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ABSTRACT: The recent progress in photonic nanomaterials has con-
tributed greatly to the development of photomedicines. However, the finite
depth of light penetration is still a serious limitation, constraining their
clinical applications. Here, we developed a poly(allylamine) (PAAm)-
modified upconversion nanoparticle/hyaluronate−rose bengal (UCNP/
PAAm/HA-RB) conjugate complex for photochemical bonding of deep
tissue with near-infrared (NIR) light illumination. Compared to the
conventional invasive treatment via suturing and stapling, the UCNP/
PAAm/HA-RB conjugate complex could be noninvasively delivered into the
deep tissue and accelerate the tissue bonding upon NIR light illumination.
HA in the outer layer of the complex facilitated the penetration of RB into
the collagen layer of the dermis. The NIR light triggered UCNP of NaYF4:
Yb/Er (Y:Yb:Er = 78:20:2) in the complex to illuminate visible green light
under the skin tissue. The activated RB in the HA-RB conjugate by the green light induced radical formation for the cross-
linking of incised collagen matrix. An in vitro light propagation test and collagen fibrillogenesis analysis, an in vivo animal
tissue bonding test, and an ex vivo tensile strength test of dissected skin tissues confirmed the successful photochemical
tissue bonding effect of the UCNP/PAAm/HA-RB conjugate complex.
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Photomedicine is a future technology using light for
diverse biomedical applications to dermatology, laser
surgery, optical diagnosis, and cancer therapy. Among

these applications, photochemical tissue bonding (PTB) is a
dye-assisted photochemical technique for wound closure.1 This
technique has been regarded as an effective alternative to
stapling or traditional suturing. It can be exploited for futuristic
robot surgery due to facile and quick tissue bonding triggered
by light with reduced scar formation and secondary
inflammation.2 Rose bengal (RB) dye induces the cross-linking
of the collagen matrix in damaged skin tissue for nanosuturing.
Green light at a wavelength of ca. 540 nm activates the RB to
take an electron from the collagen, making a free radical. Then,
the collagen matrix can be knitted back together for the tissue
bonding.3 In our previous work, we have developed
biodegradable polymeric waveguides to transport light
efficiently into deep tissue and induce the activation of RB

for PTB.4 However, this method required invasive implantation
or injection for the application of polymeric waveguides.
Upconversion nanoparticles (UCNPs) can be used as a facile

light source platform for various photomedicines to replace the
conventional implantable and injectable light-guiding materials.
UCNPs have the unique optical property of photon
upconversion in the electromagnetic spectrum to convert the
tissue-penetrating near-infrared (NIR) light to visible light,
enabling biophotonic applications in deep tissue. UCNPs
consist of lanthanide (Ln)- or actinide-doped transition metals
for the host lattice, activator ions, and sensitizer ions. The phase
and size of UCNPs can be tuned by changing the doping
concentration5 and the synthetic condition.6 The lifetime of
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fluorescence7 and the multicolor output8 can be controlled by
changing the doped Ln composition and the synthesis
temperature. UCNPs have been widely investigated for a
variety of biomedical applications including multimodal
bioimaging,9,10 photodynamic therapy,11,12 and photothermal
therapy.13

Here, we developed a versatile deep tissue photomedicine of
poly(allylamine) (PAAm)-modified upconversion nanopar-
ticle/hyaluronate−rose bengal (UCNP/PAAm/HA-RB) con-
jugate complex for PTB via transdermal delivery (Figure 1).

HA has been widely investigated as a promising transdermal
delivery carrier for protein drugs14 and nanomaterials including
nanographene oxide15 and carbon dots.16 The hygroscopic HA
can hydrate the skin barrier and penetrate through the skin due
to the hydrophobic patch domain in the HA backbone.17 The
highly expressed HA receptors in skin tissues can also facilitate
the transdermal delivery of HA. As schematically shown in
Figure 1, the UCNP/PAAm/HA-RB conjugate complex can be
transdermally delivered into a deep and wide area from the
boundary of incision due to HA in the outer layer. Upon NIR
light illumination, UCNP can convert the NIR to green light for
the activation of RB in the HA-RB conjugate, inducing collagen
cross-linking for accelerated sutureless tissue bonding. After in
vitro characterization of the UCNP/PAAm/HA-RB conjugate
complex, we have successfully demonstrated the effective PTB
via in vivo and ex vivo tissue bonding tests.

RESULTS AND DISCUSSION
Synthesis and Characterization of the UCNP/PAAm/

HA-RB Conjugate Complex. For the PTB in deep tissues by
upconversion of NIR light to visible green light, the UCNPs
were synthesized at a high temperature of 300 °C. The surface
of the UCNPs was modified with PAAm by the ligand-
exchange method to provide the hydrophilicity and positive
charge (Figure 2a). According to high-resolution transmission
electron microscopy (HRTEM) and X-ray diffraction (XRD)
spectroscopy, UCNPs appeared to have a (100) hexagonal
crystal lattice with a uniform size of 30.43 ± 2.10 nm (Figure
2b). The composition of the UCNPs was 78:19:3 of Y:Yb:Er in

the energy dispersive spectroscopy (EDS) (Figure 2c) and
77:21:2 of Y:Yb:Er in the inductively coupled plasma optical
emission spectrometry (ICP-OES). The composition of
UCNPs was averaged to 78:20:2 of Y:Yb:Er, which did
match well with the used amount of Ln precursors. At this
composition, the quantum yield of UCNPs is typically regarded
as ca. 0.3% as reported elsewhere.18−21 Accordingly, the
intensity of converted green light by UCNPs was estimated
to be ca. 1.5 mW/cm2 under 980 nm NIR light (500 mW/cm2)
illumination. The fluorescence of UCNPs in cyclohexane,
UCNP/PAAm, and UCNP/PAAm/HA-RB conjugate complex
dissolved in distilled (DI) water appeared to be almost the
same at 540 nm (Figure 2d).
Meanwhile, HA-RB conjugate was synthesized by the

coupling reaction between carboxyl groups of the RB and
amine groups of diaminohexane (DAH)-HA via the EDC/NHS
chemistry. The successful synthesis of the HA-RB conjugate
was confirmed from the peak shift of the absorbance spectra in
Figure 3a.22 The absorbance peak of the HA-RB conjugate was
shifted to 570 nm, whereas those of the RB and HA-DAH+RB
mixture were shown at 550 nm. The UCNP/PAAm/HA-RB
conjugate complex was formed by the electrostatic interaction
between positively charged UCNP/PAAm and negatively
charged HA-RB conjugate. UV/vis spectrophotometry and
fluorometry showed the overlap between the absorbance
wavelength of the HA-RB conjugate and the emission
wavelength of UCNP/PAAm, indicating that the HA-RB
conjugate can be activated by green light converted by
UCNP upon NIR light illumination (Figure 3b). Dynamic
light scattering (DLS) and zeta potential analysis revealed the
size reduction of the UCNP/PAAm/HA-RB conjugate complex
to 459.9 ± 98 nm after mixing of UCNP/PAAm with the HA-
RB conjugate (Figure 3c). The zeta potential of the UCNP/
PAAm/HA-RB conjugate complex was shifted to the stable
value of −27 ± 0.42 mV as shown in Figure 3d. All these results
confirmed the successful preparation of the UCNP/PAAm/
HA-RB conjugate complex.
Before assessing the effect of the UCNP/PAAm/HA-RB

conjugate complex on the PTB, we investigated the cytotoxicity
of RB, HA-RB conjugate, UCNP/PAAm, and the UCNP/
PAAm/HA-RB conjugate complex in NIH 3T3 cells (mouse
fibroblast) by the MTT assay (Figure 3e and f). The cell
viability test revealed that HA contributed to improve the
biocompatibility of the conjugated or complexed materials.
After incubation for a day, relative cell viability treated by both
RB and HA-RB conjugate decreased with increasing concen-
tration of RB (Figure 3e). However, the HA-RB conjugate
showed a lower cytotoxicity than that of RB, maintaining over
80% of cell viability at the RB concentration of 1000 μM. In
addition, both UCNP/PAAm and the UCNP/PAAm/HA-RB
conjugate complex showed a decrease of relative cell viability
with increasing concentration of UCNP/PAAm (Figure 3f).
Nevertheless, the UCNP/PAAm/HA-RB conjugate complex
appeared to be more biocompatible than UCNP/PAAm
because of the electrostatic neutralization between the
negatively charged HA-RB conjugate and positively charged
UCNP/PAAm. The cell viability was maintained over 90% at
the UCNP/PAAm concentration of 200 μg/mL.

Light Propagation into Closed Incision of Porcine
Tissue. To assess the light delivery efficiency of the UCNP/
PAAm/HA-RB conjugate complex into the tissue, a light
propagation test was performed using porcine skin tissues with
a similar tissue structure and thickness to human skin.23 As

Figure 1. Schematic illustration for photochemical tissue bonding
of incised collagen matrix by near-infrared light illumination after
transdermal delivery of polyallylamine (PAAm)-modified upcon-
version nanoparticle/hyaluronate−rose bengal (UCNP/PAAm/
HA-RB) conjugate complex (gray scale bars = 100 μm, SC:
stratum corneum).
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shown in Figure 4a, the green laser could not reach into the
dermis layer, but was scattered in the stratum corneum (SC)
layer. On the other hand, the NIR laser penetrated into the
dermal layer of skin tissue treated with the complex for 30 min
and converted to green light by UCNPs in the complex. Figure
4b shows the analysis for the light propagation of green laser
and green light from the complex. In the direction of X-axis, the
green light triggered by the NIR laser was spread in the bigger
area and showed a stronger intensity at 540 nm than the green
laser. In the direction of the Z-axis, the intensity540 nm of the
green light from the complex was strongly detected at a depth
of ca. 1.5 mm, whereas the intensity540 nm of the green laser was
dramatically decreased below the depth of ca. 0.25 mm (only
SC layer). In addition, two-photon microscopy was carried out
to assess the penetration of the control (phosphate-buffered
saline, PBS), RB, HA-RB conjugate, UCNP/PAAm, and the
UCNP/PAAm/HA-RB conjugate complex delivered through
the incision of ex vivo porcine skin (Figure 4c). The HA-RB
conjugate was deeply delivered from the surface of the incision
compared with the RB. While UCNP/PAAm was not found
much in the tissue, UCNP/PAAm complexed with the HA-RB
conjugate was highly detected at the incision. All these results

confirmed the effective green light delivery of UCNPs into the
incised porcine skin tissue.

Two-Photon Microscopy for the Transdermal Delivery
in Vivo. In vivo transdermal delivery of the UCNP/PAAm/HA-
RB conjugate complex was investigated by two-photon
microscopy. After removal of hair, each group was treated by
topical administration of RB, the HA-RB conjugate, UCNP/
PAAm, and the UCNP/PAAm/HA-RB conjugate complex
onto the dorsal skin of BALB/c mice (6 weeks old) for 30 min.
Then, mice were sacrificed and the skin tissues were collected
for two-photon fluorescence microscopy to visualize the
particle distribution in the skin tissue (Figure 5). The yellow
fluorescence corresponds to RB at 1050 nm and green
fluorescence indicates UCNP/PAAm at 900 nm. The HA-RB
conjugate was delivered through the skin and observed in
yellow in the epidermis and the collagen layer, whereas RB
mainly remained on the subcutaneous layer as reported
elsewhere.24 Upon illumination of a 900 nm two-photon
laser, UCNP/PAAm showed green fluorescence in the collagen
layer. The penetration of UCNP/PAAm into the deep tissue
might be ascribed to the small size of the nanoparticles.25

Moreover, both the HA-RB conjugate and UCNP/PAAm/HA-
RB conjugate complex were observed in the collagen layer of

Figure 2. Preparation and characterization of the UCNP/PAAm/HA-RB conjugate complex. (a) Schematic illustration for the synthesis of
UCNP/poly(allylamine) (PAAm) by ligand exchange and the preparation of UCNP/PAAm/HA-RB conjugate complex by electrostatic
interaction between UCNP/PAAm and HA-RB conjugate. (b) TEM and XRD images for the uniform crystal lattice of UCNPs. (c) EDS for
the composition of UCNPs. (d) Fluorescence of UCNP, UCNP/PAAm, and UCNP/PAAm/HA-RB conjugate complex and
photoluminescence intensity of UCNP/PAAm.
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the epidermis and dermis. From the results, HA appeared to
enhance the transdermal penetration of conjugated or
complexed materials from the subcutaneous to the dermal
layer.26,27

Collagen Fibrillogenesis for Photochemical Tissue
Bonding. The kinetics and degree of collagen fibrillogenesis
were assessed by spectrophotometrically measuring the
turbidity of collagen solutions (Figure 6a). Each sample of
the control (DI water), RB, HA-RB conjugate, and UCNP/
PAAm/HA-RB conjugate complex was added into the
neutralized collagen type 1 solution on ice. The absorbance
at 315 nm was measured every 1 min for 30 min with 980 nm
NIR light illumination at 37 °C in the temperature-controlled
microplate spectrophotometer. As shown in Figure 6a, the
UCNP/PAAm/HA-RB conjugate complex resulted in the rapid
optical density increase reflecting the collagen cross-linking,
compared with the control, RB, and HA-RB conjugate under
NIR light illumination (ca. 500 mW/cm2). Figure 6b shows the
collagen fibrillogenesis rate determined from the slope of the
curve in Figure 6a. The collagen fibrillogenesis rate increased
significantly for the case of the UCNP/PAAm/HA-RB
conjugate complex with 980 nm NIR light illumination. From
the results, we could confirm that UCNP triggered by NIR light

activated the RB in the HA-RB conjugate and induced the
accelerated collagen cross-linking.

Ex Vivo Collagen Cross-Linking in the Porcine Skin.
The collagen cross-linking in the porcine skin was assessed by
measuring the tensile strength of adhered skin with a universal
testing machine. As schematically shown in Figure 6c, 2 pieces
of porcine skins (1 cm × 10 cm) were used as tissue substrates,
and the bonding area was fixed with a transparent acrylic
fixture. After that, PBS and the UCNP/PAAm/HA-RB
conjugate complex were loaded on the bonding site (1 cm ×
1 cm) between the porcine skins. The tissue specimens were
illuminated with NIR light for 20 min to cross-link the collagen
matrix by the activated HA-RB conjugate under the green
fluorescence of UCNP in the complex. The bonded tissue
specimens were strained with a 10 N load cell until complete
separation at a speed of 5 mm/min. As shown in Figure 6d, the
skin tissue treated by the control (PBS) and UCNP/PAAm/
HA-RB conjugate complex without NIR light illumination
showed a low tensile strength of 7.09 ± 1.24 and 5.38 ± 0.06
kPa, respectively. On the other hand, the NIR light-illuminated
skin after treatment with the UCNP/PAAm/HA-RB conjugate
complex was tightly bonded by the collagen cross-linking with a
high tensile strength of 17.57 ± 2.42 kPa. The light treatment

Figure 3. Characterization and biocompatibility assessment of the UCNP/PAAm/HA-RB conjugate complex. (a) Absorbance spectra of RB, a
mixture of HA-diaminohexane (DAH) and RB, and HA-DAH-RB (HA-RB) conjugate. (b) UCNP fluorescence excited at 980 nm and the
absorbance of HA-RB conjugate. (c) The size distribution and (d) the zeta potential of RB, HA-RB conjugate, UCNP/PAAm, and UCNP/
PAAm/HA-RB conjugate complex. The cytocompatibility of (e) RB and HA-RB conjugate, (f) UCNP/PAAm and UCNP/PAAm/HA-RB
conjugate complex in NIH3T3 cells by the MTT assay (n = 4). Data are expressed as mean ± SD.
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with PBS as a control also showed a slight tissue bonding effect
with a tensile strength of 12.45 ± 0.21 kPa (Figure 6d).
In Vivo PTB by the UCNP/PAAm/HA-RB Conjugate

Complex under NIR Light Illumination. The effect of the
UCNP/PAAm/HA-RB conjugate complex on PTB in vivo was
investigated on the dorsal skin of mice. After making an
incision, the dorsal skin was treated with (i) the control (PBS),
(ii) PBS and an NIR laser, (iii) the UCNP/PAAm/HA-RB
conjugate complex, (iv) the HA-RB conjugate and a green laser,
(v) the positive control of suturing, and (vi) the UCNP/
PAAm/HA-RB conjugate complex and an NIR laser,
respectively. The resulting tissue bonding was observed at the
predetermined time point (Figure 7a). Figure 7b shows
photoimages for the tissue bonding at day 0, 1, and 3 by the

above treatment for six groups. According to the visual analysis,
the UCNP/PAAm/HA-RB conjugate complex with NIR light
illumination showed the fastest tissue bonding, followed by the
HA-RB conjugate with green light and PBS with NIR light,
sequentially. Although all wounds were not healed completely
at day 3 due to the free movement of mice, we could find the
difference in the tissue bonding status. There were scabs in the
wound that had been spread for the case of the untreated
control and the UCNP/PAAm/HA-RB conjugate complex
without NIR light illumination (Figure 7b). The wound seemed
to be well-bonded in the case of suturing, but there were scars
passed by the surgical threads.
The PTB effect of the UCNP/PAAm/HA-RB conjugate

complex was also assessed by measuring the tensile strength of

Figure 4. Light propagation in the incision of porcine skin tissue. (a) Propagation of green light (left) and light converted by the UCNP/
PAAm/HA-RB conjugate complex upon invisible NIR light illumination (right). The invisible NIR laser is directly illuminated to the incision
area treated with the UCNP/PAAm/HA-RB conjugate complex (scale bar = 1 mm). Dashed lines indicate the incision and the surface of skin.
(b) Green fluorescence profile in the skin tissue treated with green light (green) or with the UCNP/PAAm/HA-RB conjugate complex and
NIR light illumination (red) in X- and Z-axes. (c) Ex vivo two-photon microscopic images after topical delivery of the samples to the incision
of porcine skin (L: the fluorescence of HA-RB conjugate, R: the fluorescence of UCNP, blue = collagen, yellow = RB, green = UCNP, scale
bar = 100 μm).
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dissected skin tissues (Figure 7c). The untreated control and
the UCNP/PAAm/HA-RB conjugate complex without NIR
laser groups showed a relatively low tensile strength of 5.68 ±
3.63 and 7.33 ± 4.81 kPa, respectively. The tensile strength of
skin tissues treated with the HA-RB conjugate and green light
was 16.80 ± 5.50 kPa, and that of the UCNP/PAAm/HA-RB
conjugate complex with NIR light illumination showed the
highest tensile strength of 35.07 ± 2.75 kPa. Although
conventional suturing also resulted in the relatively high tensile
strength of 22.40 ± 3.90 kPa, it was still lower than that of the
UCNP/PAAm/HA-RB conjugate complex with NIR light
illumination. The NIR light treatment also slightly increased
the tensile strength to the value of 14.13 ± 5.40 kPa, which was
statistically higher than that of the untreated control. Taken
together, we could confirm the feasibility of the UCNP/
PAAm/HA-RB conjugate complex for the futuristic light-
triggered facile tissue bonding.
The advantageous features of PTB include a water-tight

closure across the entire wound interface with minimal scar
formation, compared with the invasive standard suturing and

stapling or tissue bonding with cyanoacrylate and fibrin glues.
However, the application of PTB with green light illumination
has been limited to superficial wounds with a maximum depth
of 1−2 mm.4 In contrast, the UCNP/PAAm/HA-RB conjugate
complex could be successfully applied to the photochemical
bonding of deep tissue with NIR light illumination. Recently,
silica nanoparticles have been developed for the adhesion of
tissues acting as connectors between polymer chains or wound
tissues.28,29 However, the PTB protocol using the UCNP/
PAAm/HA-RB conjugate complex might be more clinically
feasible with NIR light illumination. This futuristic system can
be harnessed for robot surgery with facile and quick tissue
bonding triggered by light illumination.

CONCLUSIONS

We successfully demonstrated the feasibility of the UCNP/
PAAm/HA-RB conjugate complex for noninvasive PTB in deep
tissue under NIR light illumination. HA in the conjugate
appeared to facilitate the penetration of RB into a deep and
wide area from the boundary of incision. UCNPs in the

Figure 5. Two-photon microscopy for in vivo transdermal delivery. Two-photon microscopic images for the dorsal skin of BALB/c mice after
transdermal delivery of the control (PBS), RB, HA-RB conjugate, UCNP/PAAm, and UCNP/PAAm/HA-RB conjugate complex (L: the
fluorescence of HA-RB conjugate, R: the merged fluorescence) (blue = collagen, yellow = RB, green = UCNP, scale bar = 100 μm). White
arrows indicate the merged fluorescence of UCNP and the HA-RB conjugate in the complex.
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complex showed the effective light-guiding ability into the deep
tissue as an alternative to implantable or injectable light-guiding
materials. Two-photon microscopy revealed the facilitated
transdermal delivery of the complex into the dermal tissue.
After confirming in vitro collagen fibrillogenesis, we performed
ex vivo and in vivo skin tissue bonding, which revealed the
photochemically accelerated tissue bonding effect of the
UCNP/PAAm/HA-RB conjugate complex under noninvasive
NIR light illumination. The UCNP/PAAm/HA-RB conjugate
complex resulted in a higher tensile strength than that of the
conventional suturing without allergic side effects. This
platform technology of the UCNP/PAAm/HA-RB conjugate
complex might be successfully applied for the development of
various futuristic photomedicines.

MATERIALS AND METHODS
Materials. Yttrium(III) chloride hexahydrate (YCl3·6H2O),

ytterbium(III) chloride hexahydrate (YbCl3·6H2O), erbium chloride
hexahydrate (ErCl3·6H2O), octadecene-1, ammonium fluoride
(NH4F), cyclohexane, poly(allylamine) solution (MW = 17 kDa, 20
wt % in H2O), dimethyl sulfoxide (DMSO), diaminohexane (DAH),
N-hydroxysuccinimide sodium salt (NHS), collagen from rat tail, and
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buf-
fer solution were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Oleic acid and 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDC) were obtained from Tokyo
Chemical Industry (Tokyo, Japan). Sodium hydroxide (NaOH) was
acquired from Samchun Pure Chemicals (Seoul, Korea). Hyaluronate
(MW 100 kDa) was purchased from Lifecore Biomedical (Chaska,
MN, USA). Rose bengal (RB) dye was purchased from Junsei

Chemical Co. (Tokyo, Japan). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from Promega
(Madison, WI, USA), and PBS (pH 7.4) was obtained from Tech &
Innovation (Seoul, Korea). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and antibiotics were purchased
from Gibco (Grand Island, NY, USA). A mouse embryonic fibroblast
of the NIH3T3 cell line was obtained from American Type Culture
Collection (ATCC) (Manassass, VA, USA).

Synthesis of UCNP and the UCNP/PAAm. Upconversion
nanoparticles of NaYF4:Yb/Er (Y:Yb:Er = 78:20:2) were prepared
using an aqueous solution of LnCl3·6H2O [0.78 mL of YCl3·6H2O (1
M), 0.2 mL of YbCl3·6H2O (1 M), 0.2 mL of ErCl3·6H2O (0.1 M)] in
a 250 mL three-neck flask as reported elsewhere.30,31 The flask was
fitted in a 250 mL spherical heating mantle and heated to 110 °C to
evaporate water from LnCl3·xH2O with magnetic stirring at 350 rpm.
Then, 6 mL of oleic acid and 15 mL of 1-octadecene were added,
which was heated to 150 °C for 30 min to obtain a homogeneous
solution. After cooling to 60 °C, NH4F (0.148 g) and NaOH (0.1 g)
dissolved in 5 mL of methanol solution was added to the solution
dropwise. The mixture was heated to 110 °C and kept over 20 min to
evaporate methanol and residual H2O. The neck of the flask was
blocked with a rubber stopper and sealed with a paraffin film. Then, a
nitrogen-filled balloon with a syringe was connected through a rubber
stopper for pressure stabilization. The other neck of the flask was
plugged to a dual manifold Schlenk line so that the solution was kept
in the vacuum for 10 min and filled with nitrogen by turning the
stopcock. The solution was heated to 300 °C at a heating rate of 10
°C/min, and the temperature was maintained under nitrogen for 1 h
with vigorous stirring. The mixture was cooled to room temperature
and transferred to a 50 mL conical tube after washing the flask with 40
mL of acetone to collect the remaining product. The tube containing
the solution was centrifuged at 6654g and 20 °C for 10 min. After

Figure 6. Collagen fibrillogenesis and ex vivo tensile strength. (a) Degree of collagen cross-linking determined by measuring the absorbance of
type 1 collagen at 315 nm after treatment with DI water, RB, HA-RB conjugate, and UCNP/PAAm/HA-RB conjugate complex for 30 min
followed by NIR light illumination. (b) Collagen fibrillogenesis rate after treatment with the samples in (a) (n = 4, ***P < 0.001 versus the
others). (c) Schematic illustration for ex vivo tensile strength test to assess the photochemical tissue bonding of porcine skin. (d) Tensile
strength of adhered tissues by the treatment of the control (PBS), UCNP/PAAm/HA-RB conjugate complex, PBS with NIR light illumination,
and UCNP/PAAm/HA-RB conjugate complex with NIR light illumination (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 versus UCNP/PAAm/
HA-RB conjugate complex with NIR light).
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removing the supernatant, the pellet was dissolved in 20 mL of
cyclohexane. The solution was centrifuged again at 1000g and 20 °C
for 5 min, and the supernatant containing UCNP was collected in a 40
mL of glass vial. The surface of hydrophobic UCNPs was modified
with PAAm by ligand exchange as reported elsewhere.32,33 The PAAm
solution (10 μL, 20 wt % in H2O) was dissolved in 4 mL of ethanol
and sonicated for 20 min. The solution of hydrophobic UCNPs (ca. 4
mg) in 2 mL of cyclohexane was added dropwise to the PAAm
solution, which was vigorously mixed at room temperature for 36 h.
The obtained UCNP/PAAm was centrifuged at 10400g and 20 °C for
20 min and redispersed in DI water.
Preparation of the UCNP/PAAm/HA-RB Conjugate Complex.

First, the HA-RB conjugate was synthesized by the coupling reaction
of HA-DAH with RB. HA-DAH with a DAH content of 20 mol % was
synthesized by the reaction between HA (100 kDa, 500 mg) and DAH
(2.89 g, 20 molar ratio to HA) in sodium acetate buffer (pH 4.8) for 5
min using the EDC chemistry. RB was added into the HA-DAH
(20%) solution at a molar ratio of 1:2 (DAH:RB), which was mixed
with a 10 molar excess of EDC and NHS, maintaining the pH at 4.8
with 1 M HCl and 1 M NaOH solutions over 30 min. The mixture
stirred in the dark at room temperature for 12 h. Then, the HA-RB
conjugate was purified by dialysis against DI water (MWCO = 10
kDa). The powder of the HA-RB conjugate was obtained by freeze-
drying for 3 days and stored in the dark until further use. After that,
the UCNP/PAAm/HA-RB conjugate complex was prepared by simple
mixing of 500 μM HA-RB conjugate and 200 μg/mL of UCNP/
PAAm.
Characterization of the UCNP/PAAm/HA-RB Conjugate

Complex. The prepared HA-RB conjugate, UCNP/PAAm, and the
UCNP/PAAm/HA-RB conjugate complex were analyzed by TEM
(JEM-1011, JEOL Co., Akishima, Japan), HRTEM (JEM-2200FS with
Cs-corrected TEM, JEOL Co., Akishima, Japan), EDS (JEM-2200FS,
JEOL Co., Akishima, Japan), DLS (Zetasizer Nano ZS90, Malvern
Instruments Co., Malvern, UK), and UV/vis spectrophotometry (S-

3100, Scinco Co., Seoul, Korea). The core structure and uniform
crystal lattice of UCNPs were analyzed by TEM and HRTEM, and the
composition of the UCNPs was determined by EDS. The surface
modification of the UCNPs with PAAm was analyzed by TEM and
DLS. The fluorescence of UCNP and UCNP/PAAm was analyzed
with a Fluorolog modular spectrofluorometer (FL-1039, Horiba
Scientific Co., Kyoto, Japan) with excitation at 980 nm. The
synthesized HA-RB conjugate was analyzed by UV/vis spectropho-
tometry and the formation of the UCNP/PAAm/HA-RB conjugate
complex was analyzed by DLS.

In Vitro Cytotoxicity Test. The cytotoxicity of HA-RB conjugate,
UCNP/PAAm, and the UCNP/PAAm/HA-RB conjugate complex
was assessed in NIH3T3 cells using the MTT assay. Briefly, the
cryopreserved NIH3T3 cells were seeded in a 75T flask with DMEM
for a day and transferred into 96-well plates at a density of 5 × 104 cells
per well. The cells were incubated with the control (medium), UCNP/
PAAm, RB, HA-RB conjugate, and UCNP/PAAm/HA-RB conjugate
complex at 37 °C and 5% CO2 for a day (n = 4). After incubation for
24 h, NIH3T3 cells were washed with PBS twice and the medium in
each well was replaced with 50 μL of MTT solution (5 mg/mL).
When the purple precipitates were visible in 1 h, the solution of each
well was aspirated and 100 μL of DMSO was added to dissolve the
formazan crystal. The optical density at 540 nm was measured with a
microplate spectrophotometer (EMax End point ELISA microplate
reader, Molecular Devices, CA, USA). The cell viability (%) was
calculated using the following equation: [A540 (sample)/A540 (control)] ×
100, where A540 (sample) is the optical density of the sample-treated wells
and A540 (control) is that of serum-free medium-treated wells.

Light Propagation Assessment into Closed Incision of
Porcine Tissue. The porcine skin was prepared with the dimensions
of 2 cm × 1 cm × 0.2 cm (length × width × height) and incised. Then,
50 μL of the UCNP/PAAm/HA-RB conjugate complex was loaded in
the incision for 30 min. After removal, a green laser (540 nm) and an
NIR laser (980 nm) were illuminated onto the closed incision. The

Figure 7. In vivo photochemical tissue bonding (PTB) and the resulting tensile strength. (a) Schematic illustration for in vivo PTB test with
three analyses before sacrifice for tensile strength test. (b) Photoimages for the incised dorsal skin of BALB/c mice treated with the control
(PBS), PBS and NIR light, the UCNP/PAAm/HA-RB conjugate complex, the HA-RB conjugate and green light, suturing, and the UCNP/
PAAm/HA-RB conjugate complex and NIR light at day 0, 1, and 3. (c) In vivo tensile strength of the six groups at day 3 (n = 3, *P < 0.05, **P
< 0.01, ***P < 0.001 versus UCNP/PAAm/HA-RB conjugate complex with NIR light).
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front cross-section was visualized by microscopy (Canon EOS 100D,
Canon, Tokyo, Japan). The profile of the green fluorescence in the
microscopic image was analyzed by ImageJ software. In addition, each
50 μL of the control (PBS), HA-RB conjugate (500 μM), and UCNP/
PAAm/HA-RB conjugate complex was delivered through the 1 cm
incision on 2 × 2 cm2 dissected porcine skin for 30 min. After the
porcine skin was washed with PBS, the penetration depth of the
samples from the boundary of the incision was analyzed by two-
photon microscopy after cryo-sectioning and tissue fixation.
In Vivo Transdermal Delivery Test. An in vivo transdermal

delivery test was performed by topical administration of each 50 μL of
the control (PBS), HA-RB conjugate (500 μM), and UCNP/PAAm/
HA-RB conjugate complex onto the 1 × 1 cm2 dorsal skin of 6-week-
old BALB/c mice. After transdermal delivery for 30 min, the treated
tissues were dissected and washed with PBS. The penetration depth of
samples into the skin was analyzed by two-photon microscopy with
excitation at 900 and 1050 nm. All animal experiments were performed
following the laboratory animal protocol approved by the institutional
animal care and use committee of the Pohang University of Science
and Technology in accordance with the National Institutes of Health
Guide for the Care and Use of Experimental Animals.
Collagen Fibrillogenesis Test. Collagen fibrillogenesis test was

carried out as described elsewhere.34,35 The rate and extent of collagen
cross-linking was assessed spectrophotometrically. The type 1 collagen
from rat tail was dissolved at a concentration of 3.0 mg/mL in 20 mM
acetic acid and neutralized on ice with 0.2 M HEPES and 10× PBS in a
volume ratio of 8:1:1, respectively. The aqueous solution of DI water,
RB, 500 μM HA-RB conjugate, or UCNP/PAAm/HA-RB conjugate
complex was added into the neutralized collagen solution, and then
200 μL of the mixture was transferred into the 96-well microplate (n =
4). The absorbance from 315 to 405 nm was measured per 1 min for
30 min with NIR light illumination (ca. 500 mW/cm2) at 37 °C in a
temperature-controlled microplate spectrophotometer.
Ex Vivo Tensile Strength Test. Ex vivo tensile strength of porcine

skin was measured by using a universal testing machine (Instron 3340,
Instron Co., Norwood, MA, USA) equipped with a 10 N load cell.36

The porcine skin was prepared as a tissue substrate with a size of 1 ×
10 cm2, whose bonding area was 1 × 1 cm2. Each 50 μL of the control
(PBS), UCNP/PAAm/HA-RB conjugate complex, PBS with NIR laser
(500 mW/cm2), and UCNP/PAAm/HA-RB conjugate complex with
NIR light (NIR light = 500 mW/cm2, green light converted from NIR
by UCNP = 1.5 mW/cm2) was loaded on the 1 × 1 cm2 surface of the
prepared porcine skin, and the tissue specimen was covered with
another specimen. The two-layered tissue substrates were fixed with a
transparent acrylic plate and Scotch tape and then immediately
illuminated with a 980 nm NIR laser for 20 min (n = 3). After light
treatment, the specimens were stored in humid conditions at room
temperature for 1 h prior to the tensile strength measurement. The
adhered specimens were loaded on the Instron and pulled at a
crosshead speed of 5 mm/min until complete separation. The data
from the specimens (n = 3) were averaged for the tensile strength.
In Vivo Tissue Bonding Test. The in vivo tissue bonding test was

carried out to assess the tissue bonding effect of the UCNP/PAAm/
HA-RB conjugate complex upon NIR light illumination. Normal 6-
week-old BALB/c mice were anesthetized and shaved, and then a 1 cm
incision was made on the deep tissue of the dorsal skin in the mice.
The incised dorsal skins were treated with 50 μL of the control (PBS),
PBS with NIR light, UCNP/PAAm/HA-RB conjugate complex, HA-
RB conjugate with green light, the suturing, and UCNP/PAAm/HA-
RB conjugate complex with NIR light for 20 min (NIR light = 500
mW/cm2, green light converted by UCNP = 1.5 mW/cm2 and green
light = 7.5 mW/cm2). Each incised dorsal skin was observed at 3 time
points of day 0, day 1, and day 3, and the treated skins (1 × 1 cm2)
were collected and used for the tensile strength test after CO2
euthanization. The treated tissue specimens were cut at an average
size of 1 × 2 cm2 and stored in humid conditions with a PBS-soaked
gauze for 1 h. The adhered skin tissues were tested on the Instron with
a 10 N load cell at a crosshead speed of 5 mm/min until complete
separation.

Statistical Analysis. Statistical analysis was performed via the one-
way ANOVA using the software SigmaPlot 12.0. (Systat Software Inc.,
San Jose, CA, USA). The values of *P < 0.05, **P < 0.01, and ***P <
0.001 were determined as statistically significant. Data were expressed
as means ± standard deviation (SD) from several separate experi-
ments.
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