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Abstract: Here, we havediscoverd aX-ray excited long afterglow phosphor b-NaYFa4: Th3*. After
the irradiation of X-ray, the green emission can persist for mor¢han 240 h. After 36 h, the
afterglow intensity arrived at 0.69 mcdin-2, which can clearly be observed by naked eyes. Even
after 84 h, the afteiglow emission brightnessstill reached 0.087 mcdmn2. Also, combined with the
results of thermoluminescence and photoluminescence, the super long afterglow emissionbef
NaYFa: Th3* can beascribedto the tunneling model associated with- centers More importantly,
the super longgreen afterglow emission ofb-NaYFa: Th3* has been successfully usedas in vivo

light source to activate g-CsN4 for photodynamic therapy PDT~ and bacteria destruction.

Furthermore, super long persistent luminescence di-NaYF4: Tb3* could be repeatedlycharged
by X-ray for many circulations, which indicates that the phosphors have high photo stability

under repeated cycles of alternating Xray irradiation.
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In recent years, phodynamic therapy (PDT)ds been believed asnovel antibiotic therapy in
treating certain kinds dfacterialinfectiors » 2 Under an external light source, photosensitizers could be
excited to induce cytotoxic reactive oxygen species (ROS) which exhibits broad spectrum antimicrobial
activity and pathogenic bacteria dot readily develop regance®°. Usually, light sources used in PDT
are mostlyshortwavdasers, light emitting diodes (LEDs), and in some cases, arc [rifpsiowever,
it is difficult to conduct antiseptic treatment in deep tissue due to the shtration depth of lighh
tissues, which have limited the further application of PDT as novel antibiotics. It is well known-that X
ray can penetrate much deeper through soft tissues than NIR light. UsaygaX the irradiation source,

a PDT process cabe initiated in deepssues (XPDT). The theory was first proposed by Chen etal.
and the feasibility was demonstrated gradually with Zh&:Cek, CdSe!® 17, those made of X0s 18,
GdO:S: Th %9, LaFs: Ce?°, Zn0O2, SiC/SiQ 22 TiO2: Ce?® and sich?4?7, However, Xray could cause
additional lesions on normal tissues and the scintillation nanoparticles need a large amouay of X
irradiation and long irradiation tin®®, which consequently increases the damage to human body. How
to decrease th¥-ray radiation dose isnportant for the development of PDT antibiotics.

Recently, longpersistent luminescenghosphors (PLN§) have attractednany attentions due to
their wide application in bioimaging?32. PLNPs can store the energy aftdtercury or Xenon lamp
exposureard then release luminescence slowly for several hours and even days without any excitation
source 33, In fact, these afterglow materials can also produce afterglow uXay excitation.
Furthermore, the afterglow emission ofrXy excited longpersistentuminescenc@hosphorgX-PLNPs)
can be easily rexcited by then vivo continuous Xray excitation. In this way, the long term afterglow
light can be used &as vivo exposure light to conduct PDT, which not only realize long @miseptic
treatment buglso avoid the harm of -Xay radiation to healtf. Up to now, several °LNPs, such as

ZnGaOa: Cr 3, SrALO4: EW?* 36, Yb** doped GO oxycarbonaté” have been developed as bioimaging

agents to realize long time vivoimaging At the same time, Ma gup pioneered in demonstrating that
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X-ray activated ZnSCu, Co afterglow nanoparticlesTBrRh123 conjugates for cancer cell destruction

in vitro 38 Chen and coworkers exploited Lié&a: Cr X-ray excited afterglow nanoparticles for
imagingguided Xray induced photodynamic therapy of despated tumors®. However, The usual
afterglow materials charged by mercury lamp, and the excitation liglatbsorbed by valence electrons.
When Xray chargings used, the Xray absorptions from the inner layer eleatn. Due to the different
energy storage mechanism of the two afterglow materials, the better afterglow materials excited by
mercury lampsare usually not ideal afterX-ray excitation, which resudtin that the intensity of the
deweloped XPLNPs decayed aekly andis not strong enough to stimulate the photosensitizer. This
meant that these phosphors cannot be regarded as efiiciend exposure light source to realize PDT.
Furthermore, until now, aa novel afterglow phenomenorthe mechanism of Xay excited long
persistent luminescends still unclear, which have limited the further development of novel higher
efficiency X-PLNPs. Thus, exploring their luminescent mechanism and then development of novel
higher efficiency XPLNPs areindispensable to thdesign of PDT antibiotics in deep tissue.

In present work, we have successfully fabricatedayXexcited super long time green phosphers
NaYFs: Tb®*, which not only can be quickly charged byray and then emit green luminescerfor
several weeks aftehe removal of Xray source but also can be excited by 880 laser to release the
remaining energy efficiently. And,-NaYFs: Tb®* is regarded as excellent model to explore the
mechanism of Xay excited long persistent luminesce in detail. Furtherme, since, ¢C3N4, an
excellent photocatalyst, possesmaximum absorption that overlaps with the emission-NaYFs, X-
ray excited long afterglow green light ofNaYFs: Th%* can be used a vivolight source to activate-g
CsN4 for PDT activation tanactivate bacteria Pseudomonas aeruginosa (PAO1). All the results have
indicated that -NaYFs: Th®* possesses great potentiairagivo light source to realize PDT due to its X

ray excited super long afterglow properties.
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Results

The XRD patterns and thedectron micrographs of the-psepared samples were showrfig. la
b. All the diffraction peaks of the samples were perfect match with the standard powder peak
positions of -NaYFs: Th3* hexagonal phase (JCPDF No.-0834)and no other phase and agent
shift can be foundindicating the aprepared samples were purdNaYFs. The TEM images showed
thatthe samples consisted whiform micro-rods witha diameter ofyl um. And, thehexagonal prisms
morphologywas further confmed that the aspreparesamples werdexagonal -NaYF:. The Xray
excited emission spectrum (black)owed typical narrow emission peaks ofTwhich all show the A
band emission at 548n, as well as additional emission bands at330nm and 57630nm. All these
peaks can bascribedto themultiples transitiongrom f& [°D3] and 4f [°D4] states to the lower energy
'F; (Supplementary Fig.1). The more importanvasthatthe sample possessexicellentX-ray induced
afterglow properties, which afterglo emissions (red line,Fig. 1c¢) were similar to the
photoluminescence and also can dsribedto the transitionsof Tb3*. At the same time, & can
observedhe strong greeafterglow emissiorirom the Hebei University logo covered by the phosphors
after rradiating by Xray irradation for 10 min in Fig. 1d, indicaing the strongafterglow emission of-
NaYFs: Th3*.

In order to further investigate the-fdy induced long persistence luminescpripertiesof -
NaYFs: Th®*, the super longersistent luminesmce decay curve of theramic discs monitored at 543
nm after irradiation by rma X-ray irradiator forl0 min had been obtained as shownFiy. 2a. The
afterglow intensity decreagejuickly in the first several hours and then decays slo#Ngn after 36,
the afterglow intensjtstill arrived at 0.69 mcdin?, which can be can be clearly observed by naked eyes.
Even after 84 h, the afterglow emission brightness still reached 0.08#rh(Eg. 2¢). In addition,the

inset ofFig. 2agave afterglow spectracquired at differentrmmes during the 20 days afterglow process
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The profiles of the afterglow spectraddnot change with decay time, indicating that the persistent
luminescence originatefrom the TB* emitting centres and exést in the whole photoluinescence
emission bandEven compared with backgrounthe afterglowspectrumof -NaYF: Th3* can be
clearly measured after 20 dayde longlasting afterglow of the phosphorsasfurther confirmed by a
digital SLR cameraFig. 2b showed the change infterglow brightness over timfor four discs after
exposure to a 3MA 50KV X-rayirradiator fordifferent time. The green afterglow lightan be rapidly
chargedand even 1 miiX-ray irradiaton can inducenore than ten days of persistent visible emission
At the same time, the enhancemeniXeffay irradiaion time can obviously prolanthe afterglow time
and increase the afterglow intensiymong thel0-15 min irradiationwas the most suitable for-day
induced long persistence luminescence dfaYFs Tb**, which was consistent with the afterglow
curves induced different irradiation tinf€upplementary Fig. 2), considering the reduction of-bay
dosage makes sense here we chosayXirradiation for 10 minFurthermore, when the afterglow

emissons decagd undetectablafter 240 h, the 100N heattreatment can induce thecoveryof the

strong green emissioffrig. 2b-7) which became even brighter than the ones that underwemt of
decay Fig. 2b-1). This can beascribedo the rapid and massweleas®f the residual trapped electrons
located in traps by the hedflore important, his intensive release process lasted for more thanidO
until the traps are completely emptied. The teessisted intense visible emission indicates that the
enery releasedluring the 240 RT decay procesgasjust part of the energy collected and stored by the
materials during excitation and thus that the actual decay time should be much longer thaAlR40
these resultbaveindicatedthat -NaYFs: Th®* possessed suplang green afterglow emission under the
irradiation of Xray.

Due to its X-ray-excited siper long green persistent luminescenceé\aYFs: Th®* can be
potentiallyregarded a# vivo light source toactivate otosensitizeto conductPDT in deep tissue.

Owing to strong absorption ofblue-green light,g-CsN4 (Supplementary Fig. 3), a famous photo
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catalyst, was chosen as PDT agent combined witaYF:: Tb* to treat bacterial infection deep
implant It is well known that PAOlis a commongramnegative rd-shaped bacterium that is
susceptible teauseadiseases in organisM$and used here as processing obj8cpplementary Fig. 4
andFig. 5). Experimental data indicated thdtes irradiatedfor 2 min by X-ray under 3dnA 50 kVp,
treated with the compdsi of -NaYFs: Th3*- g-CaN4, theviabilities of PAO1 cellgapidly decreased to
67.14%, while the Xray irradiationhardlyinduced the harm to the growth of PAOL1 in the control group
(Fig. 58). More importantly,it could be observed thafter remove of Xay sairce, during5 h, the
viabilities of PAOL1 cells could decreaksegelyto about 8.92% (Fig. 5f andFig. 5g), which indicated
thatthe X-ray excited afterglovemissionof -NaYFs: Th3* could continuously provide light energy to
activateg-CsN4, which thuslargely prolongd the photodynamic treating timend obviously decrease
the X-ray irradiation dose. These results suggest thestyXexcited long afterglow greemission of -
NaYFs: Tb** would develop a novel PDT method with more safety and effid@nfuture medical

therapy
Discussion

It is well knownthatthermally stimulated luminescen¢@SL ) can only explore shallow traps due
to the high temperature can cause the thermal quenching of the luminescent center and photo stimulatec
luminescencd€PSL) can explore deeper tras*. Thus, here, the TSL and PSL methods were utilized
to explore themechanism of Xay induced super long afterglow emission éflaYFs: Tb®*. No TSL
spectrum from the sampleas detected after being excited by UV lammwever, a strong TSL

emission at 10¥ occurs from the &4f:  |;transition of TB* after X-ray excitation as shown ifig. 3a.

Since -NaYF:: Tb®* wasa broad bangap materia7.3 eV), UV light was not enouglsufficient to
charge defects buthe X-ray irradiation can providenigh energyto realize the charge of traps

Supplementary Fig. 6 showed a clear linear relationship between the reciprocal of the square of th
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persistent luminescence intensity*)(at 543nm and time t} in the htter stage of the eécay of the

afterglowwhich confirmedthat a tunneling process occut%*8, The persistent luminescence -196\

moreconfirmedthetunneling proceséSupplementary Fig.7). Then the trap depth was estimated to be
0.764 eV via the equation &=2kT?/ /r *°. In order to explore the nature of the deeper trapsuvtieer
stimulated the sample locally by 45, 532nm, 635nm, 808nm and 98(hm fiber lasers respectively
after X-ray charging. The afterglow intensity of the lasemdiated portion was enhastt after a short
period of irradiation, and as the irradiation time increased, the afterglow fluorescence wegaikiened

and eventually disappeared completéhig( 3b). The part thatvas blackened by laser irradiation will

not show the afterglow emissiceven if itwas heated(Supplementary Video 1). However, if the
shallow trap electrons were completely reledsgtiightemperature heating before the laser irradiation,
the afterglow illumination can be seen again in the portion excited by the lagethaftehort time
irradiation was stoppeds(pplementary Video 2). All of these phenomena lead us to believe timater

laser excitation, part of the electrons of the deep traps will be transferred to the shallow traps, and the
other part will act to illummate with the center of the luminescence. In a short time, the former was
dominant and the afterglow emissionsa@nhanced; when the excitation time was increased, the latter
was dominant and the afterglow emission was weakened.

The color centephenomenaf halide alkali metal was studied in depth in the 1920s and 1970s,
which provided a theoretical basis for tfieoride afterglow mechanis??®4. Hence, we proposed a
tunneling model associated wikhcenters [Fig. 4a). The simple process of storing amgdeasing energy
is: the electrons of VB (electrons kh2p orbital) are excited to the CB (free state) aftergsample is
excited via Xray, they will drop to the bottom of the CB 4d orbital) after loss of kinetic energdyig.

4a  andFig. 4bK ). Meanvhile, portion of theF ions are excited by Xay to escape, resulting F

vacancies, while the electrons ag thottom of the CB will be captured Byvacancies to fornk-centers
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(the electron ofY 4d orbital shifts intd® vacanciesKig. 4a  andFig. 4bY )). Tb?* ion is easy to lose

an electron to a stable structure with eight electrons in its outermost sheth{equto capturing a hole

from the VB and the electron will fill thE 2p orbital Fig. 4a andFig. 4biA)) to form TH* 55 56, At

this point,the F center forms tight bound exciton (Frenker exciton) with*Ttn 57 %8 the electron irF
center and thiole bound by T¥ are directly recombined through tunneling procésg. (4c3andFig.

4bL] ), the ground state electron of *Tlabsorb energyral are activated to a high energy state and then

followed by luminescence of the Af 4f transition.

Although he recharge and release process from above can explain the afterglow phenomenon, it
cannot explain the extra long afterglow properties of thedenml. Based on the light excitation and
thermal excitation data, we realize that there are deep traps diwivstnaps, and electrons can pass
between them. In fact, R. W. Pohl has already studied the electron transfer between deep traps anc
shallow taps in fluoride, and pointed out that the deep tr&pdenters , and the shallow trap is frdfi
centers’®. Hence, the simple electron transfer proceds aénters andr ' centers with tunneling process
was shown irFig. 4c The electron in thE center nearest of the luminescent center is easily recombined
with the luminescent center through Auger effedetive the= vacancy Fig. 4cl). The electron of the
' center enter th& vacancy through tunneling energy level under thermal excitationrto donewF
center Fig. 4c2 and then recombine with the luminescence center through Auger Eifiect¢3. The
energy required for this process is low, which is the initial process of afterglow decay at RT. The
electron inF center recombine with thié vacancy adjacent to the luminescent center through tunneling
effect to form a newF center to achieve the energgnsfer between thE centers Fig. 4c9H, and
causing the luminescent center to recombine with its nearest neigldemter Fig. 4c6. The aergy
required for this process is high, which is the slow decay process of the afterglow at RT. Although the

above model can explain the long afterglow phenomenon, the actual situation is much more complicated.
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The color center includes not orffycentersbut also R centers, M centers, EtdHow they interact with
each other requires more research.

In summary, V¢ have developed-NaYFs: Th®* persistent phosphors that can be effectively
activated by Xray and exhibit super long lasting visible aftergloMter the irradiation of Xray, the
green emission can persist for more than 240 h. After 36 h, the afterglow intensity atriQes9
mcdi?, which can clearly be observed by naked eyes. Even after 84 h, the afterglow emission
brightness still reache@ 087 mcdin2. Furthermore, due to the excellent overlap between the afterglow
emissions of -NaYFs: Tb®*" and the absorption of-GsNs, -NaYFs: Th3* has been explored as
irradiation source to activate thedgN4 to conduct PDT. The obtained results showed the afterglow
emission of -NaYFs: Tb®* can inhibit the viabilities of PAO1 cells largely to about 30.92% during 5 h
after ceasing the Xay irradiation. Furthermore, super long green light éfaYFs: Tb®* could be
repeatedly charged by ardy actvation for many circulations, which indicated that the phosphors had
high photo stability under repeated cycles of alternatirrgy<irradiation. All the results suggested that
X-ray excited long afterglow green emission eflaYFs: Tb** would develop a neel PDT method with
more safety and efficient for future medical therapy.

Materials and methods

Synthesis of b-NaYF4: Th3* phosphors: 7KH UDZ PDWHULDOV XV\VKaBFd R VIQW I
phosphors were To(Ng + 20 (of 99.99% purity)and Y(NQ)s-6HO (of 99.99% purity) (all from

Aladdin Industrial Inc.Shanghai, China), NaNC{of 99.95% purity), NHF (of 99.9% purity), EDTA

2Na(of 99.9% purity) and HN@were purchased from Sinopharm Chemical Reagent Co.Ltd. (Shanghai,

China).

-NaYFs: 10%TB* (Supplemertary Fig. 8) microparticles (MPs) were produced through a

conventional Hydrothermal method, Briefly, according to the designegh@sition certain amount of
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NaNG;, Y(NO3 1 -0 and Tb(NG@)z:+ 20 were weighed and dissloved in deionized water with a
molar rato of 1.0:0.9:0.1. An aqueous solution containing EEZMa (5mmol) was then added to the
above solution and stirred slowly fof 3nin. Also 40 mmol of N&F were dissolved in the deionized

water Using ultrasound and added into the mixture and then adjbhstétH to 5 with dropping dilute

HNOs. After vigorous stirring for another 30 min, The final mixture was transferred into rdessi
TeflorOLQHG DXWRFODYH VHDOHG DQG PDLQWDLQHG DW * IR
cooled to room temperawyr the reaction products were collected by centrifugation and washed in
HWKDQRO IRU WKUHH W foP 2\h, fidaR I9Q JAURDHEE DMWRNAF¥EV@ATE 1L Q H

phosphors.

The obtained powder (@) was pressed into discshaped samples resplgotwte diameters of 10

mm using a uniaxial hydraulic press at a pressure of 15 MPa.

Synthetic of g-C3N4: The photocatalyst of-@sN4 was prepared by directly heating melamine in the
semiclosed system to prevent sublimation of melamineg ¥ melamine pwder was put into an
DOXPLQD FUXFLEOH ZLWK D FRYHU WKHQ KIHRtvd Héating Rate ofe L Q

e P L;@he further deammonation ®eW PHQW ZDV SHUIRWPHG DW « IRU

Bacterial culture: All glass apparatuses used inthe expgd QWYV ZHUH DXWRFODYHG DW
ensure sterility. pseudomonas (P.) aeruginosa PAO1 was grown in the beef extrace peptdium

LQFXEDWRU DW e 7TKUHH GD\V ODWHU WKH VHDOLQJ ILOP RQ
stripped, ad the appropriate size quartz plate was fixed on the mouth of the Petri dish. The initial PAO1

population in this batch mediumas about 106 coloAprming units (cfu)/mL.

Bacterial inactivation by X-PDT: Prior to each experiment, the discshaped sampdes sterilized first

by burning with alcohol lamp for aboutr@in and fixed in a sterile petridish with a Whatman® No.2

1C
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filter paper at the bottom. The petri dishes containing sterilized coupons were then further sterilized
under germicidal UV light (254m) for 30 min in a biosafety cabinet. Here a total of six groups of
experiments were compared. The two batch mediums with iRfi@l1l labeled as groupl and group2
respectively. The four batch mediums with initial PAO1 were incubated in the dark at RU fom

with 0.5 ml of g-C3Ns in PBS labeled as groug3 respectively. For a more realistic expreimental
scenario, an tm thick prk skin tissue was fixed at the bottom of each medium. Groupl was irradiated
from the bottom of the mediums byrdy under 30nA, 50kVp for2 PLQ * U R X SNaXEAMTBS*
phosphorsovering at the top of the mediums was irradiated from the bottom of the mediumgay X
which the irradiation time and the power density were the same as that of groupl. Gas@pBlank

control Likewise, groug performed the same steps as groupl. Group5 repeated the procedure of group2
EXW WAWNRYEN Th3* phosphoraway immediately aftereasinghe X-ray irradiation. Group6 strictly
repeated the procedure of group2. Then all groups weedléor five hous. All of the above
experiments were conducted in dark environment in order to rule out any inactivation effect due to the

other light.

Testing photodynamic sterilization property. The BacLight Live/Dead bacterial viability kit {£012;
Molecular Probes) as used to evaluate cell membrane integrity. The kit contains Syto9 and propidium
iodide to differentiate between cells with intact membranes (live) and mermvdeiareged cells (dead),
respectively. The stain was prepared by dilution of. ®f each component into 1mL of distilled water,

and placed in the dark for 15 min. When these preparations were analyzed, at least 2000 cells were
scored per sample. 7/ Rl WKH PL[HG VROXWLRQ ZDV GURSSHG RQWR D
underonfocal laser scanning microscope observation. A water immersion objective lens was used. The
optimum photomultiplier setting was determined in agxperiment, and then the same photomultiplier

setting was used for all the samples.

11
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Characterization. Thestructural characterization of the synthesized phosphors were supportechipy X
diffraction (XRD) with Bruker D8 advance-Ky diffractometer (Bruker Optics, Ettlingen, Germany)
using & X . radiation at a scanning step@02. The morphology of the prepsd samples was obtained
using a Nova Nano SEM200 scanning electron microscope (FEI, Incay &xcited emission spectra,
afterglow emission spectra and afterglow decay curves were recorded using an ARr800i SR
spectrometer (Andor Technology Co. BetfadK) equipped with a Hamamatsu R928 photomultiplier.
The thermoluminescence (TSL) spectra of samples were measured usidR3AETL dosimeter
(Beijing Nuclear Instrument Factory, China) with a fixed heating ratekds Within the range 35650

K. The afterglow phosphors were excited using an XRad X-ray irradiator (Precision Xay, Inc.,
North Branford, CT) under 3thA, 50 kVp, the trapping states (trap depth and type) were measured
using 450nm, 488nm, 532nm, 808nm and 980m fiber lasers witltollimating lens respectively, and
WKH DIWHUJORZ LPDJHVY ZHUH UHFRUGHG XVLQJ D GLJ1AWDO 6
Generation Il night vision monocular in a dark roohhe brightness attenuation is measured by a
gentec pronto laser power metétrgnto Si, GenteEO, Canada)The micrographs of biofiims on

culture dishes were imaged with a laser scanning confocal microscope (Olympus, Fv1000, Germany).
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Figure 1. | Structure, composition, and optical properties of rawb-NaYF.: 10%Thb3*. a, X-ray diffraction (XRD)
pattern of -NaYF4, the position of XRD peaks of theNaYF;, crystalline & shovn at the belowb, The electron
microscopy image athe synthesizegphosphorgecorded at high magnification correspondingt$gohasesc, X-ray
excited luminescence spectra (black) and afterglow spectra (réw) phosphorsd, A paint of the Hebei Wiversity
logo prepared by mixing raphosphoravith anhydrous ethanol. The logophotographed after beimgadiated by X
ray irradiation forlO min. Strong green luminesceniseemitted from the material. The paisttaken by a digital SLR

camera. Thémaging parametds: auto/ISO 200/0.5 sec.
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Figure 2. |long visible afterglow decay ofthe samplediscs irradiated by a 30mA 50 KV X -ray irradiator. a,

Afterglow intensity from -NaYFs: Th3* monitored at 543m as a function of time. The samples weadiated forl0

min. The upper inset shows six afterglow spectith@fphosphoreecorded at 16, 20h, 50h, 120h, 240h and 20day

after the stoppage of the irradiatidm1i b-6, images of foursamplediscs taken at different afterglow timesr(fin to

240h) after irradiation by Xay for 1 min to 15 min. The discs were placed on a black plate surface for imaging in a
dark room. Imaging parametersdbauto/ISO 200/0.8; b2, manual/ISO 200/36; b3, manual/ISO 400/iin. b4,
manual/ISO 400/2nin. b-5, manual/ISO 4008 min. b6, manual/ISO 4004 min. b-7, image of the four 24M-
GHFD\HG GLVFV ZKHQ KHDWHG DW *« RQ WKH KRW SODWH L@ d GDUN

Afterglow brightness of -NaYFs: Th3* as a function of tira taken after 10 min xay excitation.
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Figure 3.| TSL and PSL of b-NaYFa4: Th3*. a, TSL curves ofthe phosphoraremeasured both after the stoppage of
X-ray irradiation using a W souread UV lamp (254 nmipr 5 h respectivelyb, Contrastive images of-ray excited
samplediscs again partially stimulated by 450 nm, 488 nm, 532 nm, 635 nm, 808 nm and 980 nm fiber laser,

respectivelyPower 0.081 W, 0.033 W, 0.025 W, 0.065 W, 1 W, 2 M&pectively
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Figure 4. | Schematic illustration of afterglow mechanism. a, Spatial Schematic Diagram of mditinneling energy

levels affected by~ and F 'center.b, Schematic representation of theray excitedpersistent luminescenaaulti-

tunneling energy levels model.Spatial Mechanism of Xay excited Luminescence.
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Figure 5. | Confocal microscopy ofPAO1 cells showing lysosomes stained byyto9 and propidium iodide a,
Groupl ofPAQLlirradiated by Xray.b, Group2 ofPAO1with -NaYFs: Tb*irradiatedby X-ray.c, Group3 ofPAO1
with g-CsNa. d, Group4 ofPAO1with g-C3sN4 irradiated by Xray. e, Group5 ofPAO1with -NaYFs: Th3* and gCsN4
irradiated by Xray but took the -NaYFs: Th3* away immediately afteceasingthe X-ray irradiation.f, Group6 of
PAO1with -NaYFs: Th3* and gCsNa irradiated by Xray. X-ray Exposuresupon 30 mA, 50kVp for 2 min. Images
of all groups were obtained after being placed in a darkroom Forgs Comparison ofPAO1 cells viability in six

groups.
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