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ARTICLE INFOD ANSTRACT

Jm— Cwing 1o its high photothermal conversion elficieacy, Miene bas garaered @rong interest in blemedical ap-
Froicdwarotbanpy placankang. Sene ban demonsratsd dgnificam promise particularly in l:mmﬁmmdm'm.l.l mw.
i Heswever, Miens s iaheren! insmability in sqeeves envi poses chalk Fer 1 bk i ap-
b - plicarians. Here, we addoess this by g Mikeme nanay {NPs} withis s smiphiphilic
Pt pariid palymer m:urmmkmmmm«pmlmnm PLGASSEE MPsl, enbancing photothermal

wahdity and f , tu achirve targeind chemo-phottbenmal
thergy, we co-laaded |l--n-.-uu-q;-u||-:uu-| m)mlumgmmmn;m
tating;simmubiarresus debivery of heat md drog o lusie st The HA-PLOAMOCP NPy were syrtlesiend using o
wrasgbtfurwerd water-cilowatee emeluian method and i ioed for drug release moapy o
muﬂuwudmrwmmuumpudmmmwum

PLGASXP HP4, wrder liser Dreadiati :Equlhh--&l.'!"«cl
death rate asd & 957 % mmer inbibicon ree. oulp me-tﬂtmufr_ Wherapry of phototh
thermgy alone. Iategrating MXene i HAFLGOA fation inipedurs & pOEDT platim N mek
affering Ky by scriviiy with sustainesd dreg
MMHMIMHWIUIIW:MM arddl adwancing the Neld of NPbased
chemnpheinthenmal thorspesto.
1. Introdseion | pl L and sis 7] Thereto
photumedicine ha eapidly emeeged mn poverfil sool B non-invsd
Given the growing inberest in persomalized medicine and the devel- mmt [%). In hmuluﬁm fiekad
epment of naniechaalogy for Wargeted cancer therapies, thia echnal - aml licies hai gained greal

ogy stande 3t the inbersection of several cetting-edge research areas
[1-3). In paricular, mﬂuwuudmmwiur-ufﬂm mmedicing techniques ae caegorized in phoendynamic cherapy (PDT)
easer, pulsing signiflcant eoneems due 1o (e Bigh | w=ed b 'HI.F{.ID’I'J'_I POT Involves the sdwdsimracion of &
Nlhnupiwddnﬂ-rr—ﬂ-nmmwru:lhmuI4'I | itEeer Mol | by light acti al a specific wavelength,

mm'lﬂuniwluporu'lid-mmmwlhlll T nodable pho-

By enhancing the therapeusic window and minimizing sysiemic side
affects, current treatment modalities inchede surgical resection, immu-
motherapy, radiation therapy, and chemotherapy with cyiotoxic drugs to
munpld]yﬂlﬂ.lgmulil W3], However, dhese thera peatic

fued anill Mo id fuall inchsding high nexieiry,

b o

wmmmwmm:m:mﬂwm
damage and coll deaths [11,12], While POT selectively targeis cancer
pells ared is minamally iwvasve, i efficacy is mited by light penetracion
depih, resiricting its use to superficial or accessible mumors [13,14). In
cosnilEmil, FTT wtilizes Eghe-sbenrbing mgents such o nasopanticies (NPs)
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Water-Dispersible and Biocompatible Polymer-

Based Organic Upconversion Nanoparticles for

Transdermal Delivery
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Fhotomedicine, which utilizes kght for therapeutic purpeses, has several hurdles such as limited tissue
penetration for shart-wavelength light and inadequate deep tissue efficacy for lang-waselength light.
Fhoton energy wpconversion (UC) reveals pramise in phetomedicine because it enables the comversian
of lower-enengy phatans into higher-energy photon. Lanthanide {Lnj-based inorganic LG system has been
extensively studied but faces challenges, including high excitation laser power density, intrinsically subpar
UC quantum efficiency, and potential bictasicity. Recently, an crgansc-based triplet=triplet annibdation
uc (TTA-UC) system has emerged as a novel UG systern due to its prolonged emission lifetame upan kow
power laser excitation and exceptional UC quantum yield In this study, we developed water-dispersible
hyaluronic acid {(HA)-conjugated polycaprolactone (FCL) nanoparticles loaded with TTA-UC chromephares
{HA-PCLAUC MPs), which allow deeper tissue penefration by converting red light {835 nen) into blue light
{470 nm) for nanirmvasiee transdermal delvery. HA-PCLAUC NPs demenstrated a 16% high quanturm yield
in distifled water, improved cellular imagng in Hela cells, and effectively penetrated the deep tissue of
poscine skin, showing upconverted blue light. Qur strategy holds significant potential a5 a nexst-generation
neninvasive photomedicine platform for bioimaging. phato-triggered drug delivery, and photadynamas

o/ I0. 34155 benn 0106

Submitted 17 Jumg 224
Pevised 13 Seplember 2024
Accaphed 22 October 2024
Publshed 19 Movember 2024

Copyright © 2024 Hye Eun Chai etal.
Excluswe licanses Korean Society
tor Biornaterials. Republic of Kores
Mo claim o original LS Greermment
otk Distributed under a Trestine
Commans Abriution License
{CCBY 40}

therapy. ultimately advancing targeted and effective therapeuwtic interventions.

Introduction

Photomedicine, an emerging therapeutic approach that utilizes
light for diverse applications, oilers inherent therapeutic effects
and facilitates other therapeutic effects [ 1], This approach har-
nesses the unique characteristics of light based on wavelength,
leading to versatile applications. Among various wavelengths,
near-infrared (NIR} light is commonly wsed in thermal therapy
due to its heat properties and ability to induce photothermal
eifects [2,3). Conversely, ultraviolet (UV) light serves as the
stimulator, promoting antibacterial efects or activating other
pharmacological effects owing to its high energy |4]. Despite
their potential, photomedicine encounters challenges because
of the properties of light. Long-wavelength light is effactive
for reaching and acting within deep tissue but may lack sul-
ficient energy o activate adequate reactions, In contrast, short-
wavelength light possesses higher energy and is capable of
triggering chemical reactions but holds boundaries about pen-
etration restrictions when exposed externally to the body.

In the pursuit of surmounting these constrainis. photen
energy upconversion nanaparticles (UG MPsh have shown great

Chai ot al. 2024 | https: /doi.org/ 10 34133 bme D106

promise in variows photomedicine fields, UC involves the con-
version of lower-energy photons inte a single photon with higher
energy. possessing the advantages of a broad hypochromatic
shifl, sharply defined emission peaks, extended luminescence
sheli-life, exceptional photostability, and improved penstration
into hiological tisswes [5.6). Basad on these attribules, UC has
hesn developed in photomedicine for applications such as bio-
imaging | 7], drug delivery [8], photothermal therapy [9], photo-
dynamic therapy [10], immunotherapy [11], newromodulation
[12], and photochemical tissue bonding [13]. In the UC land-
scape, particular attention has been directed toward inorganic
{rare carth ion)-based UC NP system, Inorganic lanthanide
(Lnj-doped UC NPs exhibit minimal photedegradation, sig-
nificant anti-Stokes shifis, manageabls emission spectra, ease
of multifunctional integration, size manipulation., phase adjust-
ability, and enduring photostability, However, inorganic UC
MPs encounter various hurdles, including the requirement for
a relatively intense excitation power density (=107 1o 107 mW
cm ™), the intrinsic subpar UC quantum vield («<0.001%), and
potential toxicity associated with Ln bons when situated at the
target site [14]
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Cold-Responsive Hyaluronated Upconversion Nanoplatform
for Transdermal Cryo-Photodynamic Cancer Therapy

Anara Molkenova, Hye Eun Choi, Gibum Lee, Hayeon Baek, Mina Kwon, Su Bin Lee,
Jeong-Min Park, Jae-Hyuk Kim, Dong-Wook Han, Jungwon Park, Sei Kwang Hahn,*

and Ki Su Kim*

Cryotherapy leverages controlled freezing lemperature interventions to
engender a cascade of tumor-suppressing effects. However, its bottleneck lies
in the standalone ineffectiveness. A promising strategy is using nanoparticle
therapeutics to augment the efficacy of eryotherapy. Here, a cold-responsive
nanoplatform composed of upconversion nanoparticles coated with silica -
chiarin e6 - hyaluronic acid (UCNPs@5i0,-Ceb-HA) is designed. This
nanoplatform is employed to integrate eryotherapy with photodynamic
therapy [PDT) in order to improve skin cancer treatrent efficacy in a
synergistic manner. The cryotherapy appeared to enhance the upconversion
treatment afforded a 2.45-fold enhancemaent in the luminescence of UCNPs
and a 3.15-fold increase in the photodynamic efficacy of

UCHNPs @35i0,-Ceé-HA nanoplatforms. Ex vivo tests with porcine skins and
the subsequent validation in mouse tumaor tissues revealed the effective
HA-mediated transdermal delivery of designed nanoplatforms to deep tumor
tissues. After transdermal delivery, in vivo photedynamic therapy using the
UCNPs@Si0,-Ceb-HA nanoplatforms resulted in the optimized efficacy of
79% in combination with cryotherapy. These findings underscore the
Cryo-PDT as a truly promising integrated treatment paradigm and warrant
further exploring the synergistic interplay between eryotherapy and PDT with
bright upconversion to unlock their full potential in cancer therapy.

1. Introduction

Cryotherapy,  including  cryosurgery,’
cryoablation.”! and cryospray!'! is a cold-
enabled curative approach  to  diverse
human cancers with lethal repetitive freez-
ing and thawing of cancer celle* " Despite
a long history in therapeuthc practices,
this therapy is insufficient for 8 complete
interception of cancer progression,™ Re-
cently. nanoparticles have been reported
o hold great promise for augmenting the
efficiency of cancer therapy”! For example,
Wang et al. developed cold-responsive
palymer nanopartiches that release drugs
wheen cooled and generate localized heating
wnider near-infrared (N1R) laser irradiation,
demansirating the potential for improved
breast cancer treatment with cryosurgery,
Ewak et al. reported the incorporation of
thermally conductive inorganic nanopar-
ticles imie cryotherapies. such as magne-
siam oxide, g{ﬂd silver, and ron oxde
nannparhd:'ﬂ_ o mammize the extent
of imtracellular ﬁw';riqg, dﬂI.E dcll.wr:,-',
and imaging guidance" However. their
clinical applications remain limited due
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ARTICLE INFO ABSTRACT

Arsicie history: In the past decaide, upeonversion (UC) napomaterials have been extensively investigated for the applica-
h‘l_!ﬂ‘d 27 Drewemniber 1021 thons to photomedicings with their uniqes features incleding biocompatibility, near-infrared | NIR) to vis-
Revised 24 Muy 2122 bl conwersion, photostability, controllible emission bands. and fcile multi-funcrionality. These
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#uaikable enline 7 july 2002 characteristics af UC namomaterials ensble versatile light delivery for deep tissse biophotonic applica-

thois. Among varous stimuli-responsive delivery systems, the light-responsive delivery process has been

. greatly advantageous to develop spatiotemporally controdlable on-demand ~“smart™ ph ic meedicines.
r"m’“'mmn R U na mosmeat evial s are classified largety 1o two groups depending on the photon LC mm-.- Anl Coum po-
e ——— sitions: norganic lanthamide-doped UC manoparticles and organic triplet-triplet snnihilstion UC (TTA-
Plassesmedie|ne UCH nanomatenals. Heve. we review the cument-state-of-art inorganic and organic U nanomarenals
Hestiacas deice far photo-medicinal applications including photothermal therapy (PTT), photodymamic therapy (POTL

pheato-triggered chema and gene therapy, multsmadal immurotherapy, NIE mediated newromodulations,
and photochemical tesue bonding (FTB). We also discuss the futare research direction of this feld and
the challemges for farther clnical development.
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Combinatorial wound healing therapy using adhesive
nanofibrous membrane equipped with wearable LED
patches for photobiomodulation

%o 'Yun Lee't, Sanghean Jeon’t, Young Weo Kwon®, Mina Kwon', Moon Sung l.g’. Keum-Yomng Slurg“.
Tae-Eon Park’, Seung Yun Yang®, Dong-Wook Han®, Suck Won Hong™®, Ki Su Kim'*

Wound healing is the dynamic tissue regeneration process replacing devitalized and missing tissue layers. With
the development of photomedicine technigues in wound healing, safe and noninvasive photobiomodulation
therapy is receiving attention. Effective wound manag in photobi dulation is chall d, hawever, by
limited control of the geometrical mismatches on the injured shin surface, Here, adhesive hyaluronic acid-based
gelatin nanofibrous membranes integrated with multiple light-emitting diede (LED) arrays are developed as a
skin-attachable patch. The nanofibrous wound dressing iz expected to mimic the three-dimensional structure of
the extracellular matrix, and its adhesiveness allows tight coupling between the wound sites and the flexible LED
patch. Experimental results demonstrate that our medical device accelerates the initlal wound healing process by
the synergetic effects of the wound dressing and LED irradiation. Our proposed technology promises progress for
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wound healing management and other biomedical applications.

INTRODUCTION

Skin is the largest organ system of the human body and plays a key
role as the first barrier protecting the internal organs from environ-
mental hazards by restoring a physiologically compromised condi-
tion. Owing to the excellent regenerative propertics of the skin, the
injured skin tissue or rl.lrs.i.:al wound can be healed Ih.rnus"l the
binlogical healing process in the four physiological events, induding
hemastasis, inflammation, proliferation, and mutation (remodeling)
(I). Although the traditional theraples such as ointment, dressing,
and derived compound are currently in practice, these strategies are
insufficient for the contribution in Hlllﬂ.ﬁﬂ {2=5). Thus far, a major
class of biomaterials such as hydrogels (6, 7). fibrous membranes
(8), porous structures (%), and drug-embedded functional electro-
spun nanofibers have been developed for wound trestment to
suppaort pain relief and infection prevention by covering wound
sites (10-12), The main goal of those strategies with engineered
wound dressings is to provide a favorable environment promoting
the wound healing cascade in control of the tissue formation and
mediate multiple cellular fate including cell survival, proliferation,
and :I'I'bﬂl'P]'lﬂsﬂ'lEsi.i. Therefore, the d.rwlupmmt of materials has
focused on mimicking the microenvironment of natural extracellular
matrix {ECM) for wound care purposes, including collagen, gelatin,
hyaluronde ackd (HA), and chitosan, and consisted of a multlscale mat
o electrospun nanaofibers (13- 19). In particular, lavered nanofibrous
structures used in the treatment of wounds represent a very similar
physical structure to natural ECM to facilitate the regenerative
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process with thelr high porosity and susface-to-voluine ratio. There-
fore, these structural advantages allow them to protect wound bheds
with favorable properties of their intrinsic structures as engineered
scaffolds in wound healing and hemostasis ( 20-30).

In many biomedical applicatbons, gelatin has been considered as
one of the most ]:rurnin'ns biomaterials, as a Food and Drl.l.3
Administration -approved natural polymer, due to its excellent bio-
compatibility, hydrophilicity. and suitable degradation profile
under a physiological environment (31-34). To date, gelatin has
shown excellent performance contributing to wound repair when
:m'lfnrrna.“f Pl:c\cd to the wound sites I:'F fnrrrdns a EI’!I state to
absorb the exudate with the permeability to water and oxygen in the
regular healing process under an isolated wound environment
(15-348). In addition o this, the casy control of the fber diameter
and pore aze is sdvantageous in the manufacturing process when
produced by electrospinning technique, resulting in favorable
architectures that can mimic the biocompatible nanofibrillar ECM
to promate wound healing process (3%). However, the electrospun
gelatin nanofibers generally exhibit unsatisficd mechanical strength
hard to maintain the mnl]:hulnsic:] inlegrities with a lack of stiff-
ness when it exposed in physiological moist conditions, which has
restricted the further applications of intrinsic gelatin nanaofibers
(40, £1). To overcome this llmitation, many efforts have been made
on croas-linking strategies in a simple manner. Among other mate-
rial wystems for the cruu-llql:i.ng :.]'.l]:rna;h. matural pi'r]pn:-char'ul:.
HA. has been explored as a proper constituent of ECM in tisue
engineering, mainly due to its advantageous physicochemical
properties, demonstrating excellent nontoxic biocompatibility,
npprnpu'ilti:' bind.ﬂpal:bi]ilr. n.nn.irnrnu.uns,mirilf. and versatile
hivactivities (42, 43). With some specific molecular configurations,
the applied HA plays an important role in cell growth and drug
delivery involving a series of biological processes and contributes 1o
the structural stability that guides tissue regeneration (I, 44-46).
DHPI‘bE these advantages, some drawhacks seill exist in the form of
nanofibers, such as less-effective cell adhesion and weak mechanical
stability. Thus, to improve the capability in the wound dressing
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