of the DMD, giving a maximal efficiency for a reflection angle of
∼41°. The diffraction efficiency in this configuration is 50%. In this
experiment, all of the micromirrors are set to the “on” state, making
the DMD a pure mirror. After that, the plane of the DMD is relayed
by a 4-f system made of two lenses ( f = 300 mm) to the back aperture
of a microscope objective MO1 (20×, NA 0.40, WD 20 mm,
Mitutoyo). The latter focuses the NIR light on the sample. The focal
plane is imaged by a second objective MO2 (10×, NA 0.25 Leica)
onto a camera (BFS-U3-31S4M-C, FLIR) for passive monitoring. The
tube lens has a focal length f = 100 mm, leading to an effective
magnification of 5. A red light-emitting diode (LED) is used as an
illumination source for bright-field imaging. The red light propagates
through a 4-f system made of a microscope objective (4×, NA 0.13,
Olympus), and a lens ( f = 75 mm) is merged with the NIR laser by a
long-pass dichroic mirror and projects onto the MO1 back aperture.
Bright, uniform illumination with a diameter of 1.4 mm is created on
the focal plane of MO1 (see Figure 2a).
The measurement of the transmission of 405 and 976 nm light

requires that both lights propagate in the same way. Therefore, the
configuration of the NIR laser before MO1 is replaced by a fiber. Both
laser sources are coupled into the same multimode square fiber (NA
0.22, 200 μm, CeramOptec). This fiber has FC/APC connectors that
can be mounted and unmounted easily with good repeatability. The

Figure 2. Experimental setup (a) for photopolymerization with NIR and (b) transmission measurement. (c) Schematic of sample preparation for
the optical setup.
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output of the square fiber is collimated by a lens ( f = 10 mm) and
focused by MO1. The rest of the setup is the same as that of the
photopolymerization (see Figure 2b).
Sample Preparation. The sample consists of a hydrogel in a

reservoir with a layer of biological tissue on top with a controlled
thickness. We also studied the case with no tissue as a reference
sample. The hydrogel is injected in the cylindrical mold without upper
and lower surfaces. The mold has a height of 2 mm and a diameter of
5 mm. The bottom is sealed by transparent tape to minimize the light
reflection and improve imaging. A coverslip is placed onto the mold,
and the tissue is placed on top with a droplet of phosphate-buffered
saline to keep the tissue in good conditions (see Figure 2c).
Sample Alignment. The position of the mold is adjusted based on

bright-field imaging. First, the focus knob on the mechanical stage is
calibrated by the z-axis translation mount of MO2, which has a known
travel distance. Next, the mold sealed with transparent tape is placed
on the mechanical stage and the focus knob is adjusted to sharpen the
focus quality of the image of the tape. Then, the stage is lowered by
the knob to 1.3 mm to ensure that the imaging plane is inside the gel.
Finally, the NIR laser is turned on at low intensity and the z-position
of MO1 is adjusted to get the smallest focal spot on the imaging plane.
Transmission Measurement. To avoid any chemical reaction

(induced photopolymerization) in this measurement, the mold is
filled with gelatin solution (15% w/v), which has the same optical
property as the precursor for photopolymerization in this study. The
sample is prepared and aligned on the stage, and the NIR light is set
to fixed power. The z-position of MO1 is adjusted to find the smallest
speckle, which is viewed and recorded on the camera. The speckle
pattern of the sample without cartilage on top is set as the reference.
Then, the squared fiber is coupled to the UV source and the same
steps are performed. For each sample, 20 positions in the gel are
chosen randomly to measure the transmitted speckle pattern. The
transmission and the normalized intensity are calculated based on the
reference.

transmission
sum of the speckle

sum of the reference speckle
100%= ×

normalized intensity 100%

sum of the speckle
area of the speckle

sum of the reference speckle
area of the reference speckle

= ×

Photopolymerization. After the preparation and alignment of the
sample, the laser power is measured before MO1 and tuned to a
specific value, and photopolymerization begins. A short-pass filter is
added before the camera to observe the change of the precursor. 10
min later, the NIR laser is turned off and the polymerized part sticking
to the coverslip is taken out of the mold and kept in a humid
environment for further characterization.
We compared the performance of the proposed NIR-mediated

polymerization technique with that of a conventional UV/blue
polymerization system with a uniform light distribution, consisting of
a lamp of wavelength 405 nm with an intensity of 2 mW/cm2. We
used tissue samples of different thicknesses, and our hydrogel system
was placed behind them. To measure the light power and its uniform
distribution incident and transmitted through the tissue, we used a
digital optical power and energy meter console (PM100D, Thorlabs)
and obtained the light parameters in the location of the illuminating
samples at the defined distance from the lamp. Furthermore, in
addition to the uniform radial light distribution, the light intensity was
measured along the z-axis to confirm the uniform light distribution
throughout the bulk sample, in which no significant difference in
intensity was observed between the top and bottom of the hydrogel
precursor in its cylindrical mold, indicating a low scattering effect.

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) images of freeze-dried hydrogel samples were recorded using
the InLens detector of GEMINI SEM 300 (Carl Zeiss Germany) at an
acceleration voltage of 3 kV. The samples were placed on a dual-sided
carbon tape stuck to a holder and coated by a 15 nm gold thin film
before the analysis.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) images were measured of UCNPs using a
Thermo Fisher Tecnai-Spirit microscope operating at 120 kV. The
samples were placed on a carbon grid and plotted with filter paper
after 30 s. The sample was allowed to dry in air before the analysis.

Mechanical Characterization. Nanoindentation. To analyze
the gradient mechanical properties of hydrogels below tissue,
photopolymerized samples with different UCNP concentrations of
10, 15, and 20 mg/mL were characterized using a nanoindentation
technique. The measurements were conducted using an Anton Paar
tester (NHT3) with a Berkovich diamond indenter tip. The
cylindrical-shaped hydrogels were indented on the top face from
the center to the edge at three different locations, and the
corresponding local mechanical response is recorded at the radii of
0.1 R, 0.5 R, and 0.9 R from the cylinder axis. All tests are performed
in wet conditions to avoid drying of the sample during measurement.
During the indentation, a depth control mode with a maximum
indentation depth of 20 μm was applied at a displacement rate of 10
μm/min. The maximum indentation force during the loading−
unloading was reported.

Adhesion Measurement. The adhesive strength of the hydrogels
was evaluated under tensile mode using an Instron E3000 linear
mechanical testing machine (Norwood, MA) equipped by a 50 N load
cell. The hydrogel precursor was injected inside cylindrical Teflon
molds with 2 mm in height and 5 mm in diameter, and the host
surface was placed on the top of the sample. Subsequently the
hydrogel was photopolymerized using the optical setup and attached
to the surface in contact. To have the same surface composition, we
used a gelatin-coated glass substrate for the host surface, which was
gripped in the adhesion setup after polymerization. The hydrogel was
also fastened to the other Instron’s grip, and the tensile load was
applied with a constant loading rate of 0.1 mm/s. The adhesion
strength was reported by dividing the maximum load to the overlap
area (n = 3). We selected this evaluation method as the focal spot can
be well adjusted inside the hydrogel in this test and reproducible
measurements can be performed.

Compression Test. Cylindrical hydrogel samples were compressed
using the Instron at a rate of 0.1 mm/s in PBS bath. Hydrogels were
tested at different UCNP concentrations of 10, 15, and 20 mg/mL
and NIR laser powers of 0.5, 0.7, and 0.9 W. The applied load and
compressive strain were recorded and the compressive modulus of the
hydrogels was calculated by linear interpolation of the stress−strain
curve between 15−25% of strain (mm/mm) (n = 3).

Cytotoxicity Evaluation. In vitro cytocompatibility of the
developed hydrogels was assessed in accordance with ISO 10993-5
standard, in which the fluid extract of the test samples were applied to
the cultured cells. Briefly, bovine chondrocytes were incubated to near
confluence in standard culture medium, supplemented with fetal
bovine serum (10 vol %), penicillin-streptomycin (1 vol %), and L-
glutamine (1 vol %), at 37 °C in 5% CO2. To obtain the fluid extracts,
the hydrogel samples were placed in a separate culture medium (ratio
of sample surface area to medium volume: 2 cm2/mL) and incubated
at 37 °C for 24 h. Culture medium incubated at 37 °C without test
samples was also used as a negative control. The cultured cells were
seeded on a 96-well plate for 24 h, while each well contained 150 μL
of culture medium at a concentration of 104cells/cm2. Afterward, the
culture medium was replaced with corresponding extracts derived
from the test samples. The same procedure was followed for the
negative control (n = 4). After 48 h exposure to the extracts, the cell
viability was then assessed by a PrestoBlue cell viability reagent
(A13261, Invitrogen) based on the manufacturer protocol. Accord-
ingly, the medium was aspirated at the end of incubation and replaced
with the medium containing 10 vol % PrestoBlue, followed by
incubation at 37 °C for 30 min. Subsequently, the fluorescence
intensity of the measurement medium was quantified at 595 nm using
a microplate reader (Wallac 1420 Victor2, PerkinElmer). The cell
viability was obtained based on the measured absorbance values and
calculated as the percentage of absorbance in the control group
(100% viability). Furthermore, cell viability analysis was assessed
using a Live/Dead Assay Kit (Biotium, Fremont, CA) based on the
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manufacturer instruction. The live/dead staining solution was
prepared by adding calcein AM and ethidium homodimer to PBS at
0.2 and 0.4 μL/mL concentration, respectively. The cells were
incubated in the staining solution for 20 min protected from light.
The live and dead cells were analyzed under an invert LSM 700
confocal microscope (Carl Zeiss, Jena, Germany) by taking
florescence images at wavelengths adjusted for green and red dyes
(see Supporting Figure 3).

■ RESULTS AND DISCUSSION
Although NIR is transmitted more efficiently through the
tissue than blue and visible light, light scattering prevents
focusing the light to a small spot. This effect reduces the light
intensity below the tissue, and thus, there exists a threshold
excitation intensity, which must reach to initiate the polymer-
ization in a defined time period.
We first compare the transmission of NIR (976 nm) and

blue light (405 nm) through the same tissue (cartilage) of
different thicknesses (Figure 3a). We observed that trans-
mission of the blue light is less than 10% in 200 μm tissue
thickness, while that of NIR is still around 25% with 800 μm
thickness (Figure 3b). The penetration depth of NIR is even
more evident when looking at the transmitted intensity, which
is the transmitted power per unit area and is a key parameter to
be considered for photopolymerization of the adhesive
hydrogels below the tissue. As a consequence of light scattering
by the tissue, the NIR coherent beam of light (square aperture)
turns into an extended speckle pattern whose transverse area
increases with respect to the thickness of the tissue. Therefore,
the resulting illumination intensity decreases faster than the
total transmission. Experimentally, we measured that the
normalized intensity (which is the intensity at a given depth
normalized by the intensity in absence of tissue) of 405 nm
light is decreased by 99% at 200 μm tissue thickness and 99.9%

at 400 μm thickness due to less transmission and larger speckle
area as depicted in Figure 3c. The speckle area of tissue-
transmitted NIR light, in the middle of a hydrogel sample, is
smaller than that of the visible light, as NIR is less subject to
scattering in the tissue than UV/blue light. In agreement with
the literature, this proves the advantage of using NIR light,
particularly for thick tissues (>200 μm). Figure 3a (right hand
side) illustrates the transverse size of the beams (NIR and blue
light) at the microscope objective’s focal plane after
propagating through 100, 200, and 300 μm tissue thicknesses.
Blue light could not be detected after 500 μm tissue thickness.
It should be noted that these measurements on light
transmission are reported here for cartilage tissue (from
bovine knee) that is relatively scattering compared to skin. We
thus expect a different behavior for other biological tissues.
As stated above, upconversion of NIR into shorter

wavelength light is crucial to initiate polymerization. We
employed LAP, which requires UV light, to trigger polymer-
ization. Subsequently, NaYF4/Yb,Tm UCNPs were synthe-
sized, according to the previously reported protocols24,26 onto
which LAP was attached for higher initiation efficiency and
then added to the precursor of adhesive hydrogels. Trans-
mission electron microscopy (TEM) analysis of UCNPs (ESI)
confirmed the formation of core−shell particles where seed
particles are of a smaller size (41.2 ± 2.78 nm) than core−shell
(44.11 ± 3.65 nm) UNCP particles (Supporting Figure 4).
Moreover, core−shell particles are hexagonal in shape, where
seed particles are spherical in shape (Supporting Figure 5).
Once LAP is coated onto UCNPs, the zeta (ζ) potential of
UCNPs was reduced from 51.7 ± 11.4 to −1.3 ± 6.71 mV,
which confirms the coating formation (Supporting Figure 6).
A precursor of the gelatin-based hydrogel (containing 15 wt

% polymer content, with 15 mg/mL UCNPs and 0.2 wt %
LAP, in a mold) was placed under the tissue and irradiated

Figure 3. Comparison between 976 and 405 nm wavelength light for penetration depth through the bovine knee cartilage. (a, left hand side)
Schematic view of the experimental setup. Light (blue or NIR), at the output of a square optical fiber, is focused through the tissue on the hydrogel
(containing 15 wt % gelatin solution) with a microscope objective (magnification: 20×, numerical aperture: 0.4, working distance: 20 mm). (a,
right hand side) Corresponding images taken with the camera for different tissue thicknesses at the focal plane of the microscope objective. From
these measurements, both (b) transmission and (c) normalized intensity (normalized by “No Tissue”) are plotted as a function of the tissue
thickness.
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with the 976 nm wavelength laser beam, at 0.7 W light power,
and a beam waist of 19 μm focused into the precursor. Note
that this is done on the same experimental apparatus as the one
used to measure tissue optical properties in Figure 3. We
observed cured hydrogels below the tissue of up to 300 μm
thickness. No polymerization took place at larger thicknesses
as the energy of transmitted light decreases with increasing
tissue thickness. Nevertheless, we expect hydrogel polymer-
ization through a larger cartilage thickness with UCNPs of
higher upconversion efficiency.
After polymerization, we examined the compressive stiffness

of cured adhesive hydrogels. As shown in Figure 4, the stiffness

of the hydrogel decreases with increasing tissue thickness. The
control sample (without a tissue on the top) has a stiffness of
266.4 ± 26.5 kPa, whereas the hydrogel obtained below a 300
μm thick tissue exhibits a stiffness of 138.2 ± 15.5 kPa. As one
would expect, this demonstrates that the higher the tissue
thickness, the lower the NIR transmitted, which affects the
upconverted fluorescence intensity and ultimately the polymer-
ization kinetics. Lower fluorescence intensity results in less
excited photoinitiators, which will affect the network formation
from the polymer chains. Subsequently, this will produce a
hydrogel with a mixture of oligomers and polymers with a low
cross-linked density dictating the mechanical properties of
cured hydrogels. To compare the proposed NIR system with
conventional UV/blue photocuring methods, we also cross-
link adhesive hydrogels using a 405 nm lamp with uniform
illumination. These experiments are performed on a separate
setup where the blue light illuminates the full gel to reproduce
the common photocuring practice. Mechanical properties of
these hydrogels are similar to UCNP-based hydrogels when
cured below 100 μm tissue thickness; however, for thicker
tissues, the polymerization is extremely weak, and the hydrogel
remains in a liquid form. This confirms the performance of the
NIR excitation we use with (1) a higher wavelength for higher

transmission and (2) a focused beam to maximize the UV/blue
light emission. Still, hydrogel gelation could not be seen after
500 μm tissue thickness, indicating the scattered property of
tissue as well as the limited upconversion efficiency of UCNPs.
The conventional photopolymerization technique (using

UV/blue light) is linear, where the whole samples are fully
illuminated, and is simultaneously polymerized. However, this
is not the case here when using a focused NIR light and
UCNPs. Here, an NIR laser is focused right in the middle of a
sample, from where the polymerization process is initiated (by
UCNPs), Figure 1. This suggests that the polymerization took
place first in the middle, and later the propagation follows
across the sample. This hypothesis is further proved after
increasing the NIR laser power and the concentration of
UCNPs in hydrogel’s precursors.
Owing to the versatility of the optical parameters and

material composition, the mechanical properties of adhesive
hydrogels can be tuned, such as by adjusting NIR laser power
and the nanoparticle concentration. These changes should
influence the adhesive as well as the mechanical performance
of cured hydrogels. Keeping precursor composition (including
15 mg/mL of UCNPs and 15 wt % of polymer content) fixed,
different laser powers were used to polymerize the adhesive
hydrogels below the host layer. As depicted in Figure 5a,b,
laser power indeed affects the properties of cured hydrogels.
Power increase leads to higher adhesive and mechanical
performance. We found that with 0.7 W laser power, the
compressive modulus of the hydrogel (266.5 ± 26.6 kPa) is
increased by 19.5%, whereas the adhesion strength (46.7 ± 4.5
kPa) is improved by 31.6%. However, with 0.9 W laser power,
the compressive modulus (264.7 ± 40.4 kPa) and the adhesion
strength of the hydrogel (44.5 ± 6.5 kPa) do not show a
significant change. This suggests that UCNPs, at a specific
concentration and laser power, receive sufficient transmitted
energy from NIR light and reach a saturation level with blue
light emission.
At constant laser power (0.5 W), the effect of the UNCP

concentration on curing hydrogels is further evaluated. Three
different concentrations, 10, 15, and 20 mg/mL are added to
the precursor solution. As shown in Figure 5c,d, for the
adhesive hydrogel cured with the highest UCNP concentration
(20 mg/mL), the compressive modulus was increased by 94%
and the adhesion strength by 101%, compared to the hydrogel
with 10 mg/mL UCNPs. We believe that with higher particle
concentration, upconversion of NIR into blue light should be
higher and better distributed. This should enhance network
formation efficiency and form the hydrogel of longer polymer
chain length. It will readily improve the degree of cross-linking
and polymer chain entanglements in the hydrogels, which
exhibit improved mechanical properties.28−30

The obtained adhesive hydrogels, owing to the spatial shape
of the NIR light (i.e., focused beam) for photocuring, present a
gradient profile in mechanical properties. To demonstrate that
the NIR-mediated photocuring of adhesive hydrogels is a
nonlinear polymerization phenomenon, the mechanical prop-
erty of cylindrical-shaped hydrogels with different UCNP
concentrations is measured by nanoindentation at three
different radial positions, i.e., center, middle, and edge (Figure
6a). We found that in the central region (0.1 R, where laser
beam is focused), no significant difference in the applied
indentation force is observed. At a constant penetration depth
(20 μm) of an indenter, the maximum indentation force is
merely increased from 12.8 ± 1.4 to 14.4 ± 1.7 mN of

Figure 4. Mechanical properties of the polymerized hydrogel +
UCNPs using 976 and 405 nm irradiation under different tissue
thicknesses. Once a precursor of the hydrogel (containing 15 wt %
polymer contents with 15 mg/mL UCNPs and 0.2 wt % LAP in a
mold) was placed under the tissue; a laser beam of 976 nm
wavelength, 19 μm of diameter, and 0.7 W power was used to
irradiate the sample from the top for 10 min. Photopolymerization
using 405 nm light was conducted on a conventional setup with a
uniform illumination using a lamp (see the Methods Section).
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hydrogels with 10 to 20 mg/mL of UCNPs, respectively
(Figure 6a,b). This observation clearly demonstrates that the
UCNP concentration is not a limiting factor in the close
vicinity of the laser beam. In other words, the maximum
polymerization, allowed in this hydrogel system, has been
reached in this region.
However, the effect of particle concentrations is significant

in the middle and edge of the hydrogels. As exhibited in Figure
6b, at the edge of the cylindrical hydrogel sample (0.9 R), the
recorded indentation force is 7.5 ± 1.6, 11.4 ± 1.5, and 13.5 ±
1.8 mN for hydrogels incorporated 10, 15, and 20 mg/mL of
UCNPs, respectively. This confirms that the maximum
indentation force increases with the particle concentration,
revealing a better polymerization in this region which is
strongly dependent upon the amount of emitted short-
wavelength fluorescent light from UCNPs.
The effect of the UCNP concentration on bulk polymer-

ization was also confirmed through image analysis under a
Leica DM5500 upright microscope. Due to the multimode
fibercoupled laser diode, the beam focused into the hydrogel
has a speckle pattern, resulting in the inhomogeneity of 976
nm light. Brightspeckle grains have a high intensity, and
therefore, they will produce a strong fluorescence signal that
triggers the polymerization in a farther region quickly, forming
the radiation lines (Figure 6c). We believe that the change in
the refractive index, induced by the polymerization, is
responsible for the formation of radiation lines. The influence
of the UCNP concentration to the energy radiation throughout
the sample, from the center to the edge, is evident. At a high
UCNP concentration, blue light emission is strong enough to

polymerize a cylindrical hydrogel with longer polymer chains
and rigid characteristics. The polymerization creates clear
radiation lines on the surface of the polymerized cylindrical
hydrogel. When the UCNP concentration decreases, the
(monomer) conversion is weaker and limited to form
oligomers of GelMA, forming a rather smoother surface.
This signifies that at a high UCNP concentration, a larger area
around the illumination spot reaches the threshold energy for
photoinitiator activation and consequently free radical
polymerization. Therefore, the degree of cross-linking between
polymer chains in respective hydrogels is greater. This is
reflected further in the mechanical properties of the bulk
hydrogel with different concentrations of UCNPs, as shown in
Figure 5c,d. Moreover, the results, in Figure 6a−c, clearly
demonstrates the gradient in mechanical properties using
photopolymerization mediated by the NIR light beam. The
mechanical response of the hydrogel with 20 mg/mL UCNP
concentration is similar at different radial locations, indicating
that there is a sufficient amount of emitted short-wavelength
fluorescent light from UCNPs throughout the samples for
initiating polymerization. Conversely, hydrogels with lower
UCNP concentrations show a gradient mechanical response
from the center to the edge. Larger regions can be fully
polymerized by developing UCNPs with higher efficiency or
illuminating for a longer time, resulting in more even
distribution of mechanical properties.
Although demonstrated for the first time, there are still some

limitations, which need to be addressed for further improve-
ment of this approach. Owing to the low upconversion
efficiency of UCNPs, high NIR laser power and particle

Figure 5. (a, b) Effect of NIR laser power on the compressive modulus and adhesion strength of cured hydrogels at 15 mg/mL UCNP
concentration. (c, d) Effect of the UNCP concentration on the compressive modulus and adhesion strength at a laser power of 0.5 W (n = 3).
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concentrations were employed to initiate photopolymerization.
However, improving the UCNP upconversion efficiency can be
obtained by various techniques such as tailoring the local
crystal field, dopant concentration, ratio of core/shell
materials, suppression of surface-related deactivations, etc.
Indeed, by optimizing the doping concentration and the size
and structure of UCNPs, a higher upconversion efficiency at
the UV/blue region that matches the absorption peak of the
photoinitiator can be achieved, which will enable photo-
polymerization with clinically safe dose.31−33 Moreover, further
investigations are required to look beyond the LAP photo-
initiator or develop photoinitiators that can trigger polymer-
ization by low-energy photons.

■ CONCLUSIONS
We proposed a new method for curing the adhesive hydrogels
below and inside biological tissues that could be an alternative
noninvasive technique to treat injured soft tissues. As expected,
we initially found that the transmission of NIR (976 nm)
through various tissue thicknesses is much greater than 405 nm
light. Transmitted NIR is then upconverted by UCNPs into

lower wavelength blue light to trigger photopolymerization.
Subsequently, the adhesive hydrogel is formed below the
tissue. NIR laser power and particle concentrations were
employed to tune the mechanical as well as adhesive properties
of cured adhesive hydrogels. We found that the adhesive
hydrogel cured with the highest UCNP concentration (20 mg/
mL) showed up to 94 and 101% gain in compressive modulus
and adhesion strength compared to a hydrogel with 10 mg/mL
UCNPs, respectively. Interestingly, nanoindentation and
microscopy analysis depicted the profile of the polymerized
object and confirmed that curing adhesive hydrogels below the
tissue, using NIR, is a nonlinear photopolymerization
phenomenon. In fact, to reach such polymerization kinetics,
we employed a radiation technique to polymerize the adhesive
hydrogels below and inside the tissue by combining the local
radiation of focused NIR and the bulk emission of blue light by
UCNPs. Once, the sufficient upconversion efficiency of
UCNPs in the blue/UV region, which matches the absorption
peak of the photoinitiator, is achieved, that will pave the way
for assembling the adhesive hydrogels through tissue. Here-
after, this technique can be used to reduce surgical

Figure 6. Effect of the UCNP concentration: (a) nanoindentation measurements and the obtained maximum indentation force at the radii of 0.1 R,
0.5 R, and 0.9 R from the cylinder axis (R = 2.5 mm, cylinder radius) and (b) representative force−displacement curves obtained during the
indentation analysis. (c) The radiation lines generated by NIR laser and upconversion procedure from the center to the edge were imaged using a
Leica DM5500 upright microscope.
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interventions and cause minor incisions. Thus, the tissue will
be less damaged by the established surgical treatments.
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