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 4 0  

I nt r o d u cti o n  4 1  

Li g ht is us e d i n a wi d e r a n g e of m et h o ds i n bi ol o g y a n d m e di ci n e, s u c h as fl u or es c e n c e i m a gi n g 4 2  

(1 ), o pt o g e n eti cs (2 ), p h ot o a cti v at a bl e g e n e e diti n g (3 ), li g ht-c o ntr oll e d i m m u n ot h er a p y (4 ), a n d 4 3  

p h ot o c h e m ot h er a p y f or c a n c ers a n d vir al i nf e cti o ns (5 ). A criti c al c h all e n g e of a p pl yi n g li g ht i n 4 4  

vi v o , s u c h as d e e p-br ai n i m a gi n g a n d o pt o g e n eti cs, aris es fr o m t h e p o or p e n etr ati o n of p h ot o ns i n 4 5  

bi ol o gi c al tiss u e d u e t o s c att eri n g a n d a bs or pti o n (1 ). T h er ef or e, d eli v eri n g p h ot o ns d e e p i nt o t h e 4 6  

b o d y fr o m a n e xt er n al li g ht s o ur c e r e q uir es i n v asi v e pr o c e d ur es, s u c h as cr a ni ot o m y t o s ur gi c all y 4 7  

r e m o v e o v erl yi n g tiss u es. 4 8  

 4 9  

B esi d es c o n v e nti o n all y us e d e xt er n al li g ht s o ur c es, i nt er n all y d eli v er e d li g ht s o ur c e s r e pr es e nt a n 5 0  

ari si n g o p p ort u nit y t o miti g at e t h e c h all e n g es ass o ci at e d wit h t h e p o or tiss u e p e n etr ati o n of p h ot o ns. 5 1  

O n o n e h a n d, n a n of a bri c at e d li g ht s o ur c es i n a fl e xi bl e a n d str et c h a bl e pl atf or m pr o vi d e a mi ni m all y 5 2  

i n v asi v e str at e g y f or d eli v eri n g a n i nt er n al li g ht s o ur c e i n vi v o (6 , 7 ). O n t h e ot h er h a n d, 5 3  

mi cr o p arti cl es a n d n a n o p arti cl es wit h p ersist e nt l u mi n es c e n c e, als o k n o w n as t h e aft er gl o w, 5 4  

r e pr es e nt a n ot h er p ot e nti al a p pr o a c h f or i nt er n al li g ht d eli v er y o wi n g t o t h eir a bilit y t o  st or e p h ot o n 5 5  

e n er g y i n t h eir c h e mi c al str u ct ur es. Alt h o u g h aft er gl o w i m a gi n g wit h t h es e m at eri als h as attr a ct e d 5 6  

s u bst a nti al r es e ar c h i nt er est (8 – 1 0 ), c o n v e nti o n al aft er gl ow m at eri als e mit r e d t o n e ar -i nfr ar e d 5 7  

( NI R) li g ht t o f a cilit at e i m a gi n g wit h d e e p tiss u e p e n etr ati o n (8 , 9 , 1 1 ). I n c o ntr ast, m at eri als wit h 5 8  

a str o n g aft er gl o w i n t h e s h ort -w a v el e n gt h visi bl e s p e ctr u m ar e n e e d e d t o f ulfill t h eir r ol es as a li g ht 5 9  

s o ur c e t o e x cit e fl u or es c e nt pr ot ei ns, o psi ns, p h ot os wit c h a bl e C as 9 ( ps C as 9), et c., d u e t o t h e 6 0  

a cti v ati o n s p e ctr u m of t h es e pr ot ei ns i n t h e visi bl e r a n g e (2 , 1 2 , 1 3 ). I n a d diti o n, t h es e s h ort-6 1  

w a v el e n gt h li g ht s o ur c es m ust h a v e g o o d c oll oi d al st a bilit y i n  p h ysi ol o gi c al a q u e o us e n vir o n m e nts 6 2  

t o f a cilit at e t h eir d eli v er y i n vi v o, pr ef er a bl y vi a t h e cir c ul at or y s yst e m. D es pit e r e c e nt eff ort s i n 6 3  

d e v el o pi n g s h ort -w a v el e n gt h aft er gl o w m at eri als f or bi ol o gi c al a p pli c ati o ns (1 4 , 1 5 ), t h e d e c a y 6 4  

lif eti m es a n d bri g ht n es s of t h es e m at eri als r e m ai n t o b e i m pr o v e d. T h us, t h er e is still a s c ar cit y of 6 5  

aft er gl o w n a n o m at eri a ls wit h l o n g lif eti m es, s uffi ci e ntl y s h ort w a v el e n gt hs ( es p e ci all y bl u e), a n d 6 6  

c oll oi d al st a bilit y t o e n a bl e i n vi v o us e as a n i nt er n al li g ht s o ur c e.  6 7  

 6 8  

W e ar g u e t h at t h e l a c k of s h ort -w a v el e n gt h aft er gl o w c oll oi ds r efl e cts a n i ntri nsi c g a p b et w e e n w et -6 9  

c h e mi c al a n d s oli d -st at e r e a cti o ns f or s y nt h esi zi n g p ersist e nt l u mi n es c e n c e p h os p h ors. O n o n e 7 0  

h a n d, w et -c h e mi c al a p pr o a c h es ( e. g., t h e s ol -g el m et h o d) h a v e e n a bl e d t h e s y nt h esis of c hr o mi u m -7 1  

d o p e d g all at e ( Z n G a 2 O 4 : Cr3 + , 6 9 5 n m), s e mi c o n d u cti n g p ol y m er s ( 7 8 0 n m), a n d r ar e -e art h d o p e d 7 2  

n a n o p arti cl es ( N a L n F 4 : R E, > 1, 0 0 0 n m) wit h s uffi ci e nt bri g ht n es s a n d bi o c o m p ati bilit y f or d e e p-7 3  

ti ss u e aft er gl o w i m a gi n g (8 – 1 0 , 1 6 – 1 9 ). H o w e v er, t h e l o n g w a v el e n gt hs of t h es e m at eri als ar e 7 4  

e n er g eti c all y u nf a v or a bl e t o e x cit e fl u or es c e nt pr ot ei ns, o psi ns, a n d ps C as 9. It is h y p ot h esi z e d t h at 7 5  

p oi nt d ef e cts n e c es s ar y f or str o n g p ersist e nt l u mi n es c e n c e i n t h e s h ort -w a v el e n gt h visi bl e s p e ctr u m 7 6  

ar e t h er m o d y n a mi c all y a n d ki n eti c all y u nf a v or a bl e t o f or m at l o w pr o c essi n g t e m p er at ur es, t h us 7 7  

m a ki n g c o n v e nti o n al s ol -g el m et h o ds i n c a p a bl e of s y nt h esi zi n g bl u e -s hift e d aft er gl o w 7 8  

n a n o p arti cl es (2 0 ). O n t h e ot h er h a n d, s oli d -st at e r e a cti o ns e n a bl e t h e s y nt h esis of i n or g a ni c 7 9  

p h os p h ors wit h t u n a b l e w a v el e n gt hs d o w n t o 4 0 0 n m a n d str o n g p ersist e nt l u mi n es c e n c e b y 8 0  

f a cilit ati n g u nif or m d o pi n g of c ol or c e nt ers i n h ost m at eri als of d esir a bl e p ol y m or p hs (2 1 ). 8 1  

H o w e v er, s oli d -st at e -s y nt h esi z e d p h os p h ors r e m ai n r efr a ct or y t o w et c h e mi c al m et h o ds; m or e o v er, 8 2  

t h eir l ar g e si z e s ( > 1 0 μ m) pr o hi bit t h eir us e i n a li vi n g b o d y (2 0 ). Alt h o u g h m e c h a ni c al milli n g 8 3  

r e pr es e nts a pl a usi bl e r o ut e t o pr o d u c e n a n o p arti cl es fr o m s oli d-st at e pr o d u cts, t h e pl asti c 8 4  

d ef or m ati o n pr o c ess i ntr o d u c es u n d esir e d b uilt -i n str ess es a n d disl o c ati o ns i nt o t h e r es ulti n g 8 5  

n a n o p arti cl es (2 2 ). T h es e b uilt-i n str ess es a n d disl o c ati o ns l e a d t o m e c h a ni c al q u e n c hi n g a n d 8 6  

d ef e ct -i n d u c e d q u e n c hi n g of mill e d p h os p h or n a n o p arti cl es (2 3 , 2 4 ), t h us m a ki n g m e c h a ni c al 8 7  
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milli n g a n u nf a v or a bl e a p pr o a c h f or pr o d u ci n g c oll oi d al li g ht s o ur c es fr o m s oli d -st at e pr e c urs or 8 8  

p arti cl es.  8 9  

 9 0  

H er e w e r e p ort a bi oi ns pir e d d e mi n er ali z ati o n ( BI D) a p pr o a c h t o s y nt h esi z e st a bl e c oll oi d al 9 1  

s ol uti o ns of s oli d -st at e p h os p h ors wit h t u n a bl e w a v el e n gt hs a n d r e m ar k a bl e aft er gl o w i nt e nsit y. 9 2  

T h e BI D a p pr o a c h is a g e n er ali z a bl e w et -c h e mi c al m et h o d t o pr o d u c e c oll oi d al n a n o p h os p h ors 9 3  

fr o m hi g h-t e mp er at ur e, s oli d -st at e r e a cti o ns, t h us bri d gi n g t h e g a p b et w e e n t h es e t w o c o n v e nti o n al, 9 4  

y et m ut u all y i n c o m p ati bl e str at e gi es (i. e., s ol -g el vs s oli d -st at e) dis c uss e d a b o v e. A d diti o n all y, t h e 9 5  

BI D a p pr o a c h is a m u c h m or e mil d alt er n ati v e t o m e c h a ni c al milli n g , t h er e b y a v oi di n g t h e b uilt-i n 9 6  

str ess a n d disl o c ati o ns i n d u c e d d uri n g milli n g t h at w o ul d ot h er wis e q u e n c h t h e aft er gl o w. 9 7  

S p e cifi c all y, t h e BI D a p pr o a c h is i ns pir e d b y t h e str at e g y of bi o mi n er ali z ati o n i n N at ur e: 9 8  

bi o mi n er als, s u c h as a p atit e i n t h e d e nt al e n a m el, c a n b e gr a d u all y diss ol v e d t o n a n ostr u ct ur es i n a 9 9  

mil dl y a ci di c e n vir o n m e nt y et ar e r esist a nt t o f urt h er diss ol uti o n (2 5 ). I n t his w or k, w e d e m o nstr at e 1 0 0  

t h at t h e ki n eti c st a bilit y of n a n ostr u ct ur es is als o pr e v al e nt i n s oli d-st at e p h os p h ors a n d a p pl y t his 1 0 1  

u ni v er s al str at e g y t o a wi d e arr a y of p h os p h ors. S p e cifi c all y, t h e BI D a p pr o a c h c a n pr o d u c e st a bl e 1 0 2  

c oll oi d al s ol uti o ns of sili c at es, al u mi n at es, a n d s ulfi d es wit h di a m et ers d o w n t o 2 0 n m a n d 1 0 3  

aft er gl o w w a v el e n gt hs fr o m 4 7 0 n m t o 6 5 0 n m. T h es e n a n o p h os p h or c oll oi ds pr es er v e t h e hi g h 1 0 4  

cr y st alli nit y, bri g ht l u mi n es c e n c e, l o n g aft er gl o w, a n d  s p e cifi c w a v el e n gt h of t h eir mi cr o n -si z e d 1 0 5  

pr e c urs ors fr o m s oli d -st at e r e a cti o ns. W e d e m o nstr at e t h es e w at er -s ol u bl e m at eri als as c oll oi d al 1 0 6  

li g ht s o ur c es t h at c a n b e d eli v er e d vi a i ntr a v e n o us i nj e cti o n, e n a bli n g i nt er n al e x cit ati o n of 1 0 7  

g e n eti c all y e n c o d e d f l u or es c e nt pr ot ei ns i n vi v o wit h a d v a n c e d ti ss u e p e n etr ati o n.  1 0 8  

 1 0 9  

R es ults  1 1 0  

A bi oi ns pi r e d d e mi n e r ali z ati o n a p p r o a c h of p r o d u ci n g c oll oi d al s ol uti o ns of n a n o p h os p h o rs  1 1 1  

S ati sf yi n g t h e r e q uir e m e nt f or bri g ht l u mi n es c e n c e a n d t u n a bl e w a v el e n gt hs pr o hi bits t h e us e of 1 1 2  

s ol -g el m et h o ds a n d n e c essit at es s oli d -st at e r e a cti o ns at el e v at e d t e m p er at ur es t o pr o d u c e p ersist e nt 1 1 3  

p h os p h ors wit h d esir e d p oi nt d ef e cts i n h ost m at eri als of s p e cifi c p h as es (2 0 ). H o w e v er, s oli d-st at e 1 1 4  

p h os p h ors pr e p ar e d at hi g h t e m p er at ur es ar e u s u all y > 1 0 μ m p arti cl es c o m p os e d of w at er -i ns ol u bl e 1 1 5  

m at eri als. As dis c uss e d i n t h e I ntr o d u cti o n, t h es e s oli d -st at e p h os p h ors ar e r efr a ct or y t o b all milli n g 1 1 6  

d u e t o m e c h a ni c al a n d disl o c ati o n -i n d u c e d q u e n c hi n g eff e cts. T o miti g at e t hi s c h all e n g e, w e 1 1 7  

l e v er a g ed a u ni q u e p h e n o m e n o n f o u n d i n N at ur e i n t h e pr o c ess of d e mi n er ali z ati o n. 1 1 8  

D e mi n er ali z ati o n of n at ur all y o c c urri n g bi o mi n er als ( e. g., t o ot h e n a m el, s e as h ells, et c.) f e at ur es a 1 1 9  

s elf-pr es er v ati o n b e h a vi or, w hi c h e x hi bits t h e ki n eti c st a bilit y of bi o mi n er al n a n o p arti cl es i n a n 1 2 0  

a q u e o us s ol uti o n d es pit e t h eir t h er m o d y n a mi c m et a st a bl e n at ur e (2 5 , 2 6 ). W e h y p ot h esi z e t h at t hi s 1 2 1  

ki n eti c st a bilit y of n a n ostr u ct ur es is als o a p pli c a bl e t o s oli d -st at e p h os p h ors wit h a  l o w w at er-1 2 2  

s ol u bilit y, s u c h as s p ari n gl y s ol u bl e sili c at es a n d al u mi n at es ( Fi g. 1 A) (2 7 , 2 8 ). T his ki n eti c st a bilit y 1 2 3  

d es pit e t h er m o d y n a mi c m et ast a bilit y is t h e b asis of t h e BI D t e c h ni q u e.  1 2 4  

 1 2 5  

S p e cifi c all y, t h e BI D t e c h ni q u e c o ntr asts c o n v e nti o n al w et c h e mi c al et c hi n g, w hi c h us u all y 1 2 6  

e x hi bits s elf -a c c el er ati n g diss ol uti o n (s u c h as t h e diss ol uti o n of a c a n e s u g ar cr yst al i n w at er). 1 2 7  

S m all er p arti cl es p oss ess hi g h er s p e cifi c s urf a c e e n er g y a n d t h us gr e at er s ol u bilit y t h a n l ar g er o n es, 1 2 8  

w hi c h is w ell k n o w n as Ost w al d ri p e ni n g (2 9 ). T his b e h a vi or pr o hi bits t h e us e of c o n v e nti o n al w et 1 2 9  

c h e mi c al et c hi n g t o pr o d u c e a st a bl e c oll oi d al s ol uti o n of p ersist e nt p h os p h ors, es p e ci all y t h os e < 5 0 1 3 0  

n m, wit h o ut c o m pl et e diss ol uti o n of t h e c oll oi ds. I n c o ntr ast, bi o mi n er als, w hi c h s h ar e si mil ar 1 3 1  

c h e mi c al c o m p ositi o ns a n d s p ari n g s ol u bilit y as s oli d -st at e p h os p h ors, e x hi bit s u p pr ess e d 1 3 2  

diss ol uti o n of t h eir n a n osi z e d cr yst allit es i n u n d ers at ur at e d s ol uti o ns (2 5 , 2 6 ). S p e cifi c all y, t h e 1 3 3  

diss ol uti o n of bi o mi n er als is f a cilit at e d b y t h e f or m ati o n a n d gr o wt h of pits o n t h e s urf a c es. It h as 1 3 4  
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b e e n t h e or eti c all y pr e di ct e d a n d e x p eri m e nt all y v ali d at e d t h at t h e r at e of diss ol uti o n, R , is r el at e d 1 3 5  

t o t h e r a di us of t h e pit, r, as f oll o ws (2 7 ):  1 3 6  

𝑅 = 𝑅 ∞ ( 1 −
𝑟 ∗

𝑟
)      ( 1) 1 3 7  

w h er e 𝑅 ∞  is t h e diss ol uti o n r at e at r→ ∞, w hi c h is us u all y a c hi e v e d i n b ul k m at eri al. r * is t h e criti c al 1 3 8  

r a di us of t h e pit, w hi c h d et er mi n es t h e si z e of ki n eti c all y pr es er v e d n a n o p arti cl es a n d is r el at e d t o 1 3 9  

t h e s urf a c e e n er g y a n d Gi b bs fr e e e n er g y of diss ol uti o n as f oll o ws: 1 4 0  

𝑟 ∗ =  −
𝛾 𝑆 𝐿 𝛺

𝛥 𝑔
      ( 2) 1 4 1  

H er e, 𝛾 𝑆 𝐿 r e pr es e nts t h e i nt erf a ci al t e nsi o n of a s oli d i n t h e s ol uti o n, Ω is t h e s urf a c e ar e a of e a c h 1 4 2  

diss ol uti o n u nit, a n d Δ g  is t h e Gi b bs fr e e e n er g y of diss ol uti o n p er diss ol uti o n u nit. S p ari n gl y 1 4 3  

s ol u bl e s oli ds s u c h as bi o mi n er als a n d i n or g a ni c p h os p h ors al w a ys h a v e m u c h l ar g er i nt erf a ci al 1 4 4  

t e nsi o n t h a n s ol u bl e s alts (3 0 ), t h us r es ulti n g i n l ar g e v al u es of r * i n t h e r a n g e of 1 0-1 0 0 n m. 1 4 5  

T h er ef or e, w e h y p ot h esi z e t h at t his bi oi ns pir e d d e mi n er ali z ati o n a p pr o a c h c a n pr o vi d e a 1 4 6  

g e n er ali z a bl e m et h o d t o pr o d u c e n a n o p h os p h ors w it h t ar g et e d si z e distri b uti o ns d et er mi n e d b y r* 1 4 7  

( Fi g. 1 A). 1 4 8  

 1 4 9  

I n t h e BI D pr o c ess, w e us e d a citr at e b uff er t o mi mi c t h e u n d ers at ur at e d e n vir o n m e nt t h at et c h es 1 5 0  

bi o mi n er als t o pr o d u c e c oll oi d s ol uti o ns of s oli d -st at e n a n o p h os p h ors (s e e M at eri als a n d M et h o ds).  1 5 1  

Citr at e b uff er at p H < 1 0 pr o vi d es a n e g ati v e 𝛥 𝑔  t o s atisf y e q. ( 2) (fi g. S 1-5) i nst e a d of s er vi n g t h e 1 5 2  

r ol e of a s urf a ct a nt i n c o n v e nti o n al m e c h a ni c al milli n g m et h o ds. W e s el e ct e d str o nti u m m a g n e si u m 1 5 3  

sili c at e d o p e d wit h E u 2 +  a n d D y 3 +  ( Sr2 M g Si 2 O 7 : E u, D y, S MS O) as a r e pr es e nt ati v e e x a m pl e of 1 5 4  

p er sist e nt p h os p h ors, o wi n g t o it s str o n g a n d l o n g -l asti n g bl u e aft er gl o w t h at pr o vi d es e x cit ati o n 1 5 5  

f or m a n y li g ht-a cti v at e d pr ot ei ns s u c h as t h e y ell o w fl u or es c e nt pr ot ei n ( Y F P), st a bl e st e p -f u n cti o n 1 5 6  

o psi ns ( S S F O), a n d ps C as 9 (3 , 1 2 , 1 3 , 3 1 ). S M S O wit h a str o n g aft er gl o w c a n n ot b e s y nt h esi z e d 1 5 7  

vi a a s ol -g el m et h o d d u e t o cr yst alli nit y a n d d o pi n g r e q uir e m e nt s, t h us g e n er all y r es ulti n g i n 1 5 8  

mi cr o n -si z e d p arti cl es t h at c a n n ot f or m a st a bl e c oll oi d al s us p e nsi o n i n w at er (3 2 ).  1 5 9  

 1 6 0  

I n o ur e x p eri m e nts, S M S O s y nt h esi z e d i n s oli d-st at e r e a cti o ns b e g a n wit h a n a v er a g e si z e of > 1 0 1 6 1  

μ m, as e vi d e n c e d b y s c a n ni n g el e ctr o n mi cr os c o p e ( S E M) i m a g es ( Fi g. 1 B, i). T h e l ar g e si z e 1 6 2  

distri b uti o n of t h es e S M S O mi cr o p arti cl es pr o hi bit e d a st a bl e s us p e nsi o n i n w at er, as e vi d e n c e d b y 1 6 3  

a bl u e aft er gl o w fr o m t h e pr e ci pit at es i nst e a d of t h e s u p er n at a nt ( Fi g. 1 C, i). I n c o ntr ast, t h e BI D 1 6 4  

a p pr o a c h pr o d u c e d a st a bl e c oll oi d al s ol uti o n of S M S O n a n o p h os p h or s wit h a str o n g a n d u nif or m 1 6 5  

bl u e aft er gl o w ( Fi g. 1 C, ii) a n d a si z e distri b uti o n of 4 3 ± 1 1 n m ( Fi g. 1 B, ii &iii & 1 D). W e us e d 1 6 6  

F o uri er -tr a nsf or m i nfr are d ( F TI R) s p e ctr os c o p y, n u cl e ar m a g n eti c r es o n a n c e ( N M R) s p e ctr os c o p y, 1 6 7  

a n d U V -visi bl e a bs or pti o n s p e ctr os c o p y t o f ull y c h ar a ct eri z e t h e pr o d u cts of t h e BI D pr o c ess (fi g. 1 6 8  

S 1 -5).  1 6 9  

 1 7 0  

M e c h a nisti c st u d y of t h e BI D t e c h ni q u e f o r p r o d u ci n g c oll oi d al s ol uti o ns of n a n o p h os p h o rs  1 7 1  

W e n e xt s o u g ht t o v ali d at e t h e m e c h a nis m of ki n eti c pr es er v ati o n t o pr o d u c e S M S O c oll oi ds. First, 1 7 2  

s urf a c e r o u g h e ni n g r e pr es e nt s a si g nifi c a nt h all m ar k of t h e s elf -pr es er v e d d e mi n er ali z ati o n pr o c ess 1 7 3  

of bi o mi n er als (2 5 ). W e c o m p ar e d t h e S E M i m a g es of l ar g e S M S O p arti cl e s b ef or e a n d aft er t h e 1 7 4  

BI D pr o c ess ( Fi g. 1 B, i a n d Fi g. 1 E ). I n c o ntr ast t o t h e s m o ot h s urf a c e b ef or e, S M S O p arti cl es aft er 1 7 5  

t h e BI D pr o c ess e x hi bit e d m u c h r o u g h er s urf a c es, f e at uri n g n a n ostr u ct ur es s u c h as p arti cl es a n d 1 7 6  

tr o u g hs wit h si z es ≤ 1 0 0 n m, si mil ar t o t h os e f o u n d d uri n g n at ur al d e mi n er ali z ati o n. D uri n g s urf a c e 1 7 7  

r o u g h e ni n g, e v er y si n gl e mi cr o n-si z e d S M S O p arti cl e s h e d ~ 1 0 6  n a n o p arti cl es i nt o t h e s ol uti o n 1 7 8  

( S u p pl e m e nt ar y T e xt).  1 7 9  

 1 8 0  
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S e c o n d, a c c or di n g t o e q . ( 1), t h e BI D m o d el pr e di cts a si z e-d e p e n d e nt diss ol uti o n r at e, a p pr o a c hi n g 1 8 1  

z er o f or c oll oi d al n a n o p arti cl es wit h si z es cl os e t o or s m all er t h a n r *. T o v ali d at e t his d e p e n d e n c e, 1 8 2  

w e p erf or m e d r e al -ti m e c o nf o c al fl u or es c e n c e mi cr os c o p y t o m o nit or t h e diss oluti o n r at e d uri n g 1 8 3  

t h e BI D pr o c ess (s e e M at eri als a n d M et h o ds). A cl e ar si z e-d e p e n d e nt diss ol uti o n r at e w as o bs er v e d, 1 8 4  

wit h a d e cr e asi n g si z e -r e d u cti o n r at e f or s m all er c oll oi d al n a n o p arti cl es ( Fi g. 1 F). T o q u a ntif y t h e 1 8 5  

si z e -d e p e n d e nt diss ol uti o n r at e, w e a p pli e d a pr e vi o usl y r e p ort e d c o nst a nt -c o m p ositi o n ( C C) 1 8 6  

t e c h ni q u e (2 5 ) t o e xtr a ct t h e dissol uti o n fl u x r at e a g ai nst ti m e at diff er e nt u n d ers at ur ati o ns 1 8 7  

d et er mi n e d b y t h e p H of t h e s ol uti o n ( Fi g. 1 G & H; fi g. S 6 & 7; s e e M at eri als a n d M et h o ds). T h e C C 1 8 8  

diss ol uti o n c ur v es r e a c h e d a pl at e a u pri or t o c o m pl et e diss ol uti o n, t h us i n di c ati n g t h e cr e ati o n of 1 8 9  

m et ast a bl e st at es b ot h f or u n diss ol v e d l ar g e S M S O p arti cl es wit h r o u g h e n e d s urf a c es a n d c oll oi d al 1 9 0  

n a n o p arti cl es s h e d i nt o t h e s ol uti o n.  1 9 1  

 1 9 2  

T hir d, w e h y p ot h esi z e d t h at i n t h e s a m e u n d ers at ur at e d s ol uti o n, o nl y n a n o p arti cl es wit h si z e s ≤ r* 1 9 3  

c a n b e ki n eti c all y pr es er v e d, w hil e b ul k p arti cl es c a n still b e diss ol v e d ( Fi g. 1I). W e e x p eri m e nt all y 1 9 4  

v erifi e d t h at fr es h, b ul k S M S O p arti cl es w er e et c h e d t o n a n o p arti cl es i n t h e s a m e u n d ers at ur at e d 1 9 5  

s ol uti o n d es pit e a s u p pr ess e d r e a cti o n f or pr e vi o usl y i m m ers e d p arti cl es ( Fi g. 1J, t o p). F urt h er m or e, 1 9 6  

w e f o u n d t h at S M S O c oll oi d al n a n o p arti cl es pr o d u c e d i n a n u n d ers at ur at e d s us p e nsi o n r esist e d 1 9 7  

f urt h er diss ol uti o n aft er s e p ar ati o n a n d r e-i m m ersi o n i n a s ol uti o n of t h e s a m e u n d ers at ur ati o n ( Fi g. 1 9 8  

1J, b ott o m  a n d fi g. S 8 ).  1 9 9  

 2 0 0  

L astl y, w e als o v erifi e d mi ni m al diss ol uti o n of b ul k S M S O p arti cl es i n p ur e w at er wit h o ut citr at e 2 0 1  

( p H = 7), t h us c o nfir mi n g t h e i m p ort a n c e of r ati o n all y d esi g n e d u n d ers at ur at e d e n vir o n m e nt s i n t h e 2 0 2  

BI D m et h o d (fi g. S 9). I n s u m m ar y, w e h a v e v ali d at e d t h e ki n eti c pr es er v ati o n m e c h a nis m t o 2 0 3  

pr o d u c e st a bl e c oll oi d al s ol uti o ns of S M S O n a n o p h os p h ors vi a t h e BI D a p pr o a c h.  2 0 4  

 2 0 5  

BI D -p r o d u c e d S M S O  c oll oi ds e x hi bit st r o n g e mi ssi o n wit h a l o n g l u mi n es c e n c e lif eti m e  2 0 6  

W e t h e n c h ar a ct eri z e d t h e l u mi n es c e n c e pr o p erti es of S M S O c oll oi ds pr e p ar e d b y t h e BI D m et h o d 2 0 7  

( Fi g. 2). T h e p h ot ol u mi n es c e n c e e x cit ati o n a n d e mi ssi o n s p e ctr a of t h e S M S O  c oll oi d ar e i d e nti c al 2 0 8  

t o t h os e of its c orr es p o n di n g b ul k p h os p h or ( Fi g. 2 A & B). I n a d diti o n, t h e aft er gl o w s p e ctr u m of 2 0 9  

t h e S M S O c oll oi d a gr e es wit h t h at of it s s oli d -st at e pr e c urs or ( Fi g. 2 C). L astl y, t h e e mi ssi o n h alf -2 1 0  

lif e of t h e S M S O c oll oi d ( ~ 6 0 s) is si mil ar t o t h at of it s c orr es p o n di n g b ul k p h os p h or ( ~ 7 4 s; Fi g. 2 1 1  

2 D). T h es e r es ults r e pr es e nt t h e first e x a m pl e of pr o d u ci n g st a bl e < 5 0 n m c oll o i ds wit h a str o n g 2 1 2  

a n d p ersist e nt bl u e aft er gl o w m at c hi n g s oli d -st at e s y nt h esi z e d p h os p h ors. I m p ort a ntl y, S M S O 2 1 3  

c oll oi ds pr o d u c e d fr o m t h e BI D m et h o d r e pr es e nt o n e of t h e bri g ht est aft er gl o w m at eri als wit h bl u e 2 1 4  

e mi ssi o n a n d st a bl e c oll oi d al s us p e nsi o n i n w at er (t a bl e S 2 ), t h us m a ki n g it a n i d e al c a n di d at e t o 2 1 5  

e x cit e li g ht -a cti v at e d pr ot ei ns i n vi v o wit h o ut a n e xt er n al li g ht s o ur c e. S p e cifi c all y, a n a bs ol ut e 2 1 6  

i nt e nsit y m e as ur e m e nt of a n S M S O c oll oi d al s ol uti o n at 0. 4 9 μ M yi el ds a p h ot o n e missi o n r at e of 2 1 7  

5. 2 5 × 1 0 1 1  p/s/ c m 2 /sr ( Fi g. 2 E). F urt h er m or e, t h e l u mi n es c e n c e q u a nt u m yi el d of S M S O c oll oi d al 2 1 8  

s ol uti o n w as m e as ur e d t o b e ~ 2 1. 0 % ( M at eri als a n d M et h o ds), w hi c h is hi g h er t h a n t h at of 2 1 9  

p h ot o c h e mi c al aft er gl o w s yst e ms as pr e vi o usl y r e p ort e d (1 4 , 3 3 ). 2 2 0  

 2 2 1  

N e xt, w e e v al u at e d t h e l o n g -t er m aft er gl o w st a bilit y of S M S O c oll oi ds i n w at er, p h os p h at e-2 2 2  

b uff er e d s ali n e ( P B S), a n d f et al b o vi n e s er u m ( F B S). T h e S M S O c oll oi d e x hi bits t h e s a m e 2 2 3  

aft er gl o w i nt e nsit y i n P B S i n c o m p aris o n t o t h at i n w at er, w hil e it s l o w er i nt e nsit y i n F B S is s ol el y 2 2 4  

attri b ut e d t o t h e a bs or pti o n of F B S at 4 7 0 n m i nst e a d of c h e mi c al i nst a bilit y ( Fi g. 2 F a n d fi g. S 1 0). 2 2 5  

D es pit e diff er e nt e n vir o n m e nt s, t h e S M S O c oll oi d e x hi bits c hr o ni c st a bilit y i n aft er gl o w i nt e nsit y 2 2 6  

o v er 1 4 d a ys i n w at er, P B S, a n d  F B S at r o o m t e m p er at ur e ( Fi g. 2 G ). T a k e n t o g et h er, t h es e 2 2 7  

c h ar a ct eri z ati o ns r e v e al t h e BI D m et h o d as a pr ef err e d a p pr o a c h t o pr o d u c e hi g h -q u alit y c oll oi d al 2 2 8  
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s ol uti o ns of n a n o p h os p h or s t h at m ai nt ai n t h e str o n g e mi ssi o n p o w er of t h eir b ul k c o u nt er p arts w hil e 2 2 9  

si g nifi c a ntl y i m pr o vi n g c oll oi d al st a bilit y i n w at er.  2 3 0  

 2 3 1  

T h e BI D m et h o d is a g e n e r ali z a bl e a p p r o a c h f o r s y nt h esi zi n g c oll oi d al s ol uti o ns of 2 3 2  

n a n o p h os p h o rs s p a n ni n g t h e vi si bl e s p e ct r u m  2 3 3  

T h e diff er e nt a cti v ati o n s p e ctr a of li g ht -r es p o nsi v e pr ot ei ns r e q uir e li ght s o ur c es of disti n ct 2 3 4  

w a v el e n gt hs f or effi ci e nt e x cit ati o n. T o t his e n d, w e a p pl y t h e BI D m et h o d t o pr o d u c e c oll oi d al 2 3 5  

s ol uti o ns of n a n o p h os p h or s wit h aft er gl o w w a v el e n gt hs s p a n ni n g t h e e ntir e visi bl e s p e ctr u m. 2 3 6  

E xisti n g b ott o m -u p a p pr o a c h es us u all y pr o d u c e  aft er gl o w n a n o p arti cl es wit h r e d t o n e ar -i nfr ar e d 2 3 7  

e mi ssi o n (t a bl e S 2 ), t h us pr o hi biti n g t h eir us e as li g ht s o ur c es t o e x cit e c o m m o n li g ht -a cti v at a bl e 2 3 8  

pr ot ei ns s u c h as Y F P, S S F O, a n d ps C as 9. I n c o ntr ast, s oli d -st at e r e a cti o ns off er a wi d e -r a n g e 2 3 9  

c o m bi n ati o n  of h ost m at eri als a n d a cti v ati n g i o ns t o yi el d p h os p h ors wit h a str o n g aft er gl o w a n d 2 4 0  

t u n a bl e w a v el e n gt hs, y et m a n y of w hi c h r e m ai n r efr a ct or y t o w et c h e mi c al a n d m e c h a ni c al milli n g 2 4 1  

m et h o ds wit h li mit e d c oll oi d al st a bilit y. F or e x a m pl e, p h os p h ors wit h str o n g p ersist e nt 2 4 2  

l u mi n es c e n c e (1 9 , 3 4 ) a n d d esir a bl e p h as es (3 5 ) c a n o nl y b e pr o d u c e d at e x c e pti o n all y hi g h 2 4 3  

t e m p er at ur es, w hil e t h eir c ol or c e nt er s m a y b e q u e n c h e d b y b uilt-i n str ess a n d disl o c ati o ns 2 4 4  

i ntr o d u c e d d uri n g m e c h a ni c al milli n g. W e h y p ot h esi z e t h at si n c e m ost s oli d -st at e p h os p h ors h a v e 2 4 5  

lo w w at er s ol u bilit y, e q. ( 2) pr e di cts 1 0 -1 0 0 n m n a n o p arti cl es pr o d u c e d vi a t h e BI D pr o c ess, t h us 2 4 6  

off eri n g a g e n er ali z a bl e m et h o d t o s y nt h esi z e c oll oi d al s ol uti o ns of n a n o p h os p h ors.  2 4 7  

 2 4 8  

W e r ati o n all y c h os e a s el e ct f e w p ersist e nt p h os p h ors t h at c a n o nl y b e s y nt h esi z e d i n s oli d -st at e 2 4 9  

r e a cti o ns a n d e x hi bit str o n g aft er gl o w s p a n ni n g t h e visi bl e s p e ctr u m t o d e m o nstr at e t h e 2 5 0  

g e n er ali z a bilit y of t h e BI D m et h o d. T h es e s el e ct e d p h os p h ors h a v e v er y l o w s ol u bilit y i n w at er a n d 2 5 1  

d o n ot r e a ct wit h w at er (3 6 – 3 8 ), t h us f ulfilli n g t h e criti c al si z e r e q uir e m e nt t o a p pl y t h e BI D 2 5 2  

m e c h a nis m ( e q. 1 & 2). S p e cifi c all y, Sr 4 Al 1 4 O 2 5 : E u, D y ( S A O) e x hi bits str o n g aft er gl o w at 4 9 0 n m 2 5 3  

a n d c a n o nl y b e s y nt h esi z e d at ≥ 1 3 5 0 ℃. I n a d diti o n, w urt zit e Z n S: C u, Al a n d Z n S: M n e x hi bit 2 5 4  

str o n g aft er gl o w at 5 3 4 n m a n d 5 7 8 n m, r es p e cti v el y, a n d t h eir s p e cifi c p ol y m or p h c a n o nl y b e 2 5 5  

f or m e d at ≥ 1 0 0 0 ℃. M or e o v er, C a 0. 8 5 Sr 0. 1 5 S: E u, T m ( C S S) r e pr es e nts o n e of t h e f e w m at eri als wit h 2 5 6  

str o n g r e d aft er gl o w at 6 5 0 n m a n d r e q uir es a hi g h a n n e ali n g t e m p er at ur e of 1 1 0 0 ℃ (s e e M at eri als 2 5 7  

a n d M et h o ds). T h e BI D m et h o d s u c c essf ull y pr o d u c e d st a bl e c oll oi d al s ol uti o ns of n a n o p h os p h ors 2 5 8  

wit h e mi ssi o n c ol or s c o nsist e nt wit h t h eir b ul k pr e c urs ors ( Fi g. 3 A & B) a n d si z es b el o w 1 0 0 n m 2 5 9  

( Fi g. 3 C-E). F urt h er m or e, t h e aft er gl o w s p e ctr a, aft er gl o w ki n eti cs, a n d X R D s p e ctr a of t h es e  2 6 0  

n a n o p h os p h or c oll oi ds ar e all c o nsist e nt wit h t h os e of t h eir  b ul k pr e c urs ors ( Fi g. 3 F & G;  fi g. S 1 1). 2 6 1  

T a k e n t o g et h er, t h es e r es ult s c o nfir m t h e BI D m et h o d as a g e n er ali z a bl e a p pr o a c h t o s y nt h esi z e 2 6 2  

st a bl e n a n o p h os p h or c oll oi ds i n w at er wit h t h eir e mi ssi o n s p e ctr a s p a n ni n g t h e e ntir e visi bl e 2 6 3  

s p e ctr u m ( Fi g. 3 F; fi g. S 1 2 & S 1 3) w hil e pr es er vi n g t h eir d esir a bl e p ol y m or p hs a n d aft er gl o w 2 6 4  

pr o p erti es.  2 6 5  

 2 6 6  

BI D -p r o d u c e d c oll oi ds a r e a m o n g t h e b ri g ht est r e p o rt e d aft e r gl o w m at e ri als aft e r d eli v e r y i n 2 6 7  

vi v o  2 6 8  

W e n e xt s o u g ht t o e v al u at e t h e aft er gl o w i nt e nsit y of BI D -pr o d u c e d n a n o p h os p h or c oll oi ds aft er 2 6 9  

d eli v er y i n vi v o a n d c o m p ar e it t o ot h er r e p ort e d aft er gl o w m at eri al s. U nli k e t h eir b ul k pr e c urs ors, 2 7 0  

BI D -pr o d u c e d n a n o p h os p h or s e x hi bit s u p eri or c oll oi d al st a bilit y, t h us e n a bli n g t h e m t o b e 2 7 1  

d eli v er e d vi a c o n v e nti o n al a d mi nistr ati o n r o ut es a n d a ct as c oll oi d al li g ht s o ur c es. W e s el e ct e d t w o 2 7 2  

a d mi nistr ati o n m et h o ds c o m m o nl y us e d t o d eli v er bi o c o m p ati bl e c oll oi d al s ol uti o ns, s u b c ut a n e o u s 2 7 3  

a n d i ntr a v e n o us i nj e cti o n (8 , 9 , 1 1 , 1 6 ). W e h y p ot h esi z e d t h at t h e str o n g aft er gl o w of BI D-pr o d u c e d 2 7 4  

c oll oi ds e n a bl e d ultr as e nsiti v e i n vi v o i m a gi n g b y eli mi n ati n g r e al-ti m e e x cit ati o n a n d tiss u e 2 7 5  

a ut ofl u or e s c e n c e. As a r es ult, t h e aft er gl o w of i n vi v o a d mi nist er e d n a n o p h os p h or c oll oi ds s h o ul d 2 7 6  
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b e d et e ct a bl e i n d e e p tiss u e d es pit e t h eir m u c h s h ort er w a v el e n gt hs t h a n ot h er r e p ort e d aft er gl o w 2 7 7  

m at eri als.  2 7 8  

 2 7 9  

W e s u b c ut a n e o usl y i nj e ct e d all fi v e c oll oi d al s ol uti o ns o f p ersist e nt n a n o p h os p h ors pr o d u c e d a b o v e 2 8 0  

( S M S O, S A O, Z n S: C u, Al, Z n S: M n, a n d C S S) a n d p erf or m e d m ulti c ol or aft er gl o w i m a gi n g ( Fi g. 2 8 1  

4 A). T h e disti n ct aft er gl o w c ol or s of t h es e c oll oi ds all o w e d us t o r es ol v e t h eir s p ati al distri b uti o n 2 8 2  

i n li v e mi c e aft er d eliv er y ( Fi g. 4 B & C). Q u a ntit ati v e r a di a n c e m e as ur e m e nts r e v e al str o n g e missi o n 2 8 3  

i nt e nsit y of all s u b c ut a n e o usl y i nj e ct e d c oll oi ds d es pit e att e n u ati o n t hr o u g h t h e s ki n ( Fi g. 4 D). 2 8 4  

Stri ki n gl y, t h e m ass -n or m ali z e d aft er gl o w i nt e nsit y of t h e bri g ht est BI D -pr o d u c e d c oll oi ds is t w o 2 8 5  

or d ers of m a g nit u d e hi g h er t h a n t h e bri g ht est aft er gl o w n a n o m at eri al r e p ort e d t o d at e i n t h e s a m e 2 8 6  

s etti n g, r e g ar dl ess of e missi o n w a v el e n gt hs (t a bl e S 2  a n d Fi g. 4 E ). I m p ort a ntl y, t h e s u p eri orit y of 2 8 7  

BI D -pr o d u c e d n a n o p h os p h or s is v ali d at e d b y  c o m p ari n g b ot h s u b c ut a n e o usl y i nj e ct e d m at eri als i n 2 8 8  

vi v o  a n d a n a q u e o us s ol uti o n of t h e m at eri al e x vi v o  (t a bl e S2 ). W e attri b ut e t h e bri g ht er aft er gl o w 2 8 9  

of BI D -pr o d u c e d n a n o p h os p h ors t o t h eir pr es er v ati o n of t h e o pti c al pr o p erti es of t h eir b ul k 2 9 0  

c o u nt er p arts fr o m s oli d -st at e r e a cti o ns, w hi c h r es ult i n t h er m o d y n a mi c all y a n d ki n eti c all y m or e 2 9 1  

f a v or a bl e f or m ati o n of d esir abl e p ol y m or p hs a n d p oi nt d ef e cts l e a di n g t o str o n g er p ersist e nt 2 9 2  

l u mi n es c e n c e. I n a d diti o n, t h e e x c e pti o n al aft er gl o w i nt e nsit y a n d mi ni m al a ut ofl u or es c e n c e 2 9 3  

b a c k gr o u n d e n a bl e d us t o o bt ai n a m u c h hi g h er si g n al -t o-b a c k gr o u n d r ati o ( S B R) u p t o 9, 1 9 0×  t h a n 2 9 4  

t h at of fl u or es c e n c e i m a gi n g ( < 2 3× ) wit h t h e s a m e i nj e ct e d c oll oi ds ( Fi g. 4 F). I m p ort a ntl y, d es pit e 2 9 5  

t h eir u nf a v or a bl y s h ort e mi ssi o n w a v el e n gt hs, t h e S B R v al u e s of BI D-pr o d u c e d c oll oi ds e v e n 2 9 6  

e x c e e d e d t h os e o bt ai n e d wit h r e d a n d NI R aft er gl o w m at eri als (t a bl e S 2  a n d Fi g. 4 G).  2 9 7  

 2 9 8  

H a vi n g d e m o nstr at e d s u b c ut a n e o us d eli v er y of BI D -pr o d u c e d n a n o p h os p h ors, w e n e xt ai m e d t o 2 9 9  

v ali d at e t h eir f e asi bilit y as s yst e mi c all y d eli v er e d li g ht s o ur c es vi a i ntr a v e n o us i nj e cti o n. 3 0 0  

S p e cifi c all y, w e i nj e ct e d t h e S M S O or S A O c oll oi d s ol uti o n, w hi c h w as c h ar g e d pri or t o i nj e cti o n 3 0 1  

( Fi g. 4 H a n d fi g. S 1 4), i nt o t h e m o us e t ail v ei n. I m m e di at el y aft er i nj e cti o n, tr a ns cr a ni al aft er gl o w 3 0 2  

i m a gi n g t hr o u g h t h e i nt a ct s k ull r e v e als t h at i ntr a v e n o usl y a d mi nist er e d c oll oi ds ar e s p ati all y 3 0 3  

c o nfi n e d i n c e r e br al v ess el s. T h eir aft er gl o w w as s uffi ci e ntl y bri g ht t o b e vis u ali z e d e v e n t hr o u g h 3 0 4  

t h e i nt a ct s k ull d es pit e t h eir s h ort w a v el e n gt hs ( 4 7 0 n m a n d 4 9 0 n m f or S M S O a n d S A O, 3 0 5  

r es p e cti v el y) ( Fi g. 4I &J). Li n e cr oss-s e cti o n al i nt e nsit y a n al ysis r e v e als s p ati all y  r es ol v e d c er e br al 3 0 6  

v ess els wit h si mil ar wi dt hs t o t h os e i m a g e d wit h fl u or es c e n c e i n t h e s e c o n d n e ar -i nfr ar e d ( NI R-II) 3 0 7  

wi n d o w ( Fi g. 4 K  a n d fi g. S 1 5). T h es e i m a g es r e pr es e nt t h e first e x a m pl e of tr a ns cr a ni al aft er gl o w 3 0 8  

i m a gi n g of c er e br al v ess els i n t h e m o us e br ai n.  3 0 9  

 3 1 0  

F urt h er m or e, t h e utilit y of BI D -pr o d u c e d n a n o p h os p h ors as s yst e mi c all y d eli v er e d li g ht s o ur c es 3 1 1  

r eli es o n t h eir a bilit y t o b e r e c h ar g e d d uri n g cir c ul ati o n i n vi v o. Pr e vi o us d e m o nstr ati o n of i n vi v o 3 1 2  

r e c h ar gi n g of aft er gl o w m at eri als us u all y i n v ol v e d i n sit u r e c h ar gi n g a n d a cti v ati o n at t h e s a m e sit e 3 1 3  

f or i m a gi n g (8 , 1 7 , 3 9 ). D es pit e t h e us e of r e d or NI R li g ht f or r e c h ar gi n g, t h e effi ci e n c y of 3 1 4  

r e c h ar gi n g still r e m ai ns li mit e d, w hil e r e c h ar gi n g a n d i m a gi n g at t h e s a m e l o c ati o n pr o hi bit s 3 1 5  

si m ult a n e o us aft er gl o w i m a gi n g d uri n g r e c h ar gi n g (1 ). W e h y p ot h esi z e t h at t h e i ntri nsi c cir c ul at or y 3 1 6  

s yst e m of t h e a ni m al c a n b e l e v er a g e d t o effi ci e ntl y r e c h ar g e i ntr a v e n o usl y -d eli v er e d BI D -3 1 7  

pr o d u c e d n a n o p h os p h or s w h e n t h e y p ass t hr o u g h s u p erfi ci al bl o o d v ess els, e v e n wit h s h ort -3 1 8  

w a v el e n gt h e x cit ati o n li g ht, at a diff er e nt l o c ati o n i n t h e b o d y. T o pr o v e t hi s h y p ot h esis, w e 3 1 9  

p erf or m e d r e al -ti m e aft er gl o w i m a gi n g of t h e f e m or al art er y i n t h e m o us e hi n dli m b, w hil e a p pl yi n g 3 2 0  

r e m ot e p eri o di c r e c h ar gi n g of t h e cir c ul ati n g aft er gl o w c oll oi ds i n s u p erfi ci al h e p ati c v ess els 3 2 1  

t hr o u g h n o ni n v asi v e tr a ns d er m al p h ot o e x cit ati o n ( M at eri als a n d M et h o ds, fi g. S 1 6 A & B). W e 3 2 2  

f o u n d t h at t h e aft er gl o w i n t h e f e m or al art er y i n cr e as e d aft er e v er y r e c h ar gi n g p uls e, wit h a b as eli n e 3 2 3  

i nt e nsit y ~ 1 0 × hi g h er t h a n t h at wit h o ut r e c h ar gi n g at 4 0 0 s aft er i nj e cti o n (fi g. S 1 6 C). T h es e r es ults 3 2 4  
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r e pr es e nt t h e first d e m o nstr ati o n of r e m ot e r e c h ar gi n g of aft er gl o w m at eri als i n vi v o vi a t h e i ntri nsi c 3 2 5  

cir c ul at or y s yst e m.   3 2 6  

 3 2 7  

T h e t hr e e e x p eri m e nts of aft er gl o w i m a gi n g a b o v e v ali d at e d t h e r e m ar k a bl e aft er gl o w i n t e nsit y a n d 3 2 8  

r e c h ar g e a bilit y of BI D -pr o d u c e d c oll oi ds i n li vi n g mi c e. C o m p ar e d t o e xt e nsi v el y r e p ort e d 3 2 9  

aft er gl o w n a n o p arti cl es i n r e d a n d NI R s p e ctr a, BI D -pr o d u c e d c oll oi ds b e n efit fr o m t h eir str o n g 3 3 0  

aft er gl o w of bl u e -s hift e d p h ot o ns, w hi c h m a y a cti v at e m a n y  bl u e -li g ht-r es p o nsi v e pr ot ei ns s u c h as 3 3 1  

S S F O  a n d ps C as 9 ( Fi g. 4 E , S u p pl e m e nt ar y T e xt , a n d t a bl e S 1) (3 , 1 3 , 3 1 ). T h e d e m o nstr at e d 3 3 2  

c o m p ati bilit y wit h c o m m o n a d mi nistr ati o n r o ut es, es p e ci all y i ntr a v e n o us i nj e cti o n, pr o vi d es a 3 3 3  

m e a ns t o u nif or ml y d eli v er t h es e c oll oi d al li g ht s o ur c es t hr o u g h o ut t h e b o d y. T o pr o v e t h e bi os af et y 3 3 4  

of i ntr a v e n o usl y d eli v er e d c oll oi d al li g ht s o ur c es, w e p erf or m e d d et ail e d bi o distri b uti o n, s e cr eti o n, 3 3 5  

a n d t o xi c ol o g y st u di es i n mi c e a n d f o u n d mi ni m al a d v ers e eff e cts t o t h e s u bj e ct aft er s yst e mi c 3 3 6  

a d mi nistr ati o n of t h es e c o ll oi ds (fi g. S 1 7-1 9). T h es e p h ar m a c o ki n eti cs d at a s u g g est mi ni m al 3 3 7  

r et e nti o n of s yst e mi c all y d eli v er e d aft er gl o w c oll oi ds at 1 w e e k p ost a d mi nistr ati o n. N o n et h el ess, 3 3 8  

m ulti pl e i nj e cti o ns m a y b e p erf or m e d t o f a cilit at e t h eir l o n g -t er m utilit y i n t h e s a m e a ni m al.  3 3 9  

 3 4 0  

BI D -p r o d u c e d c ol l oi d al li g ht s o u r c es e n a bl e i nt e r n al e x cit ati o n of g e n eti c all y e n c o d e d 3 4 1  

fl u o r es c e nt r e p o rt e rs wit h g r e at e r tiss u e p e n et r ati o n. 3 4 2  

T h e str o n g aft er gl o w of BI D -pr o d u c e d c oll oi ds i n t h e bl u e s p e ctr u m all o w e d us t o p ost ul at e t h eir 3 4 3  

f u n cti o n as a n i ntr a vit al li g ht so ur c e t o e x cit e li g ht -r es p o nsi v e pr ot ei ns e n d o g e n o usl y e x pr ess e d i n 3 4 4  

t h e tiss u e. S p e cifi c all y, g e n eti c all y e n c o d e d fl u or es c e nt r e p ort ers, s u c h as fl u or es c e nt pr ot ei ns a n d 3 4 5  

t h eir f u n cti o n al d eri v ati v es ( e. g., G C a M P et c.), s uff er fr o m li mit e d tiss u e p e n etr ati on d u e t o str o n g 3 4 6  

s c att eri n g a n d a ut ofl u or es c e n c e of t h eir s h ort e x cit ati o n w a v el e n gt hs. T his dis a d v a nt a g e 3 4 7  

n e c es sit at es t h e i n v asi v e i m pl a nt ati o n of a cr a ni al wi n d o w or a gr a di e nt i n d e x ( G RI N) l e ns (4 0 ) 3 4 8  

wit h li mit e d fi el d of vi e w ( F o V) a n d r estr ai n e d b e h a vi or of t h e s u bj e ct i n a mi cr os c o pi c s et u p (4 1 ). 3 4 9  

I n c o ntr ast, wi d efi el d aft er gl o w i m a gi n g e n a bl es a m u c h l ar g er F o V a n d d e e p er ti ss u e p e n etr ati o n 3 5 0  

b y eli mi n ati n g a n e xt er n al e x cit a ti o n, t h us r e d u ci n g s c att eri n g a n d a ut ofl u or es c e n c e. H o w e v er, 3 5 1  

aft er gl o w i m a gi n g h as n e v er b e e n r e ali z e d f or e n d o g e n o us fl u or es c e nt pr ot ei ns. W e h y p ot h esi z e d 3 5 2  

t h at s yst e mi c all y d eli v er e d c oll oi d al li g ht s o ur c es c a n e n a bl e wi d efi el d aft er gl o w i m a gi n g of 3 5 3  

e n d o g e n o usl y e x pr es s e d fl u or es c e nt pr ot ei ns wit h i n cr e as e d tiss u e p e n etr ati o n.  3 5 4  

 3 5 5  

W e s et o ut t o d e m o nstr at e wi d efi el d aft er gl o w i m a gi n g of Y F Ps f or t h e first ti m e vi a BI D -pr o d u c e d 3 5 6  

c oll oi d al li g ht s o ur c es. W e d eli v er e d a c oll oi d al s ol uti o n of S M S O i nt o t h e c er e br al v ess els of a 3 5 7  

tr a ns g e ni c m o us e (B 6. C g -T g( T h y 1 -Y F P) 1 6Jr s/J, Y F P -1 6 ) e x pr essi n g Y F Ps i n n e ur o ns ( Fi g. 5 A) 3 5 8  

(4 2 ). T h e s p e ctr al o v erl a p b et w e e n t h e aft er gl o w s p e ctr u m of S M S O c oll oi ds a n d t h e e x cit ati o n 3 5 9  

s p e ctr u m of Y F P off ers effi ci e nt e x cit ati o n of Y F P fl u or es c e n c e b y t h e aft er gl o w of S M S O ( fi g. 3 6 0  

S 2 0 ). W e us e d wi d efi el d a c q ui siti o n f or w h ol e-br ai n Y F P i m a gi n g t hr o u g h t h e i nt a ct s k ull ( Fi g. 3 6 1  

5 B) t o d e m o nstr at e a l ar g e F o V f or p ot e nti all y i m a gi n g fr e e -b e h a vi n g a ni m als i n f ut ur e st u di es. 3 6 2  

W h e n a tr a diti o n al e xt e r n al e x cit ati o n w as a p pli e d, t h e e x cit ati o n li g ht w as a bs or b e d a n d s c att er e d 3 6 3  

b y t h e s k ull w hil e pr o d u ci n g a ut ofl u or es c e n c e ( Fi g. 5 E). As a r es ult, t hi s pr o c ess yi el d e d 3 6 4  

e pifl u or es c e n c e i m a g es f e at uri n g s k ull str u ct ur es t h at bl o c k Y F P fl u or es c e n c e fr o m t h e u n d erl yi n g 3 6 5  

br ai n ( Fi g. 5 F, ri g ht  a n d  fi g. S 2 1-2 2 ). C o ntr ol e x p eri m e nts o n wil d-t y p e ( W T) mi c e wit h o ut Y F P 3 6 6  

e x pr essi o n r e v e al e d si mil ar p att er ns i n t h e e pifl u or es c e n c e i m a g es ( Fi g. 5 F, l eft). P e ars o n 3 6 7  

c orr el ati o n a n al ysis b et w e e n fl u or es c e n c e i m a g es of W T vs Y F P -1 6 mi c e r e v e als a hi g h P e ars o n 3 6 8  

c orr el ati o n c o effi ci e nt of 0. 9 3 ( Fi g. 5 G, ri g ht a n d 5 H), t h us c o nfir mi n g t h e ori gi n of t h es e f e at ur es 3 6 9  

ari si n g fr o m t h e s k ull r at h er t h a n fr o m t h e u n d erl yi n g br ai n (4 3 ). T h es e o bs er v ati o ns c o nfir m e d t h e 3 7 0  

n e e d t o r e m o v e or t hi n t h e s k ull i n c o n v e nti o n al Y F P i m a gi n g i n t h e m o us e br ai n (4 0 ).  3 7 1  
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I n c o ntr ast t o t h e e xt er n al e x cit ati o n, wit h a n i nt er n al e x cit ati o n e n a bl e d b y s yst e mi c all y d eli v er e d 3 7 2  

c oll oi d al li g ht s o ur c es, Y F P fl u or es c e n c e w as c oll e ct e d i n t h e aft er gl o w m o d e ( Fi g. 5 C; s e e  3 7 3  

M at eri als a n d M et h o ds ). T h e r es ulti n g Y F P aft er gl o w i m a g e of t h e s a m e m o us e br ai n o nl y r e v e al e d 3 7 4  

t h e s p ati al distri b uti o n of Y F Ps i n t h e br ai n (i. e., i n t h e br ai n p ar e n c h y ma w hil e e x cl u di n g c er e br al 3 7 5  

v ess els) wit h o ut a n y i nt erf er e n c e fr o m t h e s k ull ( Fi g. 5 D, ri g ht  a n d fi g. S 2 1). U nli k e 3 7 6  

e pifl u or es c e n c e i m a gi n g, aft er gl o w i m a g es of W T vs Y F P m o us e br ai n e x hi bit e d dissi mil ar p att er ns 3 7 7  

( Fi g. 5 D). A l o w P e ars o n c orr el ati o n c o effi cie nt of 0. 2 0 s u g g est s mi ni m al f e at ur e c ol o c ali z ati o n 3 7 8  

b et w e e n t h e W T vs Y F P -1 6 m o us e br ai n i n t h e aft er gl o w m o d e ( Fi g. 5 G, l eft a n d 5 H). T h es e r es ults 3 7 9  

d e m o nstr at e t h e u ni q u e a bilit y of aft er gl o w i m a gi n g t o r e v e al d e e p -ti ss u e f e at ur es u nr es ol v a bl e b y 3 8 0  

c o n v e nti o n al fl u or es c e n c e i m a gi n g wit h t h e i nt a ct s k ull. I n s u m m ar y, BI D -pr o d u c e d c oll oi d al li g ht 3 8 1  

s o ur c es e n a bl e d wi d efi el d aft er gl o w i m a gi n g of Y F Ps wit h mi ni m al a ut ofl u or es c e n c e a n d s c att eri n g 3 8 2  

b a c k gr o u n d fr o m o v erl yi n g ti ss u es. T h er ef or e, i n vi v o wi d efi el d aft er gl o w i m a gi n g off ers a m u c h 3 8 3  

l es s i n v asi v e a p pr o a c h t h a n c o n v e nti o n al mi cr os c o p y t hr o u g h a cr a ni al wi n d o w f or i m a gi n g 3 8 4  

g e n eti c all y e n c o d e d fl u or es c e nt r e p ort ers i n t h e m o us e br ai n.  3 8 5  

 3 8 6  

Dis c ussi o n  3 8 7  

H er e, w e r e p ort a g e n er ali z a bl e m et h o d f or pr o d u ci n g st a bl e c oll oi d al s ol uti o ns of n a n o p h os p h or s 3 8 8  

fr o m t h eir s oli d-st at e b ul k m at eri als wit h e x c e pti o n all y bri g ht l u mi n es c e n c e ( u p t o 5. 2 5 × 1 0 1 1  3 8 9  

p/s/ c m 2 /sr), t u n a bl e e mi ssi o n w a v el e n gt hs d o w n t o 4 7 0 n m, a n d s m all si z es ( d o w n t o 2 0 n m). T his 3 9 0  

m et h o d w as e n a bl e d b y t h e b i oi ns pir e d d e mi n er ali z ati o n ( BI D) pr o c ess, w hi c h h as b e e n f o u n d i n 3 9 1  

m a n y bi o mi n er als s u c h as t o ot h e n a m el a n d a vi a n e g gs h ells t o aff or d e x q uisit e c o ntr ol of c o m pl e x 3 9 2  

n a n ostr u ct ur es (2 5 , 2 6 ). C oll oi ds pr o du c e d b y t his a p pr o a c h e x hi bit e d t h e hi g h est S B R f or i n -vi v o 3 9 3  

i m a gi n g a m o n g r e p ort e d m at eri als, yi el di n g t h e first e x a m pl e of tr a ns cr a ni al aft er gl o w i m a gi n g of 3 9 4  

c er e br al v ess el s i n t h e m o us e br ai n. O wi n g t o t h eir str o n g e mi ssi o n i nt e nsit y a n d c oll oi d al st a bil it y 3 9 5  

i n w at er, BI D-pr o d u c e d c oll oi d al li g ht s o ur c es pr o vi d e i nt er n al e x cit ati o n of a n d e n a bl e aft er gl o w 3 9 6  

i m a gi n g of g e n eti c all y e n c o d e d fl u or es c e nt r e p ort ers i n a m o us e br ai n t hr o u g h t h e i nt a ct s k ull. 3 9 7  

 3 9 8  

C o m p ar e d t o pr e vi o usl y r e p ort e d aft er gl o w m at eri als, t h e BI D a p pr o a c h a n d BI D -pr o d u c e d c oll oi ds 3 9 9  

h a v e t hr e e u ni q u e a d v a nt a g e s t h at e n a bl e t h eir us e as a n i nt er n al li g ht s o ur c e. First, t h e BI D 4 0 0  

a p pr o a c h c a n b e a p pli e d t o a wi d e r a n g e of s oli d -st at e p h os p h ors t o pr o d u c e t u n a bl e e missi o n d o w n 4 0 1  

t o 4 7 0 n m. T h es e i n or g a ni c p h os p h ors us u all y r e q uir e s p e cifi c p ol y m or p hs a n d d o p a nt i o ns 4 0 2  

i n c o m p ati bl e wit h c o n v e nti o n al s ol-g el s y nt h esis a n d m e c h a ni c al b all milli n g. As a r es ult, t h e BI D 4 0 3  

a p pr o a c h c o ntr asts str o n gl y wit h t h e li mit e d r a n g e of c o n v e nti o n al aft er gl o w m at eri als i n cl u di n g 4 0 4  

Z n G a 2 O 4 : Cr3 +  ( 6 9 5 n m), s e mi c o n d u cti n g p ol y m er s ( 7 8 0 n m), a n d r ar e-e art h d o p e d N a L n F 4 4 0 5  

n a n o p arti cl es ( > 1, 0 0 0 n m ) (8 , 9 , 1 6 ). S e c o n d, t h e BI D a p pr o a c h pr es er v es t h e cr yst alli nit y a n d 4 0 6  

e mi ssi o n i nt e nsit y of s oli d -st at e p h os p h ors i n s y nt h esi z e d c oll oi d al n a n o p h os p h ors. T his 4 0 7  

pr e s er v ati o n is o wi n g t o a mil d t o p -d o w n pr o c ess t h at pr o d u c es t h e c oll oi ds, i n str o n g c o ntr ast wit h 4 0 8  

h ar s h m e c h a ni c al milli n g t h at us u all y yi el ds m e c h a ni c al a n d disl o c ati o n -i n d u c e d q u e n c hi n g (2 3 , 4 0 9  

2 4 ). Usi n g t h e i n-vi v o i nt e nsit y aft er s u b c ut a n e o us i nj e cti o n as a m etri c f or c o m p ari s o n, BI D -4 1 0  

pr o d u c e d c oll oi ds ( ~ 3. 8 × 1 0 1 0  p/s/ c m 2 /sr/( m g/ m L), t a bl e S2 ) ar e t w o or d ers of m a g nit u d e hi g h er 4 1 1  

t h a n t h e bri g ht est aft er gl o w m at eri al r e p ort e d pr e vi o usl y ( ~ 1 08  p/s/ c m 2 /sr/( m g/ m L), t a bl e S2 ). 4 1 2  

F urt h er m or e, i n a n e x vi v o  s ol uti o n, BI D -pr o d u c e d c oll oi ds ar e fi v e or d ers of m a g nit u d e bri g ht er 4 1 3  

( 6. 2 ×  1 0 1 1  p/s/ c m 2 /sr/( m g/ m L), t a bl e S2 ) t h a n t h e bri g ht est aft er gl o w n a n o p arti cl es pr o d u c e d b y 4 1 4  

ot h er m et h o ds s u c h as b all milli n g a n d gri n di n g ( 2 ×  1 0 6  p/s/ c m 2 /sr/( m g/ m L), t a bl e S2 ). T h e hi g h 4 1 5  

q u alit y of BI D -pr o d u c e d c oll oi ds is als o e vi d e n c e d b y r e m ar k a bl e st a bilit y o v er 1 0 0 0 r e p e at e d 4 1 6  

r e c h ar gi n g a n d e missi o n c y cl es (fi g. S 2 3) a n d s u p eri or r esist a n c e a g ai nst p h ot o bl e a c hi n g e v e n aft er 4 1 7  

pr ol o n g e d e x p os ur e t o str o n g e x cit ati o n li g ht (fi g. S 2 4), i n c o ntr ast t o r a pi d d e c a y of or g a ni c 4 1 8  

aft er gl o w m at eri als (9 , 1 1 ). T hir d, t h e c oll oi d al st a bilit y of BI D-pr o d u c e d n a n o p h os p h or s i n w at er 4 1 9  
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yi el d s s uffi ci e nt bi os af et y f or t h e m t o b e us e d as s yst e mi c all y d eli v er e d li g ht s o ur c es i n li v e mi c e 4 2 0  

( Fi g. 5). T h e d e m o nstr at e d a bilit y of tr a ns cr a ni al aft er gl o w i m a gi n g of Y F Ps t h us off ers a mi ni m all y 4 2 1  

i n v asi v e a p pr o a c h t o i m a g e a n d m o d ul at e g e n e e x pr essi o n a n d n e ur al a cti vit y i n t h e m o us e br ai n 4 2 2  

wit h o ut a n y cr a ni al wi n d o ws or i m pl a nt e d G RI N l e ns es.  4 2 3  

 4 2 4  

F urt h er m or e, t h e BI D m et h o d als o e n a bl e s u ni q u e o p p ort u niti es f or s y nt h esi zi n g st a bl e c oll oi d al 4 2 5  

s us p e nsi o ns of ot h er f u n cti o n al m at eri als f or bi o m e di c al a p pli c ati o ns. S p e cifi c all y, b esi d es 4 2 6  

p er sist e nt p h os p h ors, ot h er f u n cti o n al m at eri als t h at c a n o nl y b e s y nt h esi z e d vi a hi g h -t e m p er at ur e 4 2 7  

s oli d -st at e r e a cti o ns or a n n e ali n g c a n als o b e pr o c ess e d vi a t h e BI D m et h o d t o yi el d st a bl e c oll oi d al 4 2 8  

s us p e nsi o ns i n w at er.  M a n y c er a mi c m at eri als, s u c h as m e c h a n ol u mi n es c e nt Z n S (4 4 ), pi e z o el e ctri c 4 2 9  

Li T a O 3 (4 5 ), a n d f err o el e ctri c m at eri als Li N b O 3  (4 6 ) c a n o nl y b e pr o d u c e d i n t h e b ul k a n d ar e t h us 4 3 0  

i ns ol u bl e i n w at er. N o n et h el ess, w e c a n l e v er a g e t h e s a m e BI D pri n ci pl e t o pr o d u c e c orr esp o n di n g 4 3 1  

st a bl e c oll oi ds w hil e pr es er vi n g t h e str u ct ur e a n d pr o p erti es of t h eir b ul k c o u nt er p art s f or bi ol o gi c al 4 3 2  

a p pli c ati o ns, s u c h as i n vi v o fl u or es c e n c e i m a gi n g (4 1 ), s o n o-o pt o g e n eti cs (4 4 ), ultr as o u n d a n d 4 3 3  

m a g n eti c n e ur o m o d ul ati o n (4 7 ), a n d fl e xi bl e o pt o el e ctr o ni cs (4 8 ).   4 3 4  

 4 3 5  

M at e ri al s a n d M et h o ds  4 3 6  

C h e mi c al s. Str o nti u m c ar b o n at e ( Sr C O 3 , ≥ 9 9. 9 %), sili c o n di o xi d e ( Si O2 , 9 9. 5 %), b ori c a ci d 4 3 7  

( H3 B O 3 , ≥ 9 9. 5 %), e ur o pi u m o xi d e ( E u2 O 3 , 9 9. 9 9 %), d ys pr osi u m o xi d e ( D y2 O 3 , 9 9. 9 9 %), 4 3 8  

m a g n e si u m c ar b o n at e h y dr o xi d e p e nt a h y dr at e [( M g C O 3 )4 · M g( O H)2 · 5 H2 O, 9 9. 5 %], al u mi n u m 4 3 9  

o xi d e  ( Al2 O 3 , 9 9. 9 9 %), zi n c s ulfi d e  ( Z n S, 9 9. 9 9 %), c o p p er (II) a c et yl a c et o n at e ( ≥ 9 9. 9 %), 4 4 0  

m a n g a n es e (II) c ar b o n at e ( M n C O 3 , ≥ 9 9. 9 %), s ulf ur ( 9 9. 9 8 %), c al ci u m c ar b o n at e ( C a C O 3 , 4 4 1  

≥ 9 9. 9 5 %), t h uli u m (III) a c et at e h y dr at e ( 9 9. 9 %), s o di u m citr at e di h y dr at e ( ≥ 9 9 %), str o nti u m 4 4 2  

c hl ori d e ( Sr Cl 2 , ≥ 9 9. 9 9 %), m a g n esi u m c hl ori d e ( M g Cl2 , 9 9. 9 %), a n d citri c a ci d ( ≥ 9 9. 5 %) w er e 4 4 3  

p ur c h as e d fr o m Si g m a -Al dri c h I n c. Et h a n ol, f et al b o vi n e s er u m ( F B S), h y dr o c hl ori c a ci d, nitri c 4 4 4  

a ci d (H N O 3 ), 1 ×  p h os p h at e -b uff er e d s ali n e ( P B S),  p ar af or m al d e h y d e, a n d N, N -4 4 5  

di m et h ylf or m a mi d e ( D M F) w er e p ur c h as e d fr o m T h er m o Fis h er S ci e ntifi c. M et h o x y( p ol y et h yl e n e 4 4 6  

gl y c ol) -sil a n e ( m P E G -sil a n e , 2 0 k D a) w as p ur c h as e d fr o m J e n k e m T e c h n ol o g y. All c h e mi c als w er e 4 4 7  

u s e d as p ur c h as e d.  4 4 8  

S y nt h esis of S r 2 M g Si 2 O 7 : E u, D y ( S M S O) b ul k p h os p h o r a n d c oll oi d al n a n o p h o s p h o r. S M S O 4 4 9  

n a n o p h os p h or c oll oi d w as pr e p ar e d b y a t w o -st e p m et h o d. First, S M S O b ul k p h os p h or w as 4 5 0  

s y nt h esi z e d vi a a hi g h t e m p er at ur e s oli d -st at e c h e mi c al r e a cti o n. I n t his r e a cti o n, 1 1 6 6. 2 8 m g of 4 5 1  

Sr C O 3  ( 7. 9 m m ol), 3 8 8. 5 2 m g of ( M g C O3 )4 · M g( O H)2 · 5 H2 O ( 0. 8 m m ol), 4 8 0. 6 4 m g of Si O 2 ( 8 4 5 2  

m m ol), 4. 2 m g of E u 2 O 3 ( 0. 0 1 2 m m ol), 1 4. 9 2 m g of D y2 O 3 ( 0. 0 4 m m ol), a n d 1 4. 8 3 m g of H3 B O 3 4 5 3  

( 0. 2 4 m m ol) w er e a d d e d i nt o a n a g at e mort ar a n d t h e n gr o u n d b y a p estl e f or 1 h. T h e n t h e mi x e d 4 5 4  

pr e c urs ors w er e a n n e al e d at 1 0 5 0 ℃ f or 2 h u n d er a r e d u cti o n at m os p h er e of 5 % H 2 i n Ar. Aft er 4 5 5  

c o oli n g t o r o o m t e m p er at ur e, t h e as -pr e p ar e d S M S O b ul k m at eri als w er e b all -mill e d usi n g zir c o ni a 4 5 6  

b e a ds i n a hi g h e n er g y b all mill ( 8 0 0 0 D Mi x er/ Mill, S P E X S a m pl e Pr e p, M et u c h e n, NJ ) f or 3 0 mi n. 4 5 7  

I n t h e s e c o n d st e p, s o di u m citr at e b uff er ( 0. 0 8 m ol/ L, p H = 6) w as pr e p ar e d as t h e bi oi ns pir e d 4 5 8  

d e mi n er ali z ati o n ( BI D) s ol uti o n. S u bs e q u e ntl y, t h e b all -mill e d S M S O p arti cl es ( 2 0 0 m g) a n d 2 4 4 5 9  

m L of s o di u m citr at e b uff er w er e a d d e d i nt o a fl as k a n d stirr e d at 8 0 ℃ f or 7 2 h, d uri n g w hi c h t h e 4 6 0  

p H of t h e s ol uti o n q ui c kl y i n cr e as e d t o a n d st a bili z e d at ~ 1 0. Fi n al S M S O n a n o p h os p h or c oll oi d 4 6 1  

w as o bt ai n e d b y c e ntrif u g ati o n at 1 0 0 0 r p m ( S or v all L e g e n d X 1 R  C e ntrif u g e; T h er m o Fis h er 4 6 2  

S ci e ntifi c, W alt h a m, M A ) f or 1 0 mi n t o r e m o v e l ar g e p ar e nt p arti cl es.      4 6 3  

S y nt h esis of S r 4 Al 1 4 O 2 5 : E u, D y ( S A O) b ul k p h os p h o r a n d c oll oi d al n a n o p h os p h o r. S A O b ul k 4 6 4  

p h os p h or w as pr e p ar e d b y a c o n v e nti o n al s oli d -st at e r e a cti o n. 1 4 7 6 m g of Sr C O 3  ( 1 0 m m ol), 1 7 8 4 4 6 5  

m g of Al 2 O 3  ( 1 7. 5 m m ol), 2 6 m g of E u2 O 3  ( 0. 0 7 5 m m ol), a n d 4 6 m g of D y2 O 3  ( 0. 1 2 5 m m ol) w er e 4 6 6  

w ei g h e d a n d t h or o u g hl y gr o u n d i n a n a g at e m ort ar f or 1 h. T h e mi x e d p o w d er w as a n n e al e d at 1 3 5 0 4 6 7  
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℃ f or 2 h u n d er t h e r e d u cti o n at m os p h er e of 5 % H 2  i n Ar. Aft er c o oli n g t o r o o m t e m p er at ur e, t h e 4 6 8  

pr e p ar e d S A O b ul k p o w d er w as mill e d usi n g zir c o ni a b e a ds i n a hi g h e n er g y b all mill f or 3 0 mi n. 4 6 9  

T h e s a m e BI D pr o c e d ur e as i n t h e pr e p ar ati o n of t h e S M S O c oll oi d w as f oll o w e d t o s y nt h esi z e t h e 4 7 0  

S A O c oll oi d.  4 7 1  

S y nt h esis of Z n S: C u, Al b ul k p h os p h o r a n d c oll oi d al n a n o p h os p h o r. Z n S: C u, Al b ul k p h os p h or 4 7 2  

w as pr e p ar e d b y a c o n v e nti o n al s oli d -st at e r e a cti o n. First, 2. 6 2 m g of c o p p er a c et yl a c et o n at e ( 0. 0 1 4 7 3  

m m ol) w as diss ol v e d i n 1 m L of c hl or of or m t o pr e p ar e a c o p p er pr e c urs or s ol uti o n ( 0. 0 1 m ol/ L). 4 7 4  

S u bs e q u e ntl y, 0. 9 8 g of Z n S ( 1 0 m m ol) a n d 3 m g of Al 2 O 3  ( 0. 0 3 m m ol) w er e w ei g h e d a n d p ut i nt o 4 7 5  

a n a g at e m ort ar. M e a n w hil e, 1 0 µ L of t h e c o p p er pr e c urs or s ol uti o n a n d 6 m g of H 3 B O 3  as t h e fl u x 4 7 6  

w er e a d d e d i nt o t h e a g at e m ort ar a n d t h or o u g hl y gr o u n d f or 1 h. L astl y, t h e mi x e d p o w d er w as 4 7 7  

a n n e al e d at 1 1 0 0 ℃ f or 2 h u n d er a r e d u cti o n at m os p h er e of 5 % H 2  i n Ar. Aft er c o oli n g t o r o o m 4 7 8  

t e m p er at ur e, t h e pr e p ar e d Z n S: C u, Al p o w d er w as b all-mill e d usi n g zir c o ni a b e a ds i n a hi g h e n er g y 4 7 9  

b all mill f or 3 0 mi n. T h e s a m e BI D pr o c e d ur e as i n t h e pr e p ar ati o n of t h e S M S O c oll oi d w as 4 8 0  

f oll o w e d t o sy nt h esi z e t h e Z n S: C u, Al c oll oi d.  4 8 1  

S y nt h esis of Z n S: M n  b ul k p h os p h o r a n d c oll oi d al n a n o p h os p h o r. Z n S: M n b ul k p h os p h or w as 4 8 2  

pr e p ar e d b y a c o n v e nti o n al s oli d -st at e r e a cti o n. 0. 9 8 g of Z n S ( 1 0 m m ol), 1. 1 5 m g of M n C O 3  ( 0. 0 1 4 8 3  

m m ol), a n d 6 m g of H 3 B O 3  as t h e fl u x w e r e w ei g h e d a n d gr o u n d i n a n a g at e m ort ar f or 1 h. T h e 4 8 4  

mi x e d p o w d er w as t h e n a n n e al e d at 1 1 0 0 ℃ f or 2 h u n d er a r e d u cti o n at m os p h er e of 5 % H 2  i n Ar. 4 8 5  

Aft er c o oli n g t o r o o m t e m p er at ur e, t h e pr e p ar e d Z n S: M n p o w d er w as b all -mill e d usi n g zir c o ni a 4 8 6  

b e a ds i n a hi g h  e n er g y b all mill f or 3 0 mi n. T h e s a m e BI D pr o c e d ur e as i n t h e pr e p ar ati o n of t h e 4 8 7  

S M S O c oll oi d w as f oll o w e d t o s y nt h esi z e t h e Z n S: M n c oll oi d.  4 8 8  

S y nt h esis of C a 0. 8 5 S r 0. 1 5 S: E u, T m ( C S S) p h os p h o r a n d c oll oi d al n a n o p h os p h o r.  C S S b ul k 4 8 9  

p h os p h or w as pr e p ar e d b y a c o n v e nti o n al s oli d -st at e r e a cti o n. 1 g of C a C O 3 ( 1 0 m m ol), 2 5 0 m g of 4 9 0  

Sr C O 3  ( 1. 7 m m ol), 0. 7 m g of E u2 O 3  ( 0. 0 0 4 m m ol), 4. 8 m g of t h uli u m (III) a c et at e h y dr at e ( 0. 0 1 4 4 9 1  

m m ol), a n d 6 m g of H 3 B O 3  ( 0. 1 m m ol) as t h e fl u x w er e w ei g h e d a n d gr o u n d i n a n a g at e m ort ar f or 4 9 2  

1 h. T h e n, 1 2 8 3 m g of s ulf ur ( 4 0 m m ol) w as a d d e d i nt o t h e mi x e d p o w d er a n d a n n e al e d at 1 1 0 0 ℃ 4 9 3  

f or 1 h usi n g a cti v at e d c h ar c o al t o pr o vi d e a r e d u ci n g at m os p h er e. Aft er c o oli n g t o r o o m 4 9 4  

t e m p er at ur e, t h e pr e p ar e d C S S p o w d er w as b all-mill e d usi n g zir c o ni a b e a ds i n a hi g h e n er g y b all 4 9 5  

mill f or 3 0 mi n. S u bs e q u e ntl y, t h e b all -mill e d C S S p arti cl es ( 2 0 0 m g) a n d 2 4 m L of t h e BI D 4 9 6  

s ol uti o n w er e a d d e d i nt o a fl as k a n d stirr e d at r o o m t e m p er at ur e f or 2 h. Fi n al C S S c oll oi d w as 4 9 7  

o bt ai n e d b y c e ntrif u g ati o n at 1 0 0 0 r p m ( S or v all L e g e n d X 1 R  C e ntrif u g e; T h er m o Fis h er S ci e ntifi c, 4 9 8  

W alt h a m, M A ) f or 1 0 mi n t o r e m o v e l ar g e p ar e nt p arti cl es.  4 9 9  

S u rf a c e f u n cti o n ali z ati o n of n a n o p h os p h o r c oll oi ds.  F or i n vi v o a p pli c ati o ns, t h e as -pr e p ar e d 5 0 0  

c oll oi ds w er e f u n cti o n ali z e d wit h m P E G -sil a n e ( 2 0 k D a). First, t h e S M S O c oll oi d w as tr a nsf err e d 5 0 1  

i nt o a c ell ul os e di al ysis t u bi n g (M W C O = 3 0 k D a) a n d di al y z e d a g ai nst w at er f or 2 d a ys t o r e m o v e 5 0 2  

e x c es s citr at e i o ns. S u bs e q u e ntl y, s urf a c e h y dr o x yl ati o n w as p erf or m e d o n t h e s urf a c e of t h e S M S O 5 0 3  

c oll oi d. S p e cif i c all y, a 2 0 µ L s ol uti o n of s o di u m h y dr o xi d e ( 1 0 m ol/ L) w as a d d e d i nt o 1 0 m L of 5 0 4  

S M S O c oll oi d ( 6 7 n m ol/ L) a n d s o ni c at e d f or 1 h at r o o m t e m p er at ur e (4 9 ). Aft er s urf a c e 5 0 5  

h y dr o x yl ati o n, t h e S M S O c oll oi d w as w as h e d wit h w at er a n d a n h y dr o us D M F t hr e e ti m es i n e a c h 5 0 6  

s ol v e nt a n d dis p ers e d i n D M F. Fi n al l y, 4 0 m g of m P E G -sil a n e ( 2 0 k D a) w as a d d e d i nt o 1 0 m L of 5 0 7  

t h e S M S O D M F s ol uti o n a n d s o ni c at e d at 5 0 ℃ f or 4 h.  T h e P E G yl at e d -S M S O c oll oi d w as w as h e d 5 0 8  

wit h p ur e D M F a n d w at er t hr e e ti m es i n e a c h s ol v e nt a n d t h e n dis p ers e d i n P B S f or i n vi v o 5 0 9  

e x p eri m e nts. T h e s a m e P E G yl ati o n pr o c e d ur e w as f oll o w e d t o pr e p ar e t h e s ol uti o ns c o nt ai ni n g 5 1 0  

S A O, Z n S: C u, Al, Z n S: M n, a n d C S S c oll oi ds.  5 1 1  

C h a r a ct e ri z ati o ns.  X -r a y diffr a cti o n ( X R D) p att er ns w er e a c q uir e d b y usi n g a diffr a ct o m et er 5 1 2  

( P A N al yti c al E m p yr e a n, M al v er n P a n al yti c al Lt d ., M al v er n, U nit e d Ki n g d o m) wit h C u K α ( λ = 5 1 3  

1. 5 4 0 5 9 8 Å) r a di ati o n at a 4 5 k V t u b e v olt a g e a n d a 4 0 m A t u b e c urr e nt. T h e tr a ns mi ssi o n el e ctr o n 5 1 4  

mi cr os c o p e ( T E M) i m a g es of t h e s a m pl es w er e c a pt ur e d o n a Fi el d El e ctr o n a n d I o n C o m p a n y 5 1 5  
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T e c n ai T E M ( F EI C o m p a n y, Hills b or o, Or e g o n ) e q ui p p e d wit h a c h ar g e-c o u pl e d d e vi c e ( C C D) 5 1 6  

c a m er a. S c a n ni n g el e ctr o n mi cr os c o p e  (S E M) i m a g es w er e r e c or d e d b y a n A pr e o S L o V a c S E M 5 1 7  

(T h er m o Fis h er S ci e ntifi c, W alt h a m, M A ). F o uri er tr a nsf or m i nfr ar e d ( F TI R) s p e ctr os c o p y w as 5 1 8  

p erf or m e d usi n g a Ni c ol et i S 5 0 F T/I R s p e ctr o m et er ( T h er m o Fis h er S ci e ntifi c, W alt h a m, M A ) o n 5 1 9  

dri e d p o w d er s a m pl es. A bs or pti o n s p e ctr a w er e m e a s ur e d b y a n E v ol uti o n 3 5 0 U V -Vi s 5 2 0  

S p e ctr o p h ot o m et er ( T h er m o Fis h er S ci e ntifi c, W alt h a m, M A ). F or t h e U V-Vis m e as ur e m e nt of t h e 5 2 1  

s ili c a-citr at e c o m pl e x, a S a vit z k y -G ol a y filt er wit h a wi n d o w si z e of 1 0 is a p pli e d d u e t o its l o w 5 2 2  

a bs or pti o n. All ot h er U V -Vis a bs or pti o n s p e ctr a ar e dis pl a y e d as is.  P h ot ol u mi n es c e n c e s p e ctr a of 5 2 3  

all s a m pl es w er e m e a s ur e d b y a H ori b a Fl u or o L o g Fl u or o m et er  s p e ctr o p h ot o m et er ( H O RI B A Lt d., 5 2 4  

K y ot o, J a p a n ) i n a 1-c m q u art z c u v ett e. I n p h ot ol u mi n es c e n c e m e as ur e m e nts, t h e e x cit ati o n 5 2 5  

w a v el e n gt h w as 3 8 0 n m a n d t h e m e as ur e d r a n g e of p h ot ol u mi n es c e n c e w as 4 0 0 -7 0 0 n m. El e m e nt al 5 2 6  

a n al ys es of t h e s a m pl es w er e c h ar a ct eri z e d b y a n i n d u cti v el y c o u pl e d pl as m a m as s  s p e ctr o m et er  5 2 7  

(I C P-M S, T h er m o  S ci e ntifi c X -S E RI E S II Q u a dr u p ol e, T h er m o Fis h er S ci e ntifi c, W alt h a m, M A ).  5 2 8  

N u cl e ar m a g n eti c r es o n a n c e ( N M R) s p e ctr a w er e c oll e ct e d o n a 5 0 0 M H z V ari a n I n o v a N M R 5 2 9  

s p e ctr o m et er ( V ari a n, I n c. , P al o Alt o, C A). T h e Br u n a u er -E m m ett -T ell er ( B E T) is ot h er m w as 5 3 0  

m e a s ur e d usi n g a s urf a c e ar e a a n d p or e si z e a n al y z er ( A nt o n -P a ar N o v a T o u c h, B o y nt o n B e a c h,  5 3 1  

F L).       5 3 2  

D et e r mi ni n g m ol a r c o n c e nt r ati o ns of n a n o p h o s p h o r c oll oi ds. T h e m ol ar c o n c e ntr ati o n of e a c h 5 3 3  

c oll oi d w as c al c ul at e d wit h t h e B e er -L a m b ert L a w ( A = Ɛl c ), i n w hi c h A  is t h e a bs or b a n c e, Ɛ  is t h e 5 3 4  

e xti n cti o n c o effi ci e nt p er m ol e of c oll oi d al n a n o p arti cl es p er lit er ( L/ m ol/ c m), l is t h e o pti c al p at h 5 3 5  

l e n gt h ( c m), a n d c  is t h e m ol ar c o n c e ntr ati o n ( m ol/ L) of t h e c oll oi d al n a n o p arti cl es of t h e s a m e 5 3 6  

s a m pl e. S p e cifi c all y, Ɛ  w as d et er mi n e d b y li n e ar fitti n g of t h e m e a s ur e d a bs or b a n c e at 4 0 0 n m f or 5 3 7  

a s p e cifi c c oll oi d at t hr e e c o n c e ntr ati o ns a g ai nst t h eir c o n c e ntr ati o ns d et er mi n e d b y I C P -M S 5 3 8  

m e a s ur e m e nts.  5 3 9  

R e al -ti m e c o nf o c al fl u o r es c e n c e mi c r os c o p y of t h e BI D p r o c ess. T h e BI D pr o c e ss of S M S O 5 4 0  

p arti cl es i n t h e s o di u m citr at e b uff er w as c h ar a ct eri z e d wit h r e al -ti m e fl u or es c e n c e i m a gi n g, w hi c h 5 4 1  

w as p erf or m e d o n a L S M 9 8 0 c o nf o c al mi cr os c o p e ( C arl Z essi s, O b er k o c h e n, G er m a n y) usi n g a 5 4 2  

6 3 ×  oil -i m m ersi o n Pl a n-A P O o bj e cti v e ( n u m eri c al a p ert ur e: 1. 4) wit h a n e x cit ati o n w a v el e n gt h of 5 4 3  

4 0 5 n m a n d a n e x p os ur e ti m e of 1. 6 2 s p er i m a g e. T h e filt er s et c o nsi st e d of a n e x cit ati o n filt er at 5 4 4  

4 0 5 n m, a b e a m s plitt er at 4 3 5 n m, a n d a n e missi o n filt er at 4 6 5 n m. A z -st a c k of 3 1 sli c es wit h a n 5 4 5  

i nt er v al of 0.3 8 µ m ( pi n h ol e si z e: 1. 8 3 air y u nit) w as a c q uir e d p er ti m e fr a m e t o a c c o u nt f or t h e 5 4 6  

v erti c al drifti n g of S M S O p arti cl es.  5 4 7  

T h e c o nst a nt -c o m p ositi o n ( C C) t e c h ni q u e. Diss ol uti o n e x p eri m e nts wit h t h e C C t e c h ni q u e w er e 5 4 8  

p erf or m e d b y f oll o wi n g pr e vi o usl y r e p ort e d  pr ot o c ols (2 5 , 2 7 ). S p e cifi c all y, all r e a cti o ns w er e 5 4 9  

c arri e d o ut i n m a g n eti c all y stir r e d t hr e e-n e c k r o u n d -b ott o m fl as ks. U n d ers at ur at e d r e a cti o n 5 5 0  

s ol uti o ns ( 6 0 m L) w er e pr e p ar e d b y mi xi n g 3 6 0 μ L of Sr Cl 2  ( 1 m ol/ L) a n d 1 8 0 μ L of M g Cl2  ( 1 5 5 1  

m ol/ L) s ol uti o ns wit h t h e s o di u m citr at e b uff er ( 0. 0 8 m ol/ L) s u c h t h at [ M g 2 + ] = 3 m m ol/ L a n d [ Sr2 + ] 5 5 2  

= 6 m m ol/ L. T h e p H w as a dj ust e d t o t h e d esir e d v al u e wit h eit h er h y dr o c hl ori c a ci d ( 1 2. 1 m ol/ L) 5 5 3  

or s o di u m h y dr o xi d e ( 1 0 m ol/ L). T h e u n d ers at ur at e d s ol uti o n w as t h e n h e at e d a n d k e pt at 9 0 ° C i n 5 5 4  

a sili c o n oil b at h d uri n g t h e r e a cti o n. T h e C C diss ol uti o n r e a cti o n w as i niti at e d b y i ntr o d u ci n g b ul k 5 5 5  

S M S O p arti cl e s ( 1 0 0 m g) wit h a s p e cifi c s urf a c e ar e a of 4 3, 8 5 0 c m 2 / g (fi g. S 6). D uri n g t h e r e a cti o n, 5 5 6  

t h e p H of t h e s ol uti o n w as c o nst a ntl y m o nit or e d usi n g a b e n c ht o p p H m et er ( S e v e n C o m p a ct S 2 3 0; 5 5 7  

M ettl er T ol e d o, Gr eif e ns e e,  S wit z erl a n d), w hi c h pr o vi d e d f e e d b a c k c o ntr ol f or t h e titr a nt ( 0. 0 8 5 5 8  

m ol/ L citr at e b uff er p H = 1. 7 5) t o k e e p t h e p H wit hi n ± 0. 1 of t h e d esir e d v al u e. T h e c o m p ositi o n 5 5 9  

a n d c o n c e ntr ati o n of t h e titr a nt w er e c al c ul at e d t o e ns ur e [ M g Cit -], [ Sr Cit-], [ H Cit2 -], a n d [ Cit 3 -] all 5 6 0  

st a y e d c o nst a nt d uri n g t h e diss ol uti o n r e a cti o n if t h e p H r e m ai n e d c o nst a nt a c c or di n g t o t h e 5 6 1  

e q u ati o n i n fi g. S 1. D u e t o t h e u n k n o w n st oi c hi o m etr y of t h e sili c a -citr at e c o m pl e x, w e di d n ot 5 6 2  

https://www.thermofisher.com/us/en/home/industrial/mass-spectrometry/inductively-coupled-plasma-mass-spectrometry-icp-ms.html
https://paperpile.com/c/f5jzAn/flHy4+puWHn
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c o ntr ol its c o n c e ntr ati o n at a c o nst a nt, a n d w e ar g u e t h at t h e p ot e nti al f or m ati o n of sili c a cl ust ers 5 6 3  

c o ntri b ut es a u nit y a cti vit y ( e. g., i n d e p e n d e nt of it s c o n c e ntr ati o n) t o t h e c h e mi c al e q uili bri u m.  5 6 4  

P r o vi n g ki n eti c all y p r es e r v e d diss ol uti o n t o p r o d u c e n a n o p h os p h o r c oll oi ds.  I n t hi s ki n eti c all y 5 6 5  

pr e s er v e d  diss ol uti o n e x p eri m e nt, 1 0 0 0 m g of b all -mill e d S M S O p arti cl es a n d 1 2 0 m L of s o di u m 5 6 6  

citr at e b uff er ( 0. 0 8 m ol/ L, p H = 6) w er e a d d e d i nt o a fl as k a n d stirr e d at 8 0 ℃ f or 1 0 mi n. T h e n, t h e 5 6 7  

S M S O s us p e nsi o n w as c e ntrif u g e d at 1 0 0 0 r p m f or 1 0 mi n t o r e m o v e l ar g e p ar e nt p arti cl es a n d at 5 6 8  

8 0 0 0 r p m f or 2 0 mi n t o s e p ar at e n a n o p arti cl es. T h e s u p er n at a nt, w hi c h c o nt ai n e d a n u n d ers at ur at e d 5 6 9  

s ol uti o n f or S M S O, w as c oll e ct e d a n d e q u all y di vi d e d i nt o t w o p arts: S ol uti o n 1 w as a d d e d wit h 5 7 0  

t h e S M S O n a n o p h os p h or c oll oi d a n d k e pt stirri n g at 8 0 ℃ f or 3 d a ys. A bri g ht fi el d i m a g e, a n 5 7 1  

i m a g e s h o wi n g t h e T y n d all eff e ct wit h a 6 3 2. 8 n m H e N e l as er b e a m ( T h or L a bs), a n d a n aft er gl o w 5 7 2  

i m a g e w er e t a k e n at d a y 0 a n d d a y 3 f or t hi s mi xt ur e ( Fi g. 1J, b ott o m r o w). M e a n w hil e, t h e U V-5 7 3  

vis s p e ctr u m o f t his mi xt ur e w as m e as ur e d at d a y 0 a n d d a y 3 (fi g. S 8). S ol uti o n 2 w as a d d e d wit h 5 7 4  

S M S O b ul k pr e c urs or p arti cl es a n d k e pt stirri n g at 8 0 ℃ f or 3 d a ys. T h e s a m e i m a g es w er e t a k e n 5 7 5  

at d a y 0 f or t h e mi xt ur e of S ol uti o n 2 a n d at d a y 3 f or t h e mi xt ur e of S ol uti o n 2 aft er p assi n g 1 0 0 0 5 7 6  

r p m f or 1 0 mi n ( Fi g. 1J, t o p r o w).  5 7 7  

S p e ct r al c h a r a ct e ri z ati o ns of p e rsist e nt l u mi n es c e n c e. P ersist e nt l u mi n es c e n c e s p e ctr a of b ul k 5 7 8  

p h os p h ors a n d c oll oi d al n a n o p h os p h ors w er e a c q uir e d usi n g a fi b er -c o u pl e d s p e ctr o m et er 5 7 9  

( O C E A N-H D X -VI S -NI R; O c e a n O pti cs, Orl a n d o, F L ) t h at m e a s ur es t h e w h ol e s p e ctr u m i n t h e 5 8 0  

r a n g e of 3 5 0-9 0 0 n m s p o nt a n e o usl y. A p ol y di m et h ylsil o x a n e ( P D M S) p h a nt o m c o nt ai ni n g a 5 8 1  

s p e cifi c p h os p h or or n a n o p h os p h or c oll oi d w as us e d as t h e s a m pl e f or s p e ctr al c h ar a ct eri z ati o ns. 5 8 2  

S p e cifi c all y, t h e P D M S p h a nt o m w as c h ar g e d b y a 3 6 5 -n m li g ht e mitti n g di o d e ( L E D; S O LI S -5 8 3  

3 6 5 C, T h orl a bs, N e wt o n, NJ ) at 5. 7 m W/ m m2  f or 1 0 s. T h e p ersist e nt l u mi n es c e n c e s p e ctr u m w as 5 8 4  

a c q uir e d i m m e di at el y aft er t h e c h ar gi n g li g ht w as t ur n e d off. A v er a gi n g o v e r m ulti pl e 5 8 5  

m e a s ur e m e nts w as a p pli e d as n e e d e d t o r e d u c e t h e n ois e of t h e s p e ctr u m.  5 8 6  

Ti m e -r es ol v e d i nt e nsit y m e as u r e m e nts of p e rsi st e nt l u mi n es c e n c e. P D M S p h a nt o m s as 5 8 7  

pr e p ar e d a b o v e w er e c h ar g e d f or 1 0 s b y a 3 6 5 -n m L E D at 0. 1 3 m W/ m m 2 , a n d a p h ot o m ulti pli er 5 8 8  

t u b e ( P M T 1 0 0 1; T h orl a bs, N e wt o n, NJ ) w as p ut i n t h e cl os e vi ci nit y of t h e p h a nt o m t o c oll e ct t h e 5 8 9  

p er sist e nt l u mi n es c e n c e aft er t h e c h ar gi n g li g ht w as t ur n e d off. T h e o ut p ut v olt a g e fr o m t h e P M T, 5 9 0  

w hi c h e x hi bits a li n e ar d e p e n d e n c e o n li g ht i nt e nsit y, w as t h e n c oll e ct e d b y a m ultif u n cti o n 5 9 1  

i n p ut/ o ut p ut (I/ O) d e vi c e ( NI U S B-6 2 2 1, N ati o n al I nstr u m e nts, A usti n, T X ).  5 9 2  

L u mi n es c e n c e q u a nt u m yi el d m e as u r e m e nt.  T h e l u mi n es c e n c e q u a nt u m yi el d m e as ur e m e nt w as 5 9 3  

c o n d u ct e d b y f oll o wi n g pr ot o c ols est a blis h e d i n pr e vi o us r e p orts (1 4 , 3 3 , 5 0 ). S p e cifi c all y, t h e 5 9 4  

S M S O n a n o p h os p h or c oll oi d w as e x cit e d b y a c olli m at e d 3 6 5 -n m li g ht b e a m c o u pl e d fr o m a n L E D 5 9 5  

( M 3 6 5 L P 1, T h orl a bs, N e wt o n, NJ ). A n i nt e gr ati n g s p h er e (I S 2 0 0, T h orl a bs, N e wt o n, NJ ) a n d a 5 9 6  

n o n -s c a n ni n g fi b er -c o u pl e d s p e ctr o m et er ( O C E A N -H D X -VI S -NI R; O c e a n O pti cs, Orl a n d o, F L ) 5 9 7  

w er e us e d t o r e dir e ct a n d c oll e ct t h e e x cit ati o n a n d e missi o n li g ht si m ult a n e o usl y b ot h d uri n g a n d 5 9 8  

aft er t h e r e c h ar gi n g. T h e a bs or b e d p h ot o ns w er e m e as ur e d b y r e pl a ci n g t h e S M S O c oll oi d wit h 5 9 9  

w at er a n d r e p e ati n g t h e a b o v e pr o c e d ur e. T h e l u mi n es c e n c e q u a nt u m yi el d w as t h e n c al c ul at e d as 6 0 0  

f oll o ws: 6 0 1  

𝑅 𝑅 =
𝑟 ℎ 𝑟 𝑅 𝑟 𝛾 𝑆  𝐿 𝛺𝛥 𝑔 𝛾 𝑆 𝐿

𝛥 ℎ 𝑔 𝑡 𝑜 𝑛 𝑠  𝑎 𝑏 𝑠 𝑜 𝑟 𝑏 𝑒 𝑑
=

∫ 𝐼 𝐸 𝑚  𝑑 𝑡
𝑡 𝐿 𝑢 𝑚
0

( 𝐼 𝐸 𝑥 _𝑟 𝑒 𝑓 − 𝐼 𝐸 𝑥 _𝑆 𝑀 𝑆 𝑂 )  𝑡 𝐸 𝑥
   6 0 2  

w h er e Q Y is t h e l u mi n es c e n c e q u a nt u m yi el d; 𝐼𝐸 𝑚  is t h e e missi o n li g ht i nt e nsit y; 𝐼𝐸 𝑥 _𝑟 𝑒 𝑓  a n d 6 0 3  

𝐼𝐸 𝑥 _𝑆 𝑀 𝑆 𝑂  ar e t h e e x cit ati o n li g ht i nt e nsit y i n t h e pr es e n c e of w at er or S M S O n a n o p h os p h or c oll oi d, 6 0 4  

r es p e cti v el y; 𝑡 𝐿 𝑢 𝑚  a n d 𝑡 𝐸 𝑥  ar e t h e d ur ati o n of l u mi n es c e n c e a n d e x cit ati o n li g ht, r es p e cti v el y.  6 0 5  

R e p etiti v e r e c h a r gi n g st a bilit y ass ess m e nt.  P D M S p h a nt o ms as pr e p ar e d a b o v e w er e c h ar g e d b y 6 0 6  

a 3 6 5 -n m L E D at 1 m W/ m m 2  f or 1 0 0-ms, f oll o w e d b y i m a g e a c q ui siti o n usi n g a s ci e ntifi c C M O S 6 0 7  

c a m er a ( C S 1 6 5 M U, T h orl a bs, N e wt o n, NJ ) wit h 1-H z fr a m e r at e f or 5 fr a m es, r es ulti n g i n a 6 0 8  

https://www.ni.com/en-us/shop.html
https://paperpile.com/c/f5jzAn/J6bGe+GtAq+E98S
https://paperpile.com/c/f5jzAn/J6bGe+GtAq+E98S
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r e c h ar gi n g d ut y c y cl e of 2 %. T h e s a m e r e c h ar gi n g a n d i m a g e a c q ui siti o n c y cl e w as r e p e at e d f or 6 0 9  

1 0 0 0 ti m es t o ass es s t h e r e p etiti v e r e c h ar gi n g st a bilit y of BI D -pr o d u c e d n a n o p h os p h or.  6 1 0  

P h ot o bl e a c hi n g r esist a n c e ass es s m e nt.  P D M S p h a nt o m s as pr e p ar e d a b o v e w er e c h ar g e d b y a 6 1 1  

3 6 5 -n m L E D at 1 m W/ m m 2  f or 1 0 0-ms, f oll o w e d b y i m a g e a c q ui siti o n usi n g a s ci e ntifi c C M O S 6 1 2  

c a m er a. Aft er w ar ds, t h e p h a nt o m s w er e bl e a c h e d b y 1 m W/ m m 2  f or 2 4 hr c o nti n u o usl y. T h e n t h e 6 1 3  

s a m e r e c h ar gi n g a n d i m a g e a c q uisiti o n pr o c e d ur e w as r e p e at e d, a n d t h e aft er gl o w i nt e nsiti es of t h e 6 1 4  

p h a nt o m s w er e n or m ali z e d a g ai nst t h os e b ef or e p h ot o bl e a c hi n g.  6 1 5  

V e rt e b r at e a ni m al s u bj e ct s. A d ult ( 2 0 -3 0 g) B A L B/ cJ mi c e ( m al e, 8 w e e ks ol d, J a c ks o n 6 1 6  

L a b or at or y, B ar H ar b or, M E), J: N u n u d e mi c e ( m al e, 6 w e e ks ol d, J a c ks o n L a b or at or y, B ar H ar b or, 6 1 7  

M E), C 5 7 B L/ 6J mi c e ( m al e, 6 w e e ks ol d, J a c ks o n L a b or at or y, B ar H ar b or, M E ), a n d B 6. C g -6 1 8  

T g( T h y 1 -Y F P) 1 6Jr s/J mi c e ( m al e, 6 w e e ks ol d,  J a c ks o n L a b or at or y, B ar H ar b or, M E ) w er e t h e 6 1 9  

v ert e br at e a ni m al s u bj e cts us e d i n t his st u d y. All pr o c e d ur es p erf or m e d o n mi c e w er e a p pr o v e d b y 6 2 0  

St a nf or d U ni v ersit y's A d mi ni str ati v e P a n el o n L a b or at or y A ni m al C ar e ( A P L A C). T h e a ni m al c ar e 6 2 1  

a n d us e pr o gr a ms at  St a nf or d U ni v ersit y m e et t h e r e q uir e m e nts of all f e d er al a n d st at e r e g ul ati o ns 6 2 2  

g o v er ni n g t h e h u m a n e c ar e a n d us e of l a b or at or y a ni m als, i n cl u di n g t h e U S D A A ni m al W elf ar e 6 2 3  

A ct, a n d P H S P oli c y o n H u m a n e C ar e a n d Us e of L a b or at or y A ni m als. T h e l a b or at or y a ni m al c ar e 6 2 4  

pr o gr a m at St a nf or d is a c cr e dit e d b y t h e Ass o ci ati o n f or t h e Ass ess m e nt a n d A c cr e dit ati o n of 6 2 5  

L a b or at or y A ni m al C ar e ( A A A L A C I nt er n ati o n al). A ni m als w er e gr o u p -h o us e d o n a 1 2 h: 1 2 h 6 2 6  

li g ht: d ar k c y cl e i n t h e St a nf or d U ni v ersit y’s V et eri n ar y S er vi c e C e nt er ( V S C) a n d f e d wit h f o o d 6 2 7  

a n d w at er a d li bit u m as a p pr o pri at e.  6 2 8  

P e rsi st e nt l u mi n es c e n c e i m a gi n g of s u b c ut a n e o usl y i nj e ct e d n a n o p h os p h o r c oll oi ds. N u d e 6 2 9  

mi c e w er e a n est h eti z e d b y i ntr a p erit o n e al i nj e cti o n of 8 0 m g/ k g k et a mi n e ( K et a V e d ®, V e d c o, I n c., 6 3 0  

St. J os e p h, M O) a n d 1 m g/ k g d e x d o mit or ( D e x m e d es e d ™, D e c hr a V et eri n ar y Pr o d u cts, O v erl a n d 6 3 1  

P ar k, K S). T o m ai nt ai n t h e b o d y t e m p er at ur e a n d pr e v e nt h y p ot h er mi a, a h o m e ot h er mi c bl a n k et 6 3 2  

( H ar v ar d A p p ar at us, H olli st o n, M A) w as s et t o 3 7 ° C a n d pl a c e d u n d er n e at h t h e a n est h eti z e d 6 3 3  

m o us e. A bl a c k o ut f a bri c ( B K 5; T h orl a bs, N e wt o n, NJ ) w as p ut u n d er n e at h t h e mi c e t o r e d u c e t h e 6 3 4  

b a c k gr o u n d r efl e cti o n w h e n t a ki n g t h e i m a g e. 5 0 μ L of c oll oi d al s ol uti o ns ( S M S O, 1 4 6 n m ol/ L; 6 3 5  

S A O, 4 n m ol/ L; Z n S: C u, Al, 8 0 n m ol/ L; Z n S: M n, 3 1 n m ol/ L;  C S S, 8 1 n m ol/ L) w er e t h e n i nj e ct e d 6 3 6  

s u b c ut a n e o usl y at fi v e diff er e nt l o c ati o ns u n d er t h e d ors al s ki n as i n di c at e d b y Fi g. 4 A. T h e c oll oi ds 6 3 7  

w er e t h e n c h ar g e d b y a 3 6 5 -n m L E D at 0. 5 m W/ m m 2  f or 5 s b ef or e i m a g e a c q uisiti o n. C ol or i m a g es 6 3 8  

i n Fi g. 4 C w er e a c q uire d usi n g t h e a b o v e -m e nti o n e d c ol or di git al c a m er a wit h a n I S O of 1 2 8 0 0 a n d 6 3 9  

a n e x p os ur e ti m e of 1 0 s. T h e i m a g e i n Fi g. 4 D  w as a c q uir e d usi n g a n I VI S S p e ctr u m s m all a ni m al 6 4 0  

i m a gi n g s yst e m ( S p e ctr al I nstr u m e nts I m a gi n g; T u cs o n, A Z) wit h a n e x p os ur e ti m e of 0. 5 s at 1 0 s 6 4 1  

aft er t h e c e as e of t h e c h ar gi n g li g ht.  6 4 2  

P e rsi st e nt l u mi n es c e n c e b r ai n v as c ul a r i m a gi n g. B A L B/ c J mi c e w er e a n est h eti z e d usi n g t h e 6 4 3  

a b o v e -m e nti o n e d k et a mi n e/ d e x d o mit or c o c kt ail, a n d  pl a c e d o n t h e h o m e ot h er mi c bl a n k et s et t o 3 7 6 4 4  

° C. H air r e m o v al l oti o n ( N air ®, C h ur c h & D wi g ht, E wi n g, NJ) w as us e d f or d e pil ati o n of t h e m o us e 6 4 5  

h e a d, a n d i o d o p h or w as a p pli e d t o st erili z e t h e d e pil at e d s c al p s ki n. I n cisi o n a n d it s el o n g ati o n w er e 6 4 6  

m a d e b y s u r gi c al s ciss ors t o e x p os e t h e cr a ni al b o n e. T h e bl a c k o ut f a bri c w as pl a c e d u n d er n e at h 6 4 7  

t h e m o us e as m e nti o n e d a b o v e. 2 0 0 μ L of pr e-c h ar g e d n a n o p h os p h or c oll oi ds dis p ers e d i n 1 ×  P B S 6 4 8  

( S M S O, 4 9 3 n m ol/ L; S A O, 8 n m ol/ L) w er e t h e n d eli v er e d i nt o t h e bl o o dstr e a m t hr o u g h t ail -v ei n 6 4 9  

i nj e cti o n, a n d t h e p ersist e nt l u mi n es c e n c e i m a g e w as a c q uir e d i m m e di at el y aft er t h e i nj e cti o n usi n g 6 5 0  

a n el e ctr o n -m ulti pl yi n g C C D ( E M C C D, i X o n Ultr a 8 8 8, A n d or T e c h n ol o g y, B elf a st, U nit e d 6 5 1  

Ki n g d o m) wit h a 3 0 s e x p os ur e ti m e . 6 5 2  

R e m ot e r e c h a r gi n g  a n d aft e r gl o w i m a gi n g of t h e f e m o r al a rt e r y.  N u d e mi c e w er e a n est h eti z e d 6 5 3  

usi n g t h e a b o v e -m e nti o n e d k et a mi n e/ d e x d o mit or c o c kt ail, a n d pl a c e d o n t h e h o m e ot h er mi c bl a n k et 6 5 4  

s et t o 3 7 ° C. I n cisi o n a n d it s el o n g ati o n o n t h e hi n dli m b s ki n w er e m a d e b y s ur gi c al s c iss ors t o 6 5 5  

e x p os e t h e f e m or al art er y. T h e bl a c k o ut f a bri c w as pl a c e d u n d er n e at h t h e m o us e as m e nti o n e d 6 5 6  
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a b o v e. 2 0 0 μ L of pr e -c h ar g e d n a n o p h os p h or c oll oi ds dis p ers e d i n 1 ×  P B S ( S A O, 8 n m ol/ L) w er e 6 5 7  

t h e n i nj e ct e d i ntr a v e n o usl y. 5 s aft er t h e i nj e cti o n, 1 5 fr a m es of aft er gl o w i m a g es ( ~ 3 1. 5 s i n t ot al) 6 5 8  

w er e a c q uir e d wit h o ut r e c h ar gi n g usi n g t h e E M C C D wit h 2 s e x p os ur e ti m e a n d 0. 1 s i nt erfr a m e 6 5 9  

l at e n c y. S u bs e q u e ntl y, a c olli m at e d 3 6 5-n m li g ht b e a m ( 1 m W/ m m 2 ) c o u pl e d fr o m a L E D w as 6 6 0  

t ur n e d o n f or 2 s t o r e c h ar g e t h e cir c ul ati n g n a n o p h os p h ors i n t h e h e p ati c v ess els i n t h e li v er r e gi o n. 6 6 1  

1 0 fr a m es of aft er gl o w i m a g es ( ~ 2 1 s i n t ot al) w er e a c q uir e d usi n g t h e E M C C D wit h t h e s a m e 6 6 2  

i m a gi n g p ar a m et ers f oll o wi n g e a c h r e c h ar gi n g p uls e. T his r e m ot e r e c h ar gi n g a n d aft er gl o w 6 6 3  

i m a gi n g c y cl e w as r e p e at e d f or 1 0 p eri o ds. S e e fi g. S 1 6 A f or m or e i nf or m ati o n. 6 6 4  

Aft e r gl o w i m a gi n g of Y F Ps i n t h e m o us e b r ai n.  Aft er d eli v er y of a n S M S O c oll oi d al s ol uti o n 6 6 5  

(4 9 3 n m ol/ L ), t h e s c al p w as r e m o v e d t o e x p os e t h e s k ull, a n d t h e S M S O c oll oi d i n t h e br ai n  bl o o d 6 6 6  

v ess els w as c h ar g e d b y a 3 6 5 -n m L E D at 0. 5 m W/ m m 2  f or 5 s b ef or e i m a g e a c q uisiti o n usi n g t h e 6 6 7  

E M C C D wit h 3 0 s e x p os ur e ti m e. T w o aft er gl o w i m a g e s w er e c oll e ct e d usi n g a 4 8 2 -n m b a n d p ass 6 6 8  

( 4 8 2 B P) filt er a n d a 5 5 0-n m l o n g p ass ( 5 5 0 L P) filt er, r es p e cti v e l y. T o a c c o u nt f or t h e s p ati al 6 6 9  

v ari ati o n of t h e li g ht s o ur c e i nsi d e bl o o d v ess els a n d g et t h e Y F P aft er gl o w i m a g es i n Fi g. 5 D, w e 6 7 0  

s u btr a ct e d t h e b a c k gr o u n d of t h e 5 5 0 L P a n d 4 8 2 B P i m a g es a n d t h e n p erf or m e d fl at -fi el d 6 7 1  

c orr e cti o n b y n or m ali zi n g t h e 5 5 0 L P i m a g e a g ai nst t h e 4 8 2 B P i m a g e.  6 7 2  

I n vi v o  bi o dist ri b uti o n st u d y.  I C P-M S w as us e d t o st u d y t h e bi o distri b uti o n of s yst e mi c all y 6 7 3  

d eli v er e d S M S O c oll oi ds i n vi v o. Si x B A L B/ cJ mi c e i ntr a v e n o usl y i nj e ct e d wit h 2 0 0 µ L  of S M S O 6 7 4  

c oll oi d dis p ers e d i n 1 × P B S ( 4 9 3 n m ol/ L ) w er e di vi d e d i nt o t w o gr o u ps ( n = 3 f or e a c h gr o u p). 6 7 5  

T h e n t h e t w o gr o u ps of mi c e w er e s a crifi c e d at 2 4 h a n d 1 6 8 h p ost -i nj e cti o n, r es p e cti v el y, a n d 6 7 6  

m ai n or g a ns i n cl u di n g t h e h e art, li v er, s pl e e n, l u n g, ki d n e ys, a n d br ai n w er e c oll e ct e d. Or g a ns w er e 6 7 7  

w ei g h e d a n d diss ol v e d i n 3 5 % H N O 3  at 7 0 ℃ o v er ni g ht. T h e di g est e d H N O 3  s ol uti o ns w er e dil ut e d 6 7 8  

2 0 ti m es b y w at er a n d m e a s ur e d b y I C P -M S. T h e p er c e nt i nj e ct e d d os e p er gr a m of ti ss u e 6 7 9  

( %I D/ gr a m) i n e a c h or g a n w as o bt ai n e d b y n or m ali zi n g t h e a m o u nt of n a n o p h os p h ors r et ai n e d i n 6 8 0  

t h e or g a n a g ai nst b ot h t h e i niti al i nj e ct e d d os e a n d t h e or g a n m as s.    6 8 1  

Hi st ol o gi c al st u d y of p ot e nti al tiss u e d a m a g e aft e r c oll oi d i nj e cti o n.  T hr e e B A L B/ cJ  mi c e 6 8 2  

i ntr a v e n o usl y i nj e ct e d wit h 2 0 0 µ L  of S M S O c oll oi ds dis p ers e d i n 1 × P B S ( 4 9 3 n m ol/ L ) w er e 6 8 3  

s a crifi c e d at 3 0 d a ys p ost -i nj e cti o n. I n a d diti o n, t hr e e u ni nj e ct e d mi c e w er e s a crifi c e d as t h e c o ntr ol 6 8 4  

gr o u p. M aj or or g a ns ( br ai n, h e art, li v er, s pl e e n, l u n gs, a n d ki d n e ys) w er e h ar v est e d a n d fi x e d i n 4 % 6 8 5  

p ar af or m al d e h y d e.  Aft er 4 8 h fi x ati o n, t h es e or g a ns w er e e m b e d d e d i n p ar affi n, f oll o w e d b y 6 8 6  

s e cti o ni n g at 1 0  μ m sli c es. T h es e or g a n sli c es w er e st ai n e d wit h h e m at o x yli n a n d e osi n ( H & E) a n d 6 8 7  

i m a g e d usi n g a mi cr os c o p e (L ei c a D M 2 7 0 0 M, W et zl ar , G er m a n y).  6 8 8  

M et a b oli c st u d y f o r q u a ntif yi n g e x c r eti o n of i nj e ct e d n a n o p h os p h o r c oll oi ds . T hr e e B A L B/ cJ 6 8 9  

mi c e w er e i n di vi d u all y h o us e d i n a m et a b oli c c a g e aft er b ei n g i ntr a v e n o usl y i nj e ct e d wit h 2 0 0 µ L 6 9 0  

of S M S O c oll oi ds dis p ers e d i n 1 × P B S ( 4 9 3 n m ol/ L ). F e c es a n d uri n e s a m pl es w er e c oll e ct e d o v er 6 9 1  

7 d a ys. T h es e s a m pl es w er e w ei g h e d a n d diss ol v e d i n 3 5 % H N O 3  at 7 0 ℃ o v er ni g ht a n d t h e n 6 9 2  

m e a s ur e d b y I C P -M S. T h e %I D/ gr a m v al u e i n e a c h s a m pl e w as o bt ai n e d b y n or m ali zi n g t h e 6 9 3  

a m o u nt of n a n o p h os p h or s d et e ct e d i n t h e s a m pl e a g ai nst b ot h t h e i niti al i nj e ct e d d os e a n d t h e 6 9 4  

e x cr et a m ass.  6 9 5  

St atisti c al a n al ysi s. T h e v ari a n c e i n S B R of aft er gl o w or f l u or es c e n c e i m a gi n g ( Fi g. 4 F) a n d 6 9 6  

P e ar s o n’s c orr el ati o n c o effi ci e nts of W T a n d Y F P -1 6 aft er gl o w or fl u or es c e n c e i m a g es ( Fi g. 5 H) 6 9 7  

w as c al c ul at e d, b y w hi c h t h e p o ol e d st a n d ar d d e vi ati o n ( S D) a m o n g e a c h e x p eri m e nt al gr o u p w as 6 9 8  

d et er mi n e d. C o m p ari s o ns b et w e e n e x p eri m e nt al gr o u ps w er e m a d e usi n g o n e -w a y a n al ysis of 6 9 9  

v ari a n c e ( A N O V A) wit h o ut n or m alit y ass u m pti o n gi v e n it s r e a s o n a bl e t ol er a n c e of vi ol ati o ns t o 7 0 0  

n or m al distri b uti o n (5 1 ). P  v al u e s of l es s t h a n 0. 0 5 w er e c o nsi d er e d st atisti c all y si g nifi c a nt. T h e 7 0 1  

v al u e s of N , F  a n d P  ar e pr o vi d e d i n t h e fi g ur e c a pti o ns.          7 0 2  

 7 0 3  

 7 0 4  
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R ef e r e n c es  7 0 5  

1.  G. H o n g, A. L. A nt aris, H. D ai, N e ar -i nfr ar e d fl u or o p h or es f or bi o m e di c al i m a gi n g. N at ur e 7 0 6  

Bi o m e di c al E n gi n e eri n g  1,  0 0 1 0 ( 2 0 1 7).  7 0 7  

2.  L. F e n n o, O. Yi z h ar, K. D eis s er ot h, T h e d e v el o p m e nt a n d a p pli c ati o n of o pt o g e n eti cs. A n n u. 7 0 8  

R e v. N e ur os ci.  3 4 , 3 8 9– 4 1 2 ( 2 0 1 1).  7 0 9  

3.  Y. Ni h o n g a ki, F. K a w a n o, T. N a k aji m a, M. S at o, P h ot o a cti v at a bl e C RI S P R -C as 9 f or 7 1 0  

o pt o g e n eti c g e n o m e e diti n g. N at. Bi ot e c h n ol.  3 3 , 7 5 5– 7 6 0 ( 2 0 1 5).  7 1 1  

4.  Z. H u a n g, Y. W u, M. E. All e n, Y. P a n, P. K yri a k a ki s, S. L u, Y. -J. C h a n g, X. W a n g, S. 7 1 2  

C hi e n, Y. W a n g, E n gi n e eri n g li g ht -c o ntr oll a bl e C A R T c ells f or c a n c er i m m u n ot h er a p y. S ci 7 1 3  

A d v . 6 , e a a y 9 2 0 9 ( 2 0 2 0). 7 1 4  

5.  S. H. Y u n, S. J. J. K w o k, Li g ht i n di a g n osis, t h er a p y a n d s ur g er y. N at Bi o m e d E n g . 1  ( 2 0 1 7), 7 1 5  

d oi: 1 0. 1 0 3 8/s 4 1 5 5 1 -0 1 6 -0 0 0 8 . 7 1 6  

6.  Y. Y a n g, M. W u, A. J. W e g e n er, A. V á z q u e z -G u ar d a d o, A. I. Efi m o v , F. Li e, T. W a n g, Y. 7 1 7  

M a, A. B a n ks, Z. Li, Z. Xi e, Y. H u a n g, C. H. G o o d, Y. K o z or o vits ki y, J. A. R o g ers, 7 1 8  

Pr e p ar ati o n a n d us e of wir el es s r e pr o gr a m m a bl e m ultil at er al o pt o g e n eti c d e vi c es f or 7 1 9  

b e h a vi or al n e ur os ci e n c e. N at. Pr ot o c.  1 7 , 1 0 7 3– 1 0 9 6 ( 2 0 2 2).  7 2 0  

7.  A. D. Mi c kl e, S. M. W o n, K. N. N o h, J. Y o o n, K. W. M e a c h a m, Y. X u e, L. A. M cIl vri e d, B. 7 2 1  

A. C o pit s, V. K. S a mi n e ni, K. E. Cr a wf or d, K. D o H o o n, P. Sri v ast a v a, B. H. Ki m, S. Mi n, 7 2 2  

Y. S hi u a n, Y. Y u n, M. A. P a y n e, J. Z h a n g, H. J a n g, Y. Li, H. H e nr y L ai, Y. H u a n g, S. -I. 7 2 3  

P ar k, R. W. G er e a u, J. A. R o g ers, A wir el e ss cl os e d -l o o p s yst e m f or o pt o g e n eti c p eri p h er al 7 2 4  

n e ur o m o d ul ati o n. N at ur e . 5 6 5  ( 2 0 1 9), p p. 3 6 1– 3 6 5.  7 2 5  

8.  T. M al di n e y, A. B essi èr e, J. S e g ui n, E. T est o n, S. K. S h ar m a, B. Vi a n a, A. J. J. B os, P. 7 2 6  

D or e n b os, M. B ess o d es, D. G o uri er, D. S c h er m a n, C. Ri c h ar d, T h e i n vi v o a cti v ati o n of 7 2 7  

p ersist e nt n a n o p h os p h ors f or o pti c al i m a gi n g of v as c ul ari z ati o n, t u m o urs a n d gr aft e d c ell s. 7 2 8  

N at. M at er.  1 3 , 4 1 8– 4 2 6 ( 2 0 1 4).  7 2 9  

9.  Q. Mi a o, C. Xi e, X. Z h e n, Y. L y u, H. D u a n, X. Li u, J. V. J o k erst, K. P u, M ol e c ul ar 7 3 0  

aft er gl o w i m a gi n g wit h bri g ht, bi o d e gr a d a bl e p ol y m er n a n o p arti cl es. N at. Bi ot e c h n o l. 3 5 , 7 3 1  

1 1 0 2 – 1 1 1 0 ( 2 0 1 7).  7 3 2  

1 0.  Z. Li,  Y. Z h a o, K. H u a n g, L. H u a n g, Y. Z h a n g, H. Y a n g, G. H a n, E n h a n ci n g R e c h ar g e a bl e 7 3 3  

P ersist e nt L u mi n es c e n c e vi a Or g a ni c D y e S e nsiti z ati o n. A n g e w. C h e m. I nt. E d E n gl.  6 0 , 7 3 4  

1 5 8 8 6 – 1 5 8 9 0 ( 2 0 2 1).  7 3 5  

1 1.  Y. Ji a n g , J. H u a n g, X. Z h e n, Z. Z e n g, J. Li, C. Xi e, Q. Mi a o, J. C h e n, P. C h e n, K. P u, A 7 3 6  

g e n eri c a p pr o a c h t o w ar ds aft er gl o w l u mi n es c e nt n a n o p arti cl es f or ultr as e nsiti v e i n vi v o 7 3 7  

i m a gi n g. N at. C o m m u n.  1 0 , 2 0 6 4 ( 2 0 1 9). 7 3 8  

1 2.  R. N. D a y, M. W. D a vi ds o n, T h e fl u or es c e nt pr ot ei n p al ett e: t o ol s f or c ell ul ar i m a gi n g. 7 3 9  

C h e m. S o c. R e v.  3 8 , 2 8 8 7– 2 9 2 1 ( 2 0 0 9).  7 4 0  

1 3.  X. X. Z h o u, X. Z o u, H. K. C h u n g, Y. G a o, Y. Li u, L. S. Qi, M. Z. Li n, A Si n gl e -C h ai n 7 4 1  
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P h ot os wit c h a bl e C RI S P R -C as 9 Ar c hit e ct ur e f or Li g ht -I n d u ci bl e G e n e E diti n g a n d 7 4 2  

Tr a ns cri pti o n. A C S C h e mi c al Bi ol o g y . 1 3  ( 2 0 1 8), p p. 4 4 3– 4 4 8.  7 4 3  

1 4.  X. S u, X. K o n g, K. S u n, Q. Li u, Y. P ei, D. H u, M. X u, W. F e n g, F. Li, E n h a n c e d Bl u e 7 4 4  

Aft er gl o w t hr o u g h M ol e c ul ar F usi o n f or Bi o -a p pli c ati o ns . A n g e w. C h e m. I nt. E d E n gl. , 7 4 5  

e 2 0 2 2 0 1 6 3 0 ( 2 0 2 2).  7 4 6  

1 5.  L. M a, X. Z o u, M. H oss u, W. C h e n, S y nt h esi s of Z n S: A g, C o w at er -s ol u bl e bl u e aft er gl o w 7 4 7  

n a n o p arti cl es a n d a p pli c ati o n i n p h ot o d y n a mi c a cti v ati o n. N a n ot e c h n ol o g y . 2 7 , 3 1 5 6 0 2 7 4 8  

( 2 0 1 6). 7 4 9  

1 6.  P. P e i, Y. C h e n, C. S u n, Y. F a n, Y. Y a n g, X. Li u, L. L u, M. Z h a o, H. Z h a n g, D. Z h a o, X. 7 5 0  

Li u, F. Z h a n g, X -r a y-a cti v at e d p ersi st e nt l u mi n es c e n c e n a n o m at eri als f or NI R -II i m a gi n g. 7 5 1  

N at. N a n ot e c h n ol.  ( 2 0 2 1), d oi:1 0. 1 0 3 8/s 4 1 5 6 5 -0 2 1 -0 0 9 2 2 -3 . 7 5 2  

1 7.  Z. Li, Y. Z h a n g, X. W u, L. H u a n g, D. Li, W. F a n, G. H a n, Dir e ct A q u e o us -P h as e S y nt h esis 7 5 3  

of S u b -1 0 n m “ L u mi n o us P e arls ” wit h E n h a n c e d i n Vi v o R e n e w a bl e N e ar -I nfr ar e d 7 5 4  

P ersist e nt L u mi n es c e n c e. J. A m. C h e m. S o c.  1 3 7 , 5 3 0 4– 5 3 0 7 ( 2 0 1 5).  7 5 5  

1 8.  Q. L. M. D e C h er m o nt, C. C h a n é a c, J. S e g ui n, F. P ell é, S. M aîtr ej e a n, J. -P. J oli v et, D. 7 5 6  

G o uri er, M. B ess o d es, D. S c h er m a n, N a n o pr o b es wit h n e ar -i nfr ar e d p ersist e nt l u mi n es c e n c e 7 5 7  

f or i n vi v o i m a gi n g. Pr o c e e di n gs of t h e N ati o n al A c a d e m y of S ci e n c es . 1 0 4 , 9 2 6 6– 9 2 7 1 7 5 8  

( 2 0 0 7). 7 5 9  

1 9.  F. Li u, W. Y a n, Y. -J. C h u a n g, Z. Z h e n, J. Xi e, Z. P a n, P h ot osti m ul at e d n e ar -i nfr ar e d 7 6 0  

p ersist e nt l u mi n es c e n c e as a n e w o pti c al r e a d -o ut fr o m Cr 3 -d o p e d Li G a 5 O 8. S ci e ntifi c 7 6 1  

R e p orts . 3  ( 2 0 1 3), , d oi:1 0. 1 0 3 8/sr e p 0 1 5 5 4 . 7 6 2  

2 0.  Y. Li, M. G e c e vi ci us, J. Qi u, L o n g p ersi st e nt p h os p h ors — fr o m f u n d a m e nt als t o a p pli c ati o ns. 7 6 3  

C h e m. S o c. R e v.  4 5 , 2 0 9 0– 2 1 3 6 ( 2 0 1 6).  7 6 4  

2 1.  P. F. S m et, K. V a n d e n E e c k h o ut, O. Q. D e Cl er c q, D. P o el m a n, P ersist e nt P h os p h ors. 7 6 5  

I n cl u di n g A cti ni d es ( 2 0 1 5), p p. 1– 1 0 8.  7 6 6  

2 2.  C. S ur y a n ar a y a n a, M e c h a ni c al all o yi n g a n d milli n g. Pr o g. M at er S ci.  4 6 , 1– 1 8 4 ( 2 0 0 1).  7 6 7  

2 3.  D. T u, C. -N. X u, Y. F uji o, S. K a mi m ur a , Y. S a k at a, N. U e n o, P h os p h or es c e n c e q u e n c hi n g 7 6 8  

b y m e c h a ni c al sti m ul us i n C a Z n O S: C u. A p pli e d P h ysi c s L ett ers . 1 0 5  ( 2 0 1 4), p. 0 1 1 9 0 8. 7 6 9  

2 4.  X. Qi n, X. Li u, W. H u a n g, M. B etti n elli, X. Li u, L a nt h a ni d e -A cti v at e d P h os p h ors B as e d o n 7 7 0  

4f -5 d O pti c al Tr a nsiti o ns: T h e or eti c al a n d E x p eri m e nt al As p e cts. C h e m. R e v.  1 1 7 , 4 4 8 8–7 7 1  

4 5 2 7 ( 2 0 1 7).  7 7 2  

2 5.  R. T a n g, L. W a n g, C. A. Or m e, T. B o nst ei n, P. J. B us h, G. H. N a n c oll as , Diss ol uti o n at t h e 7 7 3  

N a n os c al e: S elf -Pr es er v ati o n of Bi o mi n er als. A n g e w a n dt e C h e mi e . 1 1 6  ( 2 0 0 4), p p. 2 7 5 1–7 7 4  

2 7 5 5.  7 7 5  

2 6.  D. At h a n a si a d o u, W. Ji a n g, D. G ol d b a u m, A. S al e e m, K. B as u, M. S. P a c ell a, C. F. B ö h m, 7 7 6  

R. R. C hr o mi k, M. T. Hi n c k e, A. B . R o drí g u e z-N a v arr o, H. V ali, S. E. W olf, J. J. Gr a y, K. 7 7 7  

H. B ui, M. D. M c K e e, N a n ostr u ct ur e, ost e o p o nti n, a n d m e c h a ni c al pr o p erti es of c al citi c 7 7 8  

http://paperpile.com/b/f5jzAn/uzZd9
http://paperpile.com/b/f5jzAn/uzZd9
http://paperpile.com/b/f5jzAn/uzZd9
http://paperpile.com/b/f5jzAn/uzZd9
http://paperpile.com/b/f5jzAn/uzZd9
http://paperpile.com/b/f5jzAn/uzZd9
http://paperpile.com/b/f5jzAn/GtAq
http://paperpile.com/b/f5jzAn/GtAq
http://paperpile.com/b/f5jzAn/GtAq
http://paperpile.com/b/f5jzAn/GtAq
http://paperpile.com/b/f5jzAn/GtAq
http://paperpile.com/b/f5jzAn/93z2
http://paperpile.com/b/f5jzAn/93z2
http://paperpile.com/b/f5jzAn/93z2
http://paperpile.com/b/f5jzAn/93z2
http://paperpile.com/b/f5jzAn/93z2
http://paperpile.com/b/f5jzAn/93z2
http://paperpile.com/b/f5jzAn/93z2
http://paperpile.com/b/f5jzAn/f7bGM
http://paperpile.com/b/f5jzAn/f7bGM
http://paperpile.com/b/f5jzAn/f7bGM
http://paperpile.com/b/f5jzAn/f7bGM
http://dx.doi.org/10.1038/s41565-021-00922-3
http://paperpile.com/b/f5jzAn/f7bGM
http://paperpile.com/b/f5jzAn/g9CDC
http://paperpile.com/b/f5jzAn/g9CDC
http://paperpile.com/b/f5jzAn/g9CDC
http://paperpile.com/b/f5jzAn/g9CDC
http://paperpile.com/b/f5jzAn/g9CDC
http://paperpile.com/b/f5jzAn/g9CDC
http://paperpile.com/b/f5jzAn/g9CDC
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/uz6Pg
http://paperpile.com/b/f5jzAn/72D16
http://paperpile.com/b/f5jzAn/72D16
http://paperpile.com/b/f5jzAn/72D16
http://paperpile.com/b/f5jzAn/72D16
http://paperpile.com/b/f5jzAn/72D16
http://paperpile.com/b/f5jzAn/72D16
http://paperpile.com/b/f5jzAn/72D16
http://dx.doi.org/10.1038/srep01554
http://paperpile.com/b/f5jzAn/72D16
http://paperpile.com/b/f5jzAn/SQ5H0
http://paperpile.com/b/f5jzAn/SQ5H0
http://paperpile.com/b/f5jzAn/SQ5H0
http://paperpile.com/b/f5jzAn/SQ5H0
http://paperpile.com/b/f5jzAn/SQ5H0
http://paperpile.com/b/f5jzAn/SQ5H0
http://paperpile.com/b/f5jzAn/xzaOa
http://paperpile.com/b/f5jzAn/xzaOa
http://paperpile.com/b/f5jzAn/xzaOa
http://paperpile.com/b/f5jzAn/xzaOa
http://paperpile.com/b/f5jzAn/rOF3M
http://paperpile.com/b/f5jzAn/rOF3M
http://paperpile.com/b/f5jzAn/rOF3M
http://paperpile.com/b/f5jzAn/rOF3M
http://paperpile.com/b/f5jzAn/rOF3M
http://paperpile.com/b/f5jzAn/tDlBo
http://paperpile.com/b/f5jzAn/tDlBo
http://paperpile.com/b/f5jzAn/tDlBo
http://paperpile.com/b/f5jzAn/tDlBo
http://paperpile.com/b/f5jzAn/tDlBo
http://paperpile.com/b/f5jzAn/tDlBo
http://paperpile.com/b/f5jzAn/vss9K
http://paperpile.com/b/f5jzAn/vss9K
http://paperpile.com/b/f5jzAn/vss9K
http://paperpile.com/b/f5jzAn/vss9K
http://paperpile.com/b/f5jzAn/vss9K
http://paperpile.com/b/f5jzAn/vss9K
http://paperpile.com/b/f5jzAn/vss9K
http://paperpile.com/b/f5jzAn/puWHn
http://paperpile.com/b/f5jzAn/puWHn
http://paperpile.com/b/f5jzAn/puWHn
http://paperpile.com/b/f5jzAn/puWHn
http://paperpile.com/b/f5jzAn/puWHn
http://paperpile.com/b/f5jzAn/puWHn
http://paperpile.com/b/f5jzAn/puWHn
http://paperpile.com/b/f5jzAn/kHzms
http://paperpile.com/b/f5jzAn/kHzms
http://paperpile.com/b/f5jzAn/kHzms


S ci e n c e A d v a n c es                                                M a n us cri pt T e m pl at e                                                                           P a g e 1 8  of 3 2  

 
 
 
 

a vi a n e g gs h ell. S ci A d v . 4 , e a ar 3 2 1 9 ( 2 0 1 8). 7 7 9  

2 7.  R. T a n g, G. H. N a n c oll as, C. A. Or m e, M e c h a nis m of di ss ol uti o n of s p ari n gl y s ol u bl e 7 8 0  

el e ctr ol yt es. J. A m. C h e m. S o c.  1 2 3 , 5 4 3 7– 5 4 4 3 ( 2 0 0 1).  7 8 1  

2 8.  P. M. D o v e, N. H a n, J. J. D e Y or e o, M e c h a nis ms of cl assi c al cr yst al gr o wt h t h e or y e x pl ai n 7 8 2  

q u art z a n d sili c at e diss ol uti o n b e h a vi or. Pr o c. N atl. A c a d. S ci. U. S. A.  1 0 2 , 1 5 3 5 7– 1 5 3 6 2 7 8 3  

( 2 0 0 5). 7 8 4  

2 9.  L. R at k e, P. W. V o or h e es, Gr o wt h a n d C o ars e ni n g: Ost w al d Ri p e ni n g i n M at eri al 7 8 5  

Pr o c essi n g  ( S pri n g er S ci e n c e & B usi n ess M e di a, 2 0 1 3). 7 8 6  

3 0.  W. W u, G. H. N a n c oll as, D et er mi n ati o n  of i nt erf a ci al t e nsi o n fr o m cr yst alli z ati o n a n d 7 8 7  

diss ol uti o n d at a: a c o m p ari s o n wit h ot h er m et h o ds. A d v. C oll oi d I nt erf a c e S ci.  7 9 , 2 2 9– 2 7 9 7 8 8  

( 1 9 9 9). 7 8 9  

3 1.  E. S. B o y d e n, F. Z h a n g, E. B a m b er g, G. N a g el, K. D eiss er ot h, Millis e c o n d -ti m es c al e, 7 9 0  

g e n eti c all y t ar g et e d o pti c al c o ntr ol of n e ur al a cti vit y. N at. N e ur os ci.  8 , 1 2 6 3– 1 2 6 8 ( 2 0 0 5).  7 9 1  

3 2.  I. P. S a h u, D. P. Bis e n, N. Br a h m e, R. S h ar m a, L u mi n es c e n c e pr o p erti es of E u 2 , D y 3 -7 9 2  

d o p e d Sr 2 M g Si 2 O 7, a n d C a 2 M g Si 2 O 7 p h os p h ors b y s oli d -st at e r e a cti o n m et h o d. R es e ar c h 7 9 3  

o n C h e mi c al I nt er m e di at es . 4 1  ( 2 0 1 5), p p. 6 6 4 9– 6 6 6 4.  7 9 4  

3 3.  Q. Z h o u, M. X u, W. F e n g, F. Li, Q u a nt u m Yi el d M e as ur e m e nts of P h ot o c h e mi c al R e a cti o n -7 9 5  

B as e d Aft er gl o w L u mi n es c e n c e M at eri als. J. P h ys. C h e m. L ett.  1 2 , 9 4 5 5– 9 4 6 2 ( 2 0 2 1).  7 9 6  

3 4.  Y. G a o, R. Li, W. Z h e n g, X. S h a n g, J. W ei, M. Z h a n g, J. X u, W. Y o u, Z. C h e n, X. C h e n, 7 9 7  

Br o a d b a n d NI R p h ot osti m ul at e d l u mi n es c e n c e n a n o pr o b es b as e d o n C a S: E u 2 + , S m 3 + 7 9 8  

n a n o cr yst als. C h e m. S ci.  1 0 , 5 4 5 2– 5 4 6 0 ( 2 0 1 9).  7 9 9  

3 5.  Y. Li n, Z. T a n g, Z. Z h a n g, C. W. N a n, A n o m al o us l u mi n es c e n c e i n Sr 4 Al 1 4 O 2 5: E u, D y 8 0 0  

p h os p h ors. A p pl. P h ys. L ett.  8 1 , 9 9 6– 9 9 8 ( 2 0 0 2).  8 0 1  

3 6.  H. Li , S. Yi n, Y. W a n g, T. S e ki n o, S. W. L e e, T. S at o, Gr e e n p h os p h or es c e n c e-assi st e d 8 0 2  

d e gr a d ati o n of r h o d a mi n e B d y es b y A g 3 P O 4. J. M at er. C h e m. A M at er. E n er g y S ust ai n.  1 , 8 0 3  

1 1 2 3 – 1 1 2 6 ( 2 0 1 3).  8 0 4  

3 7.  C. Z h a n g, M. Z h a n g, W. Z h e n g, J. W ei, S. W a n g, P. H u a n g, X. C h e n g, T. D ai, Z. C h e n, X. 8 0 5  

C h e n, A n e w cl as s of l u mi n es c e nt n a n o pr o b es b as e d o n m ai n -gr o u p S b 3 + e mitt ers. N a n o 8 0 6  

R es.  1 5 , 1 7 9– 1 8 5 ( 2 0 2 2).  8 0 7  

3 8.  J. W a n g, Y. Z h u, C. A. Gri m es, Q. C ai, M ulti c ol or l a nt h a ni d e -d o p e d C a S a n d Sr S n e ar -8 0 8  

i nfr ar e d sti m ul at e d l u mi n es c e nt n a n o p arti cl es wit h bri g ht e mi ssi o n: a p pli c ati o n i n br o a d-8 0 9  

s p e ctr u m li g hti n g, i nf or m ati o n c o di n g, a n d bi o -i m a gi n g. N a n os c al e . 1 1  ( 2 0 1 9), p p. 1 2 4 9 7–8 1 0  

1 2 5 0 1.  8 1 1  

3 9.  X. Qi u, X. Z h u, M. X u, W. Y u a n, W. F e n g, F. Li,  H y bri d N a n o cl ust ers f or N e ar -I nfr ar e d t o 8 1 2  

N e ar -I nfr ar e d U p c o n v ert e d P ersist e nt L u mi n es c e n c e Bi oi m a gi n g. A C S A p pl. M at er. 8 1 3  

I nt erf a c e s. 9 , 3 2 5 8 3– 3 2 5 9 0 ( 2 0 1 7).  8 1 4  
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4 0.  W. Y a n g,  R. Y ust e, I n vi v o i m a gi n g of n e ur al a cti vit y. N at. M et h o ds . 1 4 , 3 4 9– 3 5 9 ( 2 0 1 7).  8 1 5  

4 1.  J. K. A d a ms, V. B o o mi n at h a n, S. G a o, A. V. R o dri g u e z, D. Y a n, C. K e m er e, A. 8 1 6  

V e er ar a g h a v a n, J. T. R o bi ns o n, I n vi v o fl u or es c e n c e i m a gi n g wit h a fl at, l e nsl e ss 8 1 7  

mi cr os c o p e. bi o R xi v  ( 2 0 2 0), p. 2 0 2 0. 0 6. 0 4. 1 3 5 2 3 6. 8 1 8  

4 2.  G. F e n g, R. H. M ell or, M. B er nst ei n, C. K ell er -P e c k, Q. T. N g u y e n, M. W all a c e, J. M. 8 1 9  

N er b o n n e, J. W. Li c ht m a n, J. R. S a n es, I m a gi n g n e ur o n al s u bs ets i n tr a ns g e ni c mi c e 8 2 0  

e x pr essi n g m ulti pl e s p e ctr al v ari a nts of G F P. N e ur o n . 2 8 , 4 1– 5 1 ( 2 0 0 0).  8 2 1  

4 3.  K. W. D u n n, M. M. K a m o c k a, J. H. M c D o n al d, A pr a cti c al g ui d e t o e v al u ati n g 8 2 2  

c ol o c ali z ati o n i n bi ol o gi c al mi cr os c o p y. A m. J. P h ysi ol. C ell P h ysi ol.  3 0 0 , C 7 2 3– 4 2 ( 2 0 1 1).  8 2 3  

4 4.  X. W u, X. Z h u, P. C h o n g, J. Li u, L. N. A n dr e, K. S. O n g, K. Bri ns o n  Jr, A. I. M a h di, J. Li, 8 2 4  

L. E. F e n n o, H. W a n g, G. H o n g, S o n o -o pt o g e n eti cs f a cilit at e d b y a cir c ul ati o n -d eli v er e d 8 2 5  

r e c h ar g e a bl e li g ht s o ur c e f or mi ni m all y i n v asi v e o pt o g e n eti cs. Pr o c. N atl. A c a d. S ci. U.  S. A.  8 2 6  

1 1 6 , 2 6 3 3 2– 2 6 3 4 2 ( 2 0 1 9).  8 2 7  

4 5.  J. S z a ni cs, T. O k u b o, M. K a ki h a n a, Pr e p ar ati o n of Li T a O 3 p o w d ers at r e d u c e d t e m p er at ur es 8 2 8  

b y a p ol y m eri z e d c o m pl e x m et h o d. J. All o ys C o m p d.  2 8 1 , 2 0 6– 2 1 0 ( 1 9 9 8).  8 2 9  

4 6.  L. H. W a n g, D. R. Y u a n, X. L. D u a n, X. Q. W a n g, F. P. Y u, S y nt h esi s a n d  c h ar a ct eri z ati o n 8 3 0  

of fi n e lit hi u m ni o b at e p o w d ers b y s ol - g el m et h o d. Cr yst al R es e ar c h a n d T e c h n ol o g y . 4 2  8 3 1  

( 2 0 0 7), p p. 3 2 1– 3 2 4.  8 3 2  

4 7.  A. Si n g er, S. D utt a, E. L e wis, Z. C h e n, J. C. C h e n, N. V er m a, B. A v a nts, A. K. F el d m a n, J. 8 3 3  

O’ M all e y, M. B ei erl ei n, C. K e m er e, J. T. R o bi ns o n, M a g n et o el e ctri c M at eri als f or 8 3 4  

Mi ni at ur e, Wir el ess N e ur al Sti m ul ati o n at T h er a p e uti c Fr e q u e n ci es. N e ur o n . 1 0 7 , 6 3 1–8 3 5  

6 4 3. e 5 ( 2 0 2 0).  8 3 6  

4 8.  X. O u, X. Qi n, B. H u a n g, J. Z a n, Q. W u, Z. H o n g, L. Xi e, H. Bi a n, Z. Yi, X. C h e n, Y. W u, 8 3 7  

X. S o n g, J. Li, Q. C h e n, H. Y a n g,  X. Li u, Hi g h -r es ol uti o n X-r a y l u mi n es c e n c e e xt e nsi o n 8 3 8  

i m a gi n g. N at ur e . 5 9 0 , 4 1 0– 4 1 5 ( 2 0 2 1).  8 3 9  

4 9.  N. K o hl er, G. E. Fr y x ell, M. Z h a n g, A Bif u n cti o n al P ol y( et h yl e n e gl y c ol) Sil a n e 8 4 0  

I m m o bili z e d o n M et alli c O xi d e-B as e d N a n o p arti cl es f or C o nj u g ati o n wit h C ell T ar g eti n g 8 4 1  

A g e nts. J o ur n al of t h e A m eri c a n C h e mi c al S o ci et y . 1 2 6  ( 2 0 0 4), p p. 7 2 0 6– 7 2 1 1.  8 4 2  

5 0.  Y. Z h o n g, Z. M a, F. W a n g, X. W a n g, Y. Y a n g, Y. Li u, X. Z h a o, J. Li, H. D u, M. Z h a n g, Q. 8 4 3  

C ui, S. Z h u, Q. S u n, H. W a n, Y. Ti a n, Q. Li u, W. W a n g, K. C. G ar ci a, H. D ai, I n vi v o 8 4 4  

m ol e c ul ar i m a gi n g f or i m m u n ot h er a p y usi n g ultr a -bri g ht n e ar -i nfr ar e d-II b r ar e-e art h 8 4 5  

n a n o p arti cl es. N at. Bi ot e c h n ol.  3 7 , 1 3 2 2– 1 3 3 1 ( 2 0 1 9).  8 4 6  

5 1.  J. C o h e n, St atisti c al P o w er A n al y sis f or t h e B e h a vi or al S ci e n c es  ( A c a d e mi c Pr ess, 2 0 1 3). 8 4 7  

5 2.  T. Li u, L. Li, X. T e n g, X. H u a n g, H. Li u, D. C h e n, J. R e n, J. H e, F. T a n g, Si n gl e a n d 8 4 8  

r e p e at e d d os e t o xi cit y of m es o p or o us h oll o w sili c a n a n o p arti cl es i n i ntr a v e n o usl y e x p os e d 8 4 9  

mi c e. Bi o m at eri als . 3 2 , 1 6 5 7– 1 6 6 8 ( 2 0 1 1).  8 5 0  

5 3.  F. J. M arti n, K. M e l ni k, T. W est, J. S h a pir o, M. C o h e n, A. A. B oi ars ki, M. F err ari, A c ut e 8 5 1  
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T o xi cit y of I ntr a v e n o usl y A d mi ni st er e d Mi cr of a bri c at e d Sili c o n Di o xi d e Dr u g D eli v er y 8 5 2  

P arti cl es i n Mi c e. Dr u gs i n R & D . 6 , 7 1– 8 1 ( 2 0 0 5).  8 5 3  

5 4.  X. W u, Y. Ji a n g, N. J. R o m m el f a n g er, F. Y a n g, Q. Z h o u, R. Yi n, J. Li u, S. C ai, W. R e n, A. 8 5 4  

S hi n, K. S. O n g, K. P u, G. H o n g, T et h er -fr e e p h ot ot h er m al d e e p-br ai n sti m ul ati o n i n fr e el y 8 5 5  

b e h a vi n g mi c e vi a wi d e -fi el d ill u mi n ati o n i n t h e n e ar-i nfr ar e d-II wi n d o w. N at Bi o m e d E n g  8 5 6  

( 2 0 2 2), d oi:1 0. 1 0 3 8/s 4 1 5 5 1 -0 2 2 -0 0 8 6 2 -w . 8 5 7  

5 5.  O. Yi z h ar, L. E. F e n n o, M. Pri g g e, F. S c h n ei d er, T. J. D a vi ds o n, D. J. O’ S h e a, V. S. S o h al, I. 8 5 8  

G os h e n, J. Fi n k elst ei n, J. T. P a z, K. St e hf est, R. F u di m, C. R a m a kris h n a n, J. R. H u g u e n ar d, 8 5 9  

P. H e g e m a n n, K.  D eiss er ot h, N e o c orti c al e x cit ati o n/i n hi biti o n b al a n c e i n i nf or m ati o n 8 6 0  

pr o c essi n g a n d s o ci al d ysf u n cti o n. N at ur e . 4 7 7 , 1 7 1– 1 7 8 ( 2 0 1 1).  8 6 1  

5 6.  A. B er n dt, O. Yi z h ar, L. A. G u n a y di n, P. H e g e m a n n, K. D eis s er ot h , Bi-st a bl e n e ur al st at e 8 6 2  

s wit c h es. N at. N e ur os ci.  1 2 , 2 2 9– 2 3 4 ( 2 0 0 9).  8 6 3  

5 7.  X. G o n g, D. M e n d o z a -H alli d a y, J. T. Ti n g, T. K ais er, X. S u n, A. M. B ast os, R. D. Wi m m er, 8 6 4  

B. G u o, Q. C h e n, Y. Z h o u, M. Pr u n er, C. W. -H. W u, D. P ar k, K. D eiss er ot h, B. B ar a k, E. S. 8 6 5  

B o y d e n, E. K. Mill er, M. M. H al as s a, Z. F u, G. Bi, R. D esi m o n e, G. F e n g, A n Ultr a -8 6 6  

S e nsiti v e St e p -F u n cti o n O psi n f or Mi ni m all y I n v asi v e O pt o g e n eti c Sti m ul ati o n i n Mi c e a n d 8 6 7  

M a c a q u es. N e ur o n . 1 0 7 , 3 8– 5 1. e 8 ( 2 0 2 0).  8 6 8  

5 8.  B. A. H artl, H . Hirs c h b er g, L. M ar c u, S. R. C h err y, C h ar a ct eri zi n g l o w fl u e n c e t hr es h ol ds 8 6 9  

f or i n vitr o p h ot o d y n a mi c t h er a p y. Bi o m e d. O pt. E x pr ess . 6 , 7 7 0– 7 7 9 ( 2 0 1 5).  8 7 0  

5 9.  E. H. Ki m, S. P ar k, Y. K. Ki m, M. M o o n, J. P ar k, K. J. L e e, S. L e e, Y. -P. Ki m, S elf -8 7 1  

lu mi n es c e nt p h ot o d y n a mi c t h er a p y usi n g br e ast c a n c er t ar g et e d pr ot ei ns. S ci A d v . 6  ( 2 0 2 0), 8 7 2  

d oi: 1 0. 1 1 2 6/s ci a d v. a b a 3 0 0 9 . 8 7 3  

6 0.  J. S c h u b ert, A. Li n d e n b a u m, St a bilit y of Al k ali n e E art h — Or g a ni c A ci d C o m pl e x e s 8 7 4  

M e as ur e d b y I o n E x c h a n g e 1. J. A m. C h e m. S o c.  7 4 , 3 5 2 9– 3 5 3 2 ( 1 9 5 2).  8 7 5  

6 1.  J. L. M e y er, F or m ati o n c o nst a nts f or i nt er a cti o n of citr at e wit h c al ci u m a n d m a g n e si u m l o ns. 8 7 6  

A n al. Bi o c h e m.  6 2 , 2 9 5– 3 0 0 ( 1 9 7 4).  8 7 7  

6 2.  P. C. B e n n ett, M. E. M el c er, D. I. Si e g el, J. P. H ass ett, T h e diss ol uti o n of q u art z i n dil ut e 8 7 8  

a q u e o us s ol uti o ns of or g a ni c a ci ds at 2 5 ° C.  G e o c hi m. C os m o c hi m. A ct a . 5 2 , 1 5 2 1– 1 5 3 0 8 7 9  

( 1 9 8 8). 8 8 0  

6 3.  A. H ell er, A. B ar kl eit, H. F o erst e n d orf, S. Ts us hi m a, K. H ei m, G. B er n h ar d, C uri u m(iii) 8 8 1  

citr at e s p e ci ati o n i n bi ol o gi c al s yst e ms: a e ur o pi u m(iii) assist e d s p e ctr os c o pi c a n d q u a nt u m 8 8 2  

c h e mi c al st u d y. D alt o n Tr a ns a cti o ns . 4 1  ( 2 0 1 2), p. 1 3 9 6 9. 8 8 3  

6 4.  D. T. S a w y er, P. J. P a ul s e n, Pr o p erti es a n d I nfr ar e d S p e ctr a of Et h yl e n e di a mi n et etr a a c eti c 8 8 4  

A ci d C o m pl e x es. II. C h el at es of D i v al e nt I o ns 1. J. A m. C h e m. S o c.  8 1 , 8 1 6 – 8 2 0 ( 1 9 5 9).  8 8 5  

6 5.  A. G á csi, B. K ut us, Á. B u c k ó, Z. Cs e n d es, G. P ei ntl er, I. P áli n k ó, P. Si p os, S o m e a s p e ct s of 8 8 6  

t h e a q u e o us s ol uti o n c h e mi str y of t h e N a / C a 2 / O H −/ Cit 3 − s yst e m: T h e str u ct ur e of a n ew 8 8 7  

c al ci u m citr at e c o m pl e x f or mi n g u n d er h y p er al k ali n e c o n diti o ns. J o ur n al of M ol e c ul ar 8 8 8  

Str u ct ur e . 1 1 1 8  ( 2 0 1 6), p p. 1 1 0– 1 1 6.  8 8 9  

http://paperpile.com/b/f5jzAn/Qy8I
http://paperpile.com/b/f5jzAn/Qy8I
http://paperpile.com/b/f5jzAn/Qy8I
http://paperpile.com/b/f5jzAn/Qy8I
http://paperpile.com/b/f5jzAn/Qy8I
http://paperpile.com/b/f5jzAn/Qy8I
http://paperpile.com/b/f5jzAn/t9b0
http://paperpile.com/b/f5jzAn/t9b0
http://paperpile.com/b/f5jzAn/t9b0
http://paperpile.com/b/f5jzAn/t9b0
http://paperpile.com/b/f5jzAn/t9b0
http://paperpile.com/b/f5jzAn/t9b0
http://dx.doi.org/10.1038/s41551-022-00862-w
http://paperpile.com/b/f5jzAn/t9b0
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/SyS8
http://paperpile.com/b/f5jzAn/WFwu
http://paperpile.com/b/f5jzAn/WFwu
http://paperpile.com/b/f5jzAn/WFwu
http://paperpile.com/b/f5jzAn/WFwu
http://paperpile.com/b/f5jzAn/WFwu
http://paperpile.com/b/f5jzAn/WFwu
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/lb7b
http://paperpile.com/b/f5jzAn/80pZ
http://paperpile.com/b/f5jzAn/80pZ
http://paperpile.com/b/f5jzAn/80pZ
http://paperpile.com/b/f5jzAn/80pZ
http://paperpile.com/b/f5jzAn/80pZ
http://paperpile.com/b/f5jzAn/80pZ
http://paperpile.com/b/f5jzAn/l60K
http://paperpile.com/b/f5jzAn/l60K
http://paperpile.com/b/f5jzAn/l60K
http://paperpile.com/b/f5jzAn/l60K
http://paperpile.com/b/f5jzAn/l60K
http://paperpile.com/b/f5jzAn/l60K
http://paperpile.com/b/f5jzAn/l60K
http://dx.doi.org/10.1126/sciadv.aba3009
http://paperpile.com/b/f5jzAn/l60K
http://paperpile.com/b/f5jzAn/KbMfj
http://paperpile.com/b/f5jzAn/KbMfj
http://paperpile.com/b/f5jzAn/KbMfj
http://paperpile.com/b/f5jzAn/KbMfj
http://paperpile.com/b/f5jzAn/KbMfj
http://paperpile.com/b/f5jzAn/KbMfj
http://paperpile.com/b/f5jzAn/Kbw0a
http://paperpile.com/b/f5jzAn/Kbw0a
http://paperpile.com/b/f5jzAn/Kbw0a
http://paperpile.com/b/f5jzAn/Kbw0a
http://paperpile.com/b/f5jzAn/Kbw0a
http://paperpile.com/b/f5jzAn/Kbw0a
http://paperpile.com/b/f5jzAn/y78Op
http://paperpile.com/b/f5jzAn/y78Op
http://paperpile.com/b/f5jzAn/y78Op
http://paperpile.com/b/f5jzAn/y78Op
http://paperpile.com/b/f5jzAn/y78Op
http://paperpile.com/b/f5jzAn/y78Op
http://paperpile.com/b/f5jzAn/y78Op
http://paperpile.com/b/f5jzAn/NfU7o
http://paperpile.com/b/f5jzAn/NfU7o
http://paperpile.com/b/f5jzAn/NfU7o
http://paperpile.com/b/f5jzAn/NfU7o
http://paperpile.com/b/f5jzAn/NfU7o
http://paperpile.com/b/f5jzAn/NfU7o
http://paperpile.com/b/f5jzAn/NfU7o
http://paperpile.com/b/f5jzAn/7UlHw
http://paperpile.com/b/f5jzAn/7UlHw
http://paperpile.com/b/f5jzAn/7UlHw
http://paperpile.com/b/f5jzAn/7UlHw
http://paperpile.com/b/f5jzAn/7UlHw
http://paperpile.com/b/f5jzAn/7UlHw
http://paperpile.com/b/f5jzAn/35U9x
http://paperpile.com/b/f5jzAn/35U9x
http://paperpile.com/b/f5jzAn/35U9x
http://paperpile.com/b/f5jzAn/35U9x
http://paperpile.com/b/f5jzAn/35U9x
http://paperpile.com/b/f5jzAn/35U9x
http://paperpile.com/b/f5jzAn/35U9x
http://paperpile.com/b/f5jzAn/35U9x


S ci e n c e A d v a n c es                                                M a n us cri pt T e m pl at e                                                                           P a g e 2 1  of 3 2  

 
 
 
 

6 6.  A. B o d or, I. B á n y ai, L. Z é k á n y, I. T ót h, Sl o w d y n a mi cs of al u mi ni u m -citr at e c o m pl e x es 8 9 0  

st u di e d b y 1 H - a n d 1 3 C -N M R s p e ctr os c o p y. C o or d. C h e m. R e v.  2 2 8 , 1 6 3– 1 7 3 ( 2 0 0 2).  8 9 1  

6 7.  F. R. B a c o n, F. C. R a g g o n, Pr o m oti o n of att a c k o n gl as s a n d sili c a b y citr at e a n d ot h er 8 9 2  

a ni o ns i n n e utr al s ol uti o n. J. A m. C e r a m. S o c.  4 2 , 1 9 9– 2 0 5 ( 1 9 5 9).  8 9 3  

6 8.  L. Z a mirri, A. M a ci à Es c atll ar, J. M ari ñ os o G ui u, P. U gli e n g o, S. T. Br o ml e y, W h at C a n 8 9 4  

I nfr ar e d S p e ctr a T ell Us a b o ut t h e Cr yst alli nit y of N a n osi z e d I nt er st ell ar Sili c at e D ust 8 9 5  

Gr ai ns ? A C S E art h S p a c e C h e m.  3 , 2 3 2 3– 2 3 3 8 ( 2 0 1 9).  8 9 6  

6 9.  A. I. B ort u n, L. N. B ort u n, A. Cl e arfi el d, H y dr ot h er m al S y nt h esi s of S o di u m Zir c o ni u m 8 9 7  

Sili c at es a n d C h ar a ct eri z ati o n of T h eir Pr o p erti es. C h e m. M at er.  9 , 1 8 5 4– 1 8 6 4 ( 1 9 9 7).  8 9 8  

7 0.  Z. Li, N. Y u, J. Z h o u, Y. Li, Y. Z h a n g, L. H u a n g, K. H u a n g, Y. Z h a o, S. K el m ar,  J. Y a n g, G. 8 9 9  

H a n, C ol ori n g Aft er gl o w N a n o p arti cl es f or Hi g h -C o ntr ast Ti m e -G ati n g -Fr e e M ulti pl e x 9 0 0  

L u mi n es c e n c e I m a gi n g. A d v. M at er.  3 2 , e 2 0 0 3 8 8 1 ( 2 0 2 0). 9 0 1  

7 1.  Y. -J. Li, C. -X. Y a n g, X. -P. Y a n, Bi o mi m eti c P ersist e nt L u mi n es c e nt N a n o pl atf or m f or 9 0 2  

A ut ofl u or es c e n c e -Fr e e M et ast asis Tr a c ki n g a n d C h e m o p h ot o d y n a mi c T h er a p y. A n al. C h e m.  9 0 3  

9 0 , 4 1 8 8– 4 1 9 5 ( 2 0 1 8).  9 0 4  

7 2.  Y. -F. G a o, R. Z o u, G. -F. C h e n, B. -M. Li u, Y. Z h a n g, J. Ji a o, K. -L. W o n g, J. W a n g, L ar g e -9 0 5  

P or e M es o p or o us -Sili c a -Assist e d s y nt h esis of hi g h -p erf or m a n c e 9 0 6  

Z n G a 2 O 4: Cr 3 +/ S n 4 + @ M S Ns m ultif u n cti o n al n a n o pl atf or m wit h o pti mi z e d o pti c al pr o b e 9 0 7  

m as s r ati o a n d s u p eri or r esi d u al p or e v ol u m e f or i m pr o v e d bi oi m a gi n g a n d dr u g d eli v er y. 9 0 8  

C h e m. E n g. J.  4 2 0 , 1 3 0 0 2 1 ( 2 0 2 1). 9 0 9  

7 3.  Y. W a n g, C. -X. Y a n g, X. -P. Y a n, H y dr ot h er m al a n d bi o mi n er a li z ati o n s y nt h esis of a d u al-9 1 0  

m o d al n a n o pr o b e f or t ar g et e d n e ar -i nfr ar e d p ersist e nt l u mi n es c e n c e a n d m a g n eti c r es o n a n c e 9 1 1  

i m a gi n g. N a n os c al e . 9 , 9 0 4 9– 9 0 5 5 ( 2 0 1 7).  9 1 2  

7 4.  A. A b d u k a y u m, J. -T. C h e n, Q. Z h a o, X. -P. Y a n, F u n cti o n al n e ar i nfr ar e d -e mitti n g 9 1 3  

Cr 3 +/ Pr 3 + c o -d o p e d zi n c g all o g er m a n at e p ersist e nt l u mi n es c e nt n a n o p arti cl es wit h 9 1 4  

s u p erl o n g aft er gl o w f or i n vi v o t ar g et e d bi oi m a gi n g. J. A m. C h e m. S o c.  1 3 5 , 1 4 1 2 5– 1 4 1 3 3 9 1 5  

( 2 0 1 3). 9 1 6  

7 5.  Y. F e n g, R. Li u, L. Z h a n g, Z. Li, Y. S u, Y. L v, R as p b err y -Li k e M es o p or o us 9 1 7  

Z n 1. 0 7 G a 2. 3 4 Si 0. 9 8 O 6. 5 6: Cr 0. 0 1 N a n o c arri ers f or E n h a n c e d N e ar -I nfr ar e d Aft er gl o w 9 1 8  

I m a gi n g a n d C o m bi n e d C a n c er C h e m ot h er a p y. A C S A p pl. M at er. I nt erf a c e s . 1 1 , 4 4 9 7 8–9 1 9  

4 4 9 8 8 ( 2 0 1 9).  9 2 0  

7 6.  Y. -J. Li, X. -P. Y a n, S y nt h esis of f u n cti o n ali z e d tri pl e -d o p e d zi n c g all o g er m a n at e 9 2 1  

n a n o p arti cl es wit h s u p erl o n g n e ar -i nfr ar e d p ersist e nt l u mi n es c e n c e f or l o n g-t er m or all y 9 2 2  

a d mi nistr at e d bi oi m a gi n g. N a n os c al e . 8 , 1 4 9 6 5 – 1 4 9 7 0  ( 2 0 1 6). 9 2 3  

7 7.  J. S hi, X. S u n, S. Z h e n g, J. Li, X. F u, H. Z h a n g, A n e w n e ar -i nfr ar e d p ersist e nt l u mi n es c e n c e 9 2 4  

n a n o p arti cl e as a m ultif u n cti o n al n a n o pl atf or m f or m ulti m o d al i m a gi n g a n d c a n c er t h er a p y. 9 2 5  

Bi o m at eri als . 1 5 2 , 1 5– 2 3 ( 2 0 1 8).  9 2 6  

7 8.  Y. L v, D. Di n g, Y. Z h u a n g, Y. F e n g , J. S hi, H. Z h a n g, T.-L. Z h o u, H. C h e n, R. -J. Xi e, 9 2 7  

http://paperpile.com/b/f5jzAn/oepmX
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C hr o mi u m -D o p e d Zi n c G all o g er m a n at e @ Z e oliti c I mi d a z ol at e Fr a m e w or k -8: A 9 2 8  

M ultif u n cti o n al N a n o pl atf or m f or R e c h ar g e a bl e I n Vi v o P ersist e nt L u mi n es c e n c e I m a gi n g 9 2 9  

a n d p H -R es p o nsi v e Dr u g R el e as e. A C S A p pl. M at er . I nt erf a c es. 1 1 , 1 9 0 7– 1 9 1 6 ( 2 0 1 9).  9 3 0  

7 9.  M. P ell eri n, E. Gl ai s, T. L e c u y er, J. X u, J. S e g ui n, S. T a n a b e, C. C h a n é a c, B. Vi a n a, C. 9 3 1  

Ri c h ar d, L a Al O 3: Cr 3 +, S m 3 +: N a n o -p er o vs kit e wit h p ersist e nt l u mi n es c e n c e f or i n vi v o 9 3 2  

o pti c al i m a gi n g. J. L u mi n.  2 0 2 , 8 3– 8 8 ( 2 0 1 8).  9 3 3  

8 0.  T. Ai, W. S h a n g, H. Y a n, C. Z e n g, K. W a n g, Y. G a o, T. G u a n, C. F a n g, J. Ti a n, N e ar 9 3 4  

i nfr ar e d-e mitti n g p ersist e nt l u mi n es c e nt n a n o p arti cl es f or H e p at o c ell ul ar C ar ci n o m a i m a gi n g 9 3 5  

a n d l u mi n es c e n c e -g ui d e d s ur g er y. Bi o m at eri als . 1 6 7 , 2 1 6– 2 2 5 ( 2 0 1 8).  9 3 6  

8 1.   T. M al di n e y, A. L e c oi ntr e, B. Vi a n a, A. B essi èr e, M. B ess o d es, D. G o uri er, C. Ri c h ar d, D. 9 3 7  

S c h er m a n, C o ntr olli n g el e ctr o n tr a p d e pt h t o e n h a n c e o pti c al pr o p erti es of p ersist e nt 9 3 8  

l u mi n es c e n c e n a n o p arti cl es f or i n vi v o i m a gi n g. J. A m. C h e m. S o c.  1 3 3 , 1 1 8 1 0– 1 1 8 1 5 9 3 9  

( 2 0 1 1). 9 4 0  

8 2.  Z. X u e, X. Li, Y. Li, M. Ji a n g, H. Li u, S. Z e n g, J. H a o, X -r a y-A cti v at e d N e ar -I nfr ar e d 9 4 1  

P ersist e nt L u mi n es c e nt Pr o b e f or D e e p -Tiss u e a n d R e n e w a bl e i n Vi v o Bi oi m a gi n g. A C S 9 4 2  

A p pl. M at er. I nt erf a c e s . 9 , 2 2 1 3 2– 2 2 1 4 2 ( 2 0 1 7).  9 4 3  

8 3.  B. Z h e n g, Y. B a i, H. C h e n, H. P a n, W. Ji, X. G o n g, X. W u, H. W a n g, J. C h a n g, N e ar-9 4 4  

I nfr ar e d Li g ht-E x cit e d U p c o n v erti n g P ersist e nt N a n o p h os p h ors i n Vi v o f or I m a gi n g -G ui d e d 9 4 5  

C ell T h er a p y. A C S A p pl. M at er. I nt erf a c es . 1 0 , 1 9 5 1 4– 1 9 5 2 2 ( 2 0 1 8).  9 4 6  

8 4.  X. C h e n, Y. Li, K. H u a n g, L. H u a n g, X. Ti a n, H. D o n g, R. K a n g, Y. H u, J. Ni e, J. Qi u, G. 9 4 7  

H a n, Tr a p E n er g y U p c o n v ersi o n -Li k e N e ar -I nfr ar e d t o N e ar-I nfr ar e d Li g ht R ej u v e n at e a bl e 9 4 8  

P ersist e nt L u mi n es c e n c e. A d v. M at er.  3 3 , e 2 0 0 8 7 2 2 ( 2 0 2 1). 9 4 9  

8 5.  C. Xi e, X. Z h e n, Q. Mi a o, Y. L y u, K. P u, S elf -Ass e m bl e d S e mi c o n d u cti n g P ol y m er 9 5 0  

N a n o p arti cl es f or Ultr as e nsiti v e N e ar -I nfr ar e d Aft er gl o w I m a gi n g of M et ast ati c T u m ors. 9 5 1  

A d v. M at er.  3 0 , e 1 8 0 1 3 3 1 ( 2 0 1 8). 9 5 2  

8 6.  X. Z h e n, Y. T a o, Z. A n, P. C h e n, C. X u, R. C h e n, W. H u a n g, K. P u, Ultr al o n g 9 5 3  

P h os p h or es c e n c e of W at er -S ol u bl e Or g a ni c N a n o p arti cl es f or I n Vi v o Aft er gl o w I m a gi n g. 9 5 4  

A d v. M at er.  2 9 , 2 0 1 6 0 6 6 6 5 ( 2 0 1 7 ).  9 5 5  

8 7.  F. Z h a n g, M. X u, X. S u, W. Y u a n, W. F e n g, Q. S u, F. Li, Aft er gl o w I m pl a nt f or Art eri al 9 5 6  

E m b oli z ati o n a n d I ntr a o p er ati v e I m a gi n g. C h e mist r y . 2 8 , e 2 0 2 1 0 3 7 95 ( 2 0 2 2).  9 5 7  

8 8.  X. W a n g, W. Y u a n, M. X u, X. S u, F. Li, Vis u ali z ati o n of A c ut e I nfl a m m ati o n t hr o u g h a 9 5 8  

M a cr o p h a g e -C a m o ufl a g e d Aft er gl o w N a n o c o m pl e x. A C S A p pl. M at er. I nt erf a c es . 1 4 , 2 5 9–9 5 9  

2 6 7 ( 2 0 2 2).  9 6 0  

8 9.  X. Ni, X. Z h a n g, X. D u a n, H. -L. Z h e n g, X. -S. X u e, D. Di n g, N e ar -I nfr ar e d Aft er gl o w 9 6 1  

L u mi n es c e nt A g gr e g ati o n -I n d u c e d E mi ssi o n D ots wit h Ultr a hi g h T u m or-t o-Li v er Si g n al 9 6 2  

R ati o f or Pr o m ot e d I m a g e -G ui d e d C a n c er S ur g er y. N a n o L ett.  1 9 , 3 1 8– 3 3 0 ( 2 0 1 9).  9 6 3  

 9 6 4  
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A c k n o wl e d g m e nts  9 6 5  

W e t h a n k t h e St a nf or d A ni m al Hist ol o g y S er vi c es f or h el p wit h pr e p ar ati o n of hist ol o gi c 9 6 6  

s p e ci m e ns. P art of t hi s w or k w as p erf or m e d at t h e St a nf or d N a n o S h ar e d F a ciliti es ( S N S F), 9 6 7  

s u p p ort e d b y t h e N ati o n al S ci e n c e F o u n d ati o n u n d er a w ar d E C C S -2 0 2 6 8 2 2. C o nf o c al i m a gi n g w as 9 6 8  

p erf or m e d at t h e St a nf or d W u Ts ai N e ur os ci e n c e Mi cr os c o p y S er vi c e. F u n di n g: G. H. 9 6 9  

a c k n o wl e d g es t w o a w ar ds b y NI H ( 5 R 0 0 A G 0 5 6 6 3 6 -0 4  a n d 1 R 3 4 N S 1 2 7 1 0 3 -0 1), a N ati o n al 9 7 0  

S ci e n c e F o u n d ati o n ( N S F) C A R E E R a w ar d ( 2 0 4 5 1 2 0), a n N S F E A G E R a w ar d ( 2 2 1 7 5 8 2), a Rit a 9 7 1  

All e n F o u n d ati o n S c h ol ars A w ar d, a B e c k m a n T e c h n ol o g y D e v el o p m e nt Gr a nt, a gr a nt fr o m t h e 9 7 2  

f o c us e d ultr as o u n d ( F U S) F o u n d ati o n, a gift fr o m t h e S pi n al M us c ul ar Atr o p h y ( S M A) F o u n d ati o n, 9 7 3  

a gift fr o m t h e Pi n et o ps F o u n d ati o n, t w o s e e d gr a nts fr o m t h e W u Ts ai N e ur os ci e n c es I nstit ut e, a n d 9 7 4  

a s e e d gr a nt fr o m t h e Bi o -X I niti ati v e of St a nf or d U ni v ersit y. X. W. a c k n o wl e d g es t h e s u p p ort b y a 9 7 5  

St a nf or d Gr a d u at e F ell o ws hi p. Z. O. a c k n o wl e d g es t h e s u p p ort b y a W u Ts ai N e ur os ci e n c es 9 7 6  

I nstit ut e I nt er dis ci pli n ar y S c h ol ar A w ar d. S o m e s c h e m ati cs w er e cr e at e d wit h Bi o R e n d er. c o m. 9 7 7  

A ut h o r c o nt ri b uti o ns: F. Y., X. W., a n d G. H. c o n c ei v e d a n d d esi g n e d t h e pr oj e ct, F. Y., X. W., H. C., 9 7 8  

Z. O., S. C., Q. Z., a n d B. G. W. p erf or m e d t h e e x p eri m e nts. F. Y., X. W., H. C., Z. O., S. C., Q. Z., H. H., 9 7 9  

a n d G. H. a n al y z e d t h e d at a. F. Y., X. W., H. C., a n d G. H. wr ot e t h e m a n us cri pt. All a ut h ors dis c uss e d 9 8 0  

t h e r es ults a n d c o m m e nt e d o n t h e m a n us cri pt. C o m p eti n g i nt e r ests: T h e a ut h ors d e cl ar e n o 9 8 1  

c o m p eti n g i nt er ests. D at a a n d m at e ri als a v ail a bilit y: All d at a n e e d e d t o e v al u at e t h e c o n cl usi o ns 9 8 2  

i n t h e p a p er ar e pr es e nt i n t h e p a p er a n d t h e S u p pl e m e nt ar y M at eri als.  9 8 3  

https://www.sciencedirect.com/science/article/pii/S014296122030805X#gs5
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Fi g u r es  a n d T a bl es  9 8 4  
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 9 8 5  

Fi g. 1 . BI D a p p r o a c h f o r s y nt h esi zi n g c oll oi d al S M S O s ol uti o ns . (A ) S c h e m ati cs s h o wi n g t h e 9 8 6  

BI D m e c h a nis m f or diss ol vi n g t o ot h e n a m el (t o p) a n d s p ari n gl y s ol u bl e p h os p h ors ( b ott o m) i nt o 9 8 7  

n a n o p arti cl es i n a n u n d ers at ur at e d s ol uti o n. ( B ) S E M (i) a n d T E M (ii) i m a g es of t h e b ul k S M S O 9 8 8  

p h os p h or a n d it s c oll oi d al n a n o p arti cl e s, r es p e cti v el y. T h e i ns et i n ii s h o ws t h e H R T E M i m a g e of 9 8 9  

a S M S O n a n o p arti cl e. A hist o gr a m s h o wi n g t h e si z e distri b uti o n of S M S O c oll oi ds is s h o w n i n iii. 9 9 0  

(C ) Aft er gl o w i m a g es a n d bri g htfi el d i m a g es (i ns ets) of a n a q u e o us s us p e nsi o n  of b ul k S M S O 9 9 1  

p h os p h or (i) a n d it s st a bl e c oll oi d al s ol uti o n of n a n o p h os p h ors (ii). ( D ) X R D s p e ctr a of b ul k S M S O 9 9 2  

p h os p h or a n d it s c oll oi d al n a n o p arti cl es . A n a v er a g e d o m ai n si z e of 5 2 n m w as o bt ai n e d b y 9 9 3  

a n al y zi n g p e a k wi dt hs i n t h e X R D s p e ctr u m of S M S O c ol l oi ds wit h t h e S c h err er e q u ati o n. (E ) S E M 9 9 4  

i m a g es of b ul k S M S O p arti cl es aft er r e a c hi n g a m et ast a bl e e q uili bri u m. (F ) Pl ot s h o wi n g t h e 9 9 5  

a v er a g e i nst a nt a n e o us diss ol uti o n r at e of S M S O p arti cl es as a f u n cti o n of t h eir a v er a g e i n v er s e 9 9 6  

r a di us. T h e d at a is r e pr ese nt e d as m e a n v al u e s +/ - st a n d ar d d e vi ati o n ( S D). ( G ) Pl ot s of t h e titr a nt 9 9 7  

v ol u m e as a f u n cti o n of ti m e f or ki n eti c all y pr es er v e d diss ol uti o n of S M S O at diff er e nt p H. ( H ) 9 9 8  

Pl ot s of t h e fl u x r at e (J) as a f u n cti o n of ti m e f or S M S O diss ol uti o n at diff er e nt u n d ers at ur ati o ns. 9 9 9  

(I ) S c h e m ati c s h o wi n g t h e st e ps of a n e x p eri m e nt al pr o c e d ur e t h at v erifi es t h e BI D m e c h a nis m. ( J ) 1 0 0 0  

Bri g htfi el d i m a g e (l eft), T y n d all eff e ct ( mi d dl e), a n d aft er gl o w i m a g e (ri g ht) of c oll oi d al s ol uti o ns 1 0 0 1  

pr e p ar e d u n d er diff er e nt c o n diti o ns (s e e  M at eri als a n d M et h o ds).   1 0 0 2  
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Fi g. 2.  St r o n g a n d p e rsist e nt aft e r gl o w of BI D -p r o d u c e d S M S O n a n o p h os p h o r c oll oi ds . (A ) 1 0 0 3  

T h e e x cit ati o n a n d e missi o n s p e ctr a of u ntr e at e d, b ul k S M S O p h os p h or. ( B ) T h e e x cit ati o n a n d 1 0 0 4  

e mi ssi o n s p e ctr a of a c oll oi d al s ol uti o n of S M S O  n a n o p h os p h or s. ( C ) T h e aft er gl o w s p e ctr a of 1 0 0 5  

S M S O b ul k p h os p h or a n d c oll oi d al n a n o p h os p h or. ( D ) Aft er gl o w c ur v es of S M S O b ul k p h os p h or 1 0 0 6  

a n d c oll oi d al n a n o p h os p h or. ( E ) Aft er gl o w i m a g e of a c oll oi d al s ol uti o n of S M S O n a n o p h os p h ors 1 0 0 7  

( 4 9 3 n m ol/ L) i n a 4 8 w ell pl at e a c q uir e d b y t h e I VI S i m a gi n g s yst e m. T h e s c al e b ar r e pr es e nts 0. 5 1 0 0 8  

c m. ( F ) Aft er gl o w i m a g es of c oll oi d al s ol uti o ns of S M S O n a n o p h os p h or s i n P B S (l eft), F B S 1 0 0 9  

( mi d dl e) a n d w at er (ri g ht) at D a y 1 (t o p) a n d D a y 1 4 ( b ott o m). T h e d e cr e a s e i n aft er gl o w 1 0 1 0  

i nt e nsit y f or F B S is d u e t o t h e a bs or pti o n of F B S at t h e e missi o n w a v el e n gt hs of S M S O c oll oi ds 1 0 1 1  

a n d d o es n ot r efl e ct t h e i nst a bilit y of S M S O aft er gl o w (fi g. S 1 0). ( G ) C hr o ni c st a bilit y of 1 0 1 2  

n or m ali z e d aft er gl o w i nt e nsit y of S M S O c oll oi d al s ol uti o ns i n P B S, F B S a n d w at er. All d at a ar e 1 0 1 3  

pr e s e nt e d as m e a n v al u es +/ - S D.   1 0 1 4  
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Fi g. 3.  G e n e r ali z a bilit y of t h e BI D m et h o d . (A ) Aft er gl o w i m a g es a n d t h eir c orr es p o n di n g 1 0 1 5  

bri g htfi el d i m a g es (i ns ets) of S A O (i), Z n S: C u, Al (ii), Z n S: M n  (iii), a n d C S S (i v) b ul k p h os p h ors. 1 0 1 6  

(B ) Aft er gl o w i m a g es a n d t h eir c orr es p o n di n g bri g htfi el d i m a g es (i ns ets) of S A O (i), Z n S: C u, Al 1 0 1 7  

(ii), Z n S: M n (iii), a n d C S S (i v) n a n o p h os p h or c oll oi ds. (C ) S E M i m a g es of S A O (i), Z n S: C u, Al 1 0 1 8  

(ii), Z n S: M n (iii), a n d C S S (i v) b ul k p h os p h ors. T h e s c al e b ars r e pr es e nt 5 0 µ m. (D ) T E M i m a g es 1 0 1 9  

of S A O (i), Z n S: C u, Al (ii), Z n S: M n (iii), a n d C S S (i v) n a n o p h os p h or c oll oi ds. T h e s c al e b ars 1 0 2 0  

r e pr es e nt 5 0 0 n m. (E ) Hist o gr a ms s h o wi n g t h e si z e distri b uti o ns of S A O (i), Z n S: C u, Al (ii), 1 0 2 1  
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Z n S: M n  (iii), a n d C S S (i v) n a n o p h os p h or c oll oi ds. E a c h hist o gr a m is b as e d o n 1 0 0 c oll oi d al 1 0 2 2  

n a n o p arti cl es i n t h e T E M i m a g es. (F ) Aft er gl o w s p e ctr a of S A O (i), Z n S: C u, Al (ii), Z n S: M n (iii), 1 0 2 3  

a n d C S S (i v) b ul k p h os p h ors (l eft) a n d c oll oi d al n a n o p h os p h or s (ri g ht). (G ) L u mi n es c e n c e d e c a y 1 0 2 4  

c ur v es of S A O (i), Z n S: C u, Al (ii), Z n S: M n (iii), a n d C S S (i v) b ul k p h os p h ors (l eft) a n d c oll oi d al 1 0 2 5  

n a n o p h os p h or s (ri g ht).   1 0 2 6  
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Fi g. 4.  BI D -p r o d u c e d n a n o p h os p h o r c oll oi ds a r e a m o n g t h e b ri g ht est aft e r gl o w m at e ri als 1 0 2 7  

aft e r d eli v e r y i n vi v o. (A ) BI D-pr o d u c e d c oll oi ds c a n b e d eli v er e d vi a s u b c ut a n e o us 1 0 2 8  



S ci e n c e A d v a n c es                                                M a n us cri pt T e m pl at e                                                                           P a g e 3 0  of 3 2  

 
 
 
 

a d mi nistr ati o n. ( B ) Bri g htfi el d (t o p) a n d aft er gl o w ( b ott o m) i m a g es of fi v e c oll oi d al s ol uti o ns i n a 1 0 2 9  

m ulti w ell pl at e. ( C ) Bri g htfi el d (l eft), aft er gl o w ( mi d dl e), a n d o v erl a y (ri g ht) i m a g es of 1 0 3 0  

s u b c ut a n e o usl y a d mi nist er e d c oll oi d al s ol uti o ns. ( D ) Aft er gl o w i m a g e of s u b c ut a n e o usl y i nj e ct e d 1 0 3 1  

c oll oi ds a c q uir e d usi n g t h e I VI S i m a gi n g s yst e m. ( E ) S c att er pl ot of c o n c e ntr ati o n-n or m ali z e d 1 0 3 2  

aft er gl o w r a di a n c e vs. e mi ssi o n w a v el e n gt h f or s u b c ut a n e o usl y i nj e ct e d c oll oi ds i n t his w or k a n d 1 0 3 3  

pr e vi o us r e p orts . T h e bl u e s h a d e r e pr es e nts t h e d esir a bl e p o w er d e nsit y f or a cti v ati n g S S F O a n d 1 0 3 4  

ps C as 9 i n v ari o us bi ol o gi c al a p pli c ati o ns. (F ) St atisti c al a n al ysis of t h e S B R f or aft er gl o w a n d 1 0 3 5  

fl u or es c e n c e i m a gi n g wit h BI D-pr o d u c e d n a n o p h os p h or c oll oi ds. All d at a ar e pr es e nt e d as m e a n 1 0 3 6  

v al u e s +/ - S D. n  = 3 f or all gr o u ps. * * P   <  0. 0 1; * * * P   <  0. 0 0 1. (G ) S c att er pl ot of t h e S B R vs. 1 0 3 7  

e mi ssi o n w a v el e n gt h f or s u b c ut a n e o usl y i nj e ct e d c oll oi d al s ol uti o ns of n a n o p h os p h ors i n t hi s w or k 1 0 3 8  

a n d pr e vi o us r e p orts. ( H ) BI D-pr o d u c e d c oll oi d al s ol uti o ns of n a n o p h os p h ors c a n b e d eli v er e d vi a 1 0 3 9  

i ntr a v e n o us a d mi nistr ati o n f or br ai n i m a gi n g. (I & J ) Tr a ns cr a ni al aft er gl o w i m a g es of br ai n 1 0 4 0  

v as c ul ar str u ct ur es aft er i ntr a v e n o us i nj e cti o n of S M S O ( I) a n d S A O (J ) c oll oi d al s ol uti o ns. (K ) 1 0 4 1  

T h e f ull -wi dt h at h alf m a xi m u m ( F W H M) of t h e s m all est dis c er ni bl e c er e br al v ess els i n aft er gl o w 1 0 4 2  

i m a g es of t his w or k a n d a n NI R-II ( > 1 5 0 0 n m) fl u or es c e n c e i m a g e i n R ef. (5 0 ) u n d er t h e s a m e 1 0 4 3  

l e v el of m a g nifi c ati o n. T h e s c al e b ars ar e 1 c m i n (B & D ), 1. 5 c m i n (C ) a n d 2. 5 m m i n (I & J ).  1 0 4 4  

https://paperpile.com/c/f5jzAn/J6bGe
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Fi g. 5.  BI D -p r o d u c e d c oll oi ds as a n i nt r a vit al li g ht s o u r c e f o r Y F P i m a gi n g . (A ) S c h e m ati c 1 0 4 5  

s h o wi n g S M S O c oll oi ds i n bl o o d v ess el s as a n i nt er n al li g ht s o ur c e f or e x citi n g Y F P fl u or es c e n c e 1 0 4 6  

i n sit u. (B ) P h ot o of t h e m o us e h e a d wit h t h e i nt a ct s k ull, w hi c h is d o mi n at e d b y t h e i ntri nsi c s k ull 1 0 4 7  

f e at ur es. (C & E ) S c h e m ati c of br ai n fl u or es c e nc e i m a gi n g wit h a n i nt er n al li g ht s o ur c e ( C ) or a 1 0 4 8  

c o n v e nti o n al e xt er n al li g ht s o ur c e ( E ). T h e bl u e gl o w r e pr es e nts t h e i nt er n al e x cit ati o n li g ht. T h e 1 0 4 9  

bl u e, y ell o w, a n d or a n g e arr o ws r e pr es e nt e xt er n al e x cit ati o n li g ht, Y F P fl u or es c e n c e, a n d s k ull 1 0 5 0  
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a ut ofl u or es c e n c e, r es p e cti v el y. T h e fl u or es c e n c e i m a g e e x cit e d b y a c o n v e nti o n al e xt er n al li g ht 1 0 5 1  

s o ur c e ( E ) is c o nt a mi n at e d b y s k ull f e at ur es d u e t o s p ati all y v ar yi n g s k ull att e n u ati o n a n d 1 0 5 2  

a ut ofl u or es c e n c e. ( D & F ) Y F P aft er gl o w (D ) or fl u or es c e n c e (F ) i m a g es of t h e WT (l eft) a n d Y F P -1 0 5 3  

1 6 (ri g ht) m o us e br ai ns e x cit e d b y t h e i ntr a v e n o usl y d eli v er e d c oll oi d al li g ht s o ur c e ( D ) or a n 1 0 5 4  

e xt er n al li g ht s o ur c e ( F ). T h e i ns ets i n t h e l eft p a n el s ar e W T i m a g es wit h di git all y e n h a n c e d 1 0 5 5  

bri g ht n ess t o m at c h Y F P -1 6 i m a g es. All i m a g es i n  B, D & F  w er e t a k e n wit h t h e i nt a ct s k ull. All 1 0 5 6  

s c al e b ars r e pr es e nt 2 m m. ( G ) I nt e nsit y s c att er pl ot of t h e W T a n d Y F P-1 6 i m a g es u n d er t h e 1 0 5 7  

aft er gl o w (l eft) or fl u or es c e n c e (ri g ht) m o d es. T h e P e ars o n’s c orr el ati o n c o effi ci e nt r is pr o vi d e d 1 0 5 8  

o n t h e i m a g e. ( H ) St atisti c al a n al ysis of P e ars o n’s c orr el ati o n c o effi ci e nts (i n di c ati n g si mil arit y) 1 0 5 9  

b et w e e n t h e W T a n d Y F P -1 6 i m a g es u n d er t h e aft er gl o w or fl u or es c e n c e m o d es. All d at a ar e 1 0 6 0  

pr e s e nt e d as m e a n v al u es +/ - S D. * * * *, P  < 0. 0 0 0 1.  1 0 6 1  
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S u p pl e m e nt a r y T e xt  
 
Esti m ati o n of t h e r ati o of b ul k S M S O p r e c u rs o r p a rti cl es t o ki n eti c all y p r es e r v e d S M S O 
n a n o p a rti cl es  
I n c o m pli a n c e wit h t h e ki n eti c pr es er v ati o n m o d el of t h e BI D m et h o d, t w o pl a usi bl e b ut n ot 
m ut u all y e x cl usi v e m o d els e xist t o e x pl ai n t h e ori gi n of pr o d u c e d n a n o p arti cl es. S p e cifi c all y, e a c h 
mi cr o n -si z e d p arti cl e m a y b e et c h e d t o a si n gl e n a n o p arti cl e wit h it s si z e r esist a nt t o f urt h er 
diss ol uti o n. Alt er n ati v el y, d uri n g diss ol uti o n of a mi cr o n p arti cl e, it m a y “s h e d ” m ulti pl e 
n a n o p arti cl es fr o m its s urf a c e as t h e pit e x p a n ds. T o t hi s e n d, w e c al c ul at e d t h e fi n al c o n c e ntr ati o n 
of n a n o p arti cl es aft er t h e BI D pr o c e ss as f oll o ws:  
I n a t y pi c al BI D e x p eri m e nt d es cri b e d i n M at eri als a n d M et h o ds, a n o v er all yi el d  of 1 3 % w as 
f o u n d f or S M S O n a n o p h os p h ors, a n d t h e i niti al p arti cl e c o n c e ntr ati o n of b ul k S M S O pr e c urs or 
p arti cl es a n d ki n eti c all y pr es er v e d S M S O n a n o p arti cl es w er e 5. 5 9 × 1 0 6 a n d 9. 0 8 × 1 0 1 2 

p arti cl es/ m L, r es p e cti v el y, b as e d o n U V -Vis a bs or pti o n m e as ur e m e n t a n d t h eir r es p e cti v e si z es. 
T his r es ult i n di c at es t h at o n a v er a g e, e v er y si n gl e mi cr o n -si z e d S M S O p arti cl e pr o d u c es ~ 1 0 6  
n a n o p arti cl es d uri n g t h e ki n eti c all y pr es er v e d diss ol uti o n pr o c ess. T h er ef or e, alt h o u g h t h e first 
m o d el c a n n ot b e e x cl u d e d, t h e s e c o n d m o d el d o mi n at es t h e BI D pr o c ess t o pr o d u c e m a n y s m all 
n a n o p arti cl es fr o m t h eir p ar e nt mi cr o n -si z e d p arti cl e s. F urt h er e vi d e n c e is f o u n d fr o m a cl os e -u p 
vi e w of t h e l ar g e p arti cl es d uri n g diss ol uti o n, r e v e ali n g m a n y s m all n a n o p arti cl es l o os el y att a c h e d 
to t h e s urf a c es ( Fi g. 1 E, t h e f ar ri g ht p a n el). A si mil ar p h e n o m e n o n h as b e e n o bs er v e d d uri n g 
d e mi n er ali z ati o n of t o ot h e n a m el, i n w hi c h n a n osi z e d p arti cl es w er e r el e as e d i nt o t h e s ol uti o n b y 
fl ui d diff usi o n fl u x (2 5 ). 
 
Esti m ati o n of hi g h est a c hi e v a bl e aft e r gl o w p o w e r d e nsit y i n vi v o aft e r i nt r a v e n o us d eli v e r y 
f o r bi ol o gi c al a p pli c ati o ns  

W e first esti m at e t h e aft er gl o w e missi o n p o w er p er u nit m ass of n a n o p h os p h or s (
𝑅

𝑅 𝑟 𝑟 𝑅
) usi n g t h e 

e x vi v o  r a di a n c e m e as ur e m e nt d at a (i. e., Fi g. 2 E) as f oll o ws: 

∫ ∫ 1 0 − 𝑟 𝛾 𝑆 𝐿 ⋅√ 𝛺 2 + ℎ 2 ⋅𝛥 𝑔 𝛾 𝑆
𝐿

𝛥 𝑔𝑡 𝑜
 𝑛 𝑠𝑎 𝑏  

2 𝑠 𝑜

4 𝑟 ( 𝑏 2 + ℎ 2 )
𝑒 𝑑  𝐼 ℎ

𝐸 0

0

ℎ 0

0

= 𝑚 ⋅ ℎ 𝑑 / 𝑡 ⋅ 𝑡 𝐿  

w h er e ℎ 0  a n d 𝑢 0  ar e t h e h ei g ht a n d r a di us of t h e BI D -pr o d u c e d n a n o p h os p h or s ol uti o n i n a 4 8 w ell 
pl at e, r es p e cti v el y; 𝑚 𝐼𝐸 𝑥  is t h e a bs or pti o n c o effi ci e nt of t h e BI D-pr o d u c e d n a n o p h os p h or s ol uti o n 
at its c orr es p o n di n g p e a k e mi ssi o n w a v el e n gt h; 𝑟 𝑒𝑓 𝐼  is t h e c o n c e ntr ati o n of t h e n a n o p h os p h or 
s ol uti o n; 𝐸  =  4 𝑥  is t h e s oli d a n gl e; ℎ 𝑆 / 𝑀  is t h e e n er g y of a si n gl e p h ot o n at t h e p e a k e mi ssi o n 
w a v el e n gt h, a n d 𝑆 𝑂  is t h e r a di a n c e m e a s ur e d b y t h e I VI S s yst e m. 
T h e n t h e hi g h est a c hi e v a bl e aft er gl o w p o w er d e nsit y i n diff er e nt or g a ns i n vi v o aft er i ntr a v e n o us 
d eli v er y i s esti m at e d as f oll o ws:  

𝑡  = ∫
𝐸

𝑥 𝐼𝐸 𝑚
 𝐼 𝐸𝑥 𝑟 ,𝑒𝑓 𝐼 𝐸 𝑥  𝑆 / 𝑀 𝑆𝑂 𝑡 𝐿 𝑢  𝑚 𝑡 𝐸 ( − 𝑥 𝑒 𝑓 𝑓  𝑙)  𝑑𝑙

𝑙0

0

 

w h er e 𝑙0  is t h e esti m at e d di m e nsi o n of t h e m o us e or g a n; 𝐶 𝐵𝐼 𝐷 ,𝑏𝑙 𝑜 𝑜 𝑑  is t h e esti m at e d hi g h est 
a c hi e v a bl e c o n c e ntr ati o n of BI D -pr o d u c e d n a n o p h os p h or s ol uti o n i n t h e bl o o d b as e d o n pr e vi o us 
r e p orts (5 2 , 5 3 ); 𝑣 / 𝑣 𝑏 𝑙 𝑜 𝑜 𝑑  is t h e v ol u m e p er c e nt a g e of bl o o d i n s p e cifi c or g a ns; 𝜇 𝑒 𝑓 𝑓  is t h e eff e cti v e 

att e n u ati o n c o effi ci e nt of s p e cifi c or g a n tiss u e at t h e p e a k e missi o n w a v el e n gt h of t h e 
n a n o p h os p h or b as e d o n pr e vi o us r e p orts (5 4 ). T h e r es ults f or t h e bl u e-e mitti n g n a n o p h os p h ors ar e 
s u m m ari z e d b el o w  i n t a bl e S 1: 

https://paperpile.com/c/f5jzAn/puWHn
https://paperpile.com/c/f5jzAn/puWHn
https://paperpile.com/c/f5jzAn/puWHn
https://paperpile.com/c/f5jzAn/lSuj+Qy8I
https://paperpile.com/c/f5jzAn/lSuj+Qy8I
https://paperpile.com/c/f5jzAn/lSuj+Qy8I
https://paperpile.com/c/f5jzAn/lSuj+Qy8I
https://paperpile.com/c/f5jzAn/lSuj+Qy8I
https://paperpile.com/c/f5jzAn/t9b0
https://paperpile.com/c/f5jzAn/t9b0
https://paperpile.com/c/f5jzAn/t9b0
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T a bl e S 1. E sti m at e d p o w er d e n siti e s of s y s t e mi c all y d eli v er e d n a n o p h o s p h or s i n 
diff er e nt or g a n s.  
 

 Br ai n ( μ W/ c m 2 ) Li v er ( μ W/ c m 2 ) 

S M S O  0. 6 2 7  1. 0 1  

S A O  2 1. 8  3 6. 2  

 
F urt h er m or e, w e h a v e als o c o m p ar e d t h e esti m at e d hi g h est a c hi e v a bl e p o w er d e nsit y a b o v e wit h 
t h e p o w er n e e d e d f or v ari o us bi ol o gi c al a p pli c ati o ns.  
First, f or o pt o g e n eti cs n e ur o m o d ul ati o n, it h as b e e n pr e vi o usl y r e p ort e d t h at c h a n n elr h o d o psi ns 
wit h sl o w d y n a mi cs (s u c h as S S F O, st a bl e st e p -f u n cti o n o psi n) c a n a ct as p h ot o n i nt e gr at ors, a n d 
t h eir p h ot o c urr e nt is d et er mi n e d b y t h e t ot al p h ot o n e x p os ur e e v e n u n d er e xtr e m el y l o w li g ht 
c o n diti o ns (5 5 , 5 6 ). S p e cifi c all y, it h as b e e n e x p eri m e nt all y v erifi e d t h at t h e a p p ar e nt ti m e 
c o nst a nts f or a cti v ati o n of S S F O u n d er ~ 1. 6 a n d 2. 9 μ W/ c m 2  4 7 0 -n m li g ht ar e ~ 5 9 a n d 3 8 s, 
r es p e cti v el y (5 5 ). As c al c ul at e d a b o v e, BI D-pr o d u c e d S A O n a n o p h os p h or c oll oi d c a n pr o vi d e 
e n o u g h p h ot o ns t o a cti v at e S S F O a cr oss t h e e ntir e br ai n wit hi n 5 s u p o n i ntr a v e n o us d eli v er y. 
F urt h er m or e, t h e r e c e ntl y d e v el o p e d ultr a-s e nsiti v e st e p -f u n cti o n o psi n ( S O U L) r e q uir es e v e n l ess 
p h ot o n e x p os ur e at 4 7 0 -n m t h a n S S F O (5 7 ), t h us e n a bli n g S O U L t o b e a cti v at e d wit h a l o w er 
S A O d os a g e or a s h ort er ti m e i nt er v al aft er d eli v er y.  
S e c o n d, f or li g ht -m e di at e d g e n e -e diti n g, t h e si n gl e -c h ai n ps C as 9 b as e d o n p d Dr o n p a c a n b e 
a cti v at e d wit h 1 0 μ W/ c m 2 5 0 0 -n m li g ht (1 3 ). T h e c al c ul ati o ns a b o v e s u g g est t h at t h e i ntr a v e n o us 
d eli v er y of S A O c a n pr o vi d e e n o u g h p o w er d e nsit y i n b ot h t h e br ai n a n d t h e li v er f or a cti v ati n g 
ps C as 9.  
T hir d, f or p h ot o d y n a mi c t h er a p y, pr e vi o us i n vitr o st u di es h a v e d e m o nstr at e d t h at t h e l o w fl u e n c e 
t hr es h ol d f or a c o m m er ci all y a v ail a bl e p h ot os e nsiti z er T P P S2 a  u n d er ~ 0 . 2 8 μ W/ c m2  bl u e li g ht 
ill u mi n ati o n w as 1 2 mJ/ c m2  (5 8 ). S u c h p o w er d e nsit y a n d li g ht fl u e n c e s h o ul d b e a c hi e v a bl e 
wit hi n ~ 5. 5 mi n aft er i ntr a v e n o us d eli v er y of S A O n a n o p h os p h or s, w hil e t h e i n vi v o aft er gl o w 
i nt e nsit y c a n b e m ai nt ai n e d at a r el ati v el y hi g h l e v el b y a p pl yi n g c o nst a nt r e m ot e r e c h ar gi n g a n d 
l e v er a gi n g t h e i ntri nsi c cir c ul at or y s yst e m, as d e m o nstr at e d i n fi g. S 1 6. F urt h er m or e, a n ot h er 
r e c e nt r e p ort utili z e d bi ol u mi n es c e n c e t o l o c all y a cti v at e p h ot os e nsiti z er f or p h ot o d y n a mi c t h er a p y 
i n vi v o, a n d t h e eff e cti v e bi ol u mi n es c e n c e r a di ati o n w as esti m at e d t o b e as l o w as 1 5. 6 mJ/ c m2  ( 2 6 
μ W/ c m 2  f or 1 0 mi n) at 5 0 0 n m (5 9 ). T his li g ht fl u e n c e r e q uir e m e nt c a n als o b e a c hi e v e d b y usi n g 
S A O n a n o p h os p h ors as a n i nt er n al li g ht s o ur c e aft er i ntr a v e n o us i nj e cti o n wit h c o nst a nt r e m ot e 
r e c h ar gi n g. 
I n s u m m ar y, o ur c al c ul ati o ns a b o v e s u g g est t h e f e asi bilit y of a p pl yi n g t h e bl u e -e mitti n g 
n a n o p h os p h or c oll oi ds r e p ort e d i n t hi s w or k as cir c ul ati o n -d eli v er e d i nt er n al li g ht s o ur c es f or 
v ari o us a d v a n c e d bi ol o gi c al a p pli c ati o ns, s u c h as o pt o g e n eti cs n e ur o m o d ul ati o n b as e d o n S S F O 
or S O U L, li g ht -m e di at e d g e n o m e m o difi c ati o n b as e d o n ps C as 9, a n d p h ot o d y n a mi c t h er a p y. 
C o m p ar e d wit h c o n v e nti o n al m et h o ds of li g ht d eli v er y, t h e s yst e mi c all y d eli v er e d i nt er n al li g ht 
s o ur c e i s a d v a nt a g e o us as it c a n r e a c h d e e p tiss u e t hr o u g h bl o o d cir c ul ati o n, ill u mi n at e t h e w h ol e 
or g a n of i nt er est u nif or ml y, a n d d o es n ot r e q uir e i n v asi v e i m pl a nts s u c h a n L E D or a n o pti c al fi b er. 
N o n et h el ess, t h e a d v a n c e d bi ol o gi c al a p pli c ati o ns pr o p os e d a b o v e r e m ai n t o b e e x pl or e d i n f ut ur e 
st u di es.  
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Fi g. S 1.  H y p ot h esi z e d r e a cti o n d u ri n g t h e BI D p r o c ess.  H Cit 2 - r e pr es e nts t h e d o u bl y-
d e pr ot o n at e d citr at e a ni o n, a n d Cit 3 - r e pr es e nts t h e tri pl y-d e pr ot o n at e d citr at e a ni o n. Sr 2 +  a n d M g 2 +  
c ati o ns f or m c o or di n ati o n c o m pl e x es wit h t h e citr at e a ni o n wit h 1: 1 st oi c hi o m etr y (6 0 ). Tri pl y-
d e pr ot o n at e d citr at e a ni o ns ar e t h e d o mi n a nt f or m i n t h es e c o m pl e x es i n o ur p H r a n g e of i nt er est 
( e. g., 6 ~ 1 0) (6 1 ). I n a d diti o n, it h as b e e n r e p ort e d t h at sili c a f or ms c o m pl e x es wit h citr at e wit h 
u n k n o w n st oi c hi o m etr y (t h us t h e s u bs cri pt of n ) t o diss ol v e i n a n a q u e o us s ol uti o n (6 2 ).   

https://paperpile.com/c/f5jzAn/KbMfj
https://paperpile.com/c/f5jzAn/KbMfj
https://paperpile.com/c/f5jzAn/KbMfj
https://paperpile.com/c/f5jzAn/Kbw0a
https://paperpile.com/c/f5jzAn/Kbw0a
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https://paperpile.com/c/f5jzAn/y78Op
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Fi g. S 2.  F TI R s p e ct r a of t ris o di u m cit r at e a n d t h e BI D s ol uti o n.  F ull -r a n g e (A ) a n d cl os e-u p 
vi e w ( B ) of F T I R s p e ctr a of tris o di u m citr at e (i) a n d t h e citr at e et c h a nt aft er diss ol vi n g S M S O 
b ul k p arti cl es (ii), r e v e ali n g t h e c h e mi c al i d e ntit y of c o or di n at e d m et al c ati o ns i n t h e s ol uti o n aft er 

diss ol uti o n. T h e s i g nifi c a nt d o w ns hift of t h e a ntis y m m etri c str et c hi n g b a n d of ー C O O  ̄ [i. e., υas (

ー C O O ¯ )] fr o m 1 5 7 8 c m-1  t o 1 5 6 3 c m-1 i n di c at es t h e f or m ati o n of t h e m et al-c ar b o x yl at e b o n d (6 3 , 

6 4 ). T h er ef or e,  c o or di n at e d m et al c ati o ns s u c h as ー C O O M g, ー C O O Sr, ー C O O E u, a n d ー

C O O D y s h o ul d e xist i n t h e s ol uti o n aft er diss ol uti o n. I n a d diti o n, t h e u ps hift of t h e s y m m etri c 

str et c hi n g b a n d of ー C O O  ̄ [i. e., υs(ー C O O ¯ )] fr o m 1 3 8 5 c m-1  t o 1 3 8 8 c m-1 is attri b ut e d t o t h e 

f or m ati o n of t h e m et al-c ar b o x yl at e b o n d. B as e d o n t hi s d at a, w e p ost ul at e t h at m et al -citr at e 
c o m pl e x i o ns ar e t h e m ost pr o b a bl e f or m of diss ol v e d m et als aft er di ss ol uti o n of b ul k S M S O.   

https://paperpile.com/c/f5jzAn/NfU7o+7UlHw
https://paperpile.com/c/f5jzAn/NfU7o+7UlHw
https://paperpile.com/c/f5jzAn/NfU7o+7UlHw
https://paperpile.com/c/f5jzAn/NfU7o+7UlHw
https://paperpile.com/c/f5jzAn/NfU7o+7UlHw
https://paperpile.com/c/f5jzAn/NfU7o+7UlHw
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Fi g. S 3.  N M R s p e ct r a of t ris o di u m cit r at e a n d t h e BI D s ol uti o n.  1 H ( A ) a n d 1 3 C ( B ) N M R 
s p e ctr a of tris o di u m citr at e (i ) a n d t h e citr at e et c h a nt aft er diss ol vi n g S M S O b ul k p arti cl es (ii), 
c o nfir mi n g t h e f or m ati o n of m et al -c ar b o x yl b o n ds i n t h e s ol uti o n. Pr e vi o us w or k r e p ort e d a 
d o w ns hift of α -H at o m s wit h p e a k br o a d e ni n g a n d a n u ps hift of all C at o ms w h e n citr at e f or ms 
c o o r di n ati o n c o m pl e x es wit h m et al c ati o ns (6 5 , 6 6 ).   

https://paperpile.com/c/f5jzAn/35U9x+oepmX
https://paperpile.com/c/f5jzAn/35U9x+oepmX
https://paperpile.com/c/f5jzAn/35U9x+oepmX
https://paperpile.com/c/f5jzAn/35U9x+oepmX
https://paperpile.com/c/f5jzAn/35U9x+oepmX


7  

 
Fi g. S 4.  U V a bs o r pti o n s p e ct r u m of t h e BI D s ol uti o n.  U V a bs or pti o n s p e ctr u m of t h e citr at e 
et c h a nt aft er diss ol vi n g S M S O b ul k p h os p h or  r e v e als t h e f or m ati o n of sili c at e-citr at e c o m pl e x es. 
S u c h c o m pl e x es w er e i m pli e d b y a pr e vi o us w or k st u d yi n g t h e diss ol uti o n of sili c a b y citr at e (6 7 ), 
w hil e a n a bs or pti o n p e a k n e ar 2 4 0 n m s u g g ests t h e f or m ati o n of sili c at e -citr at e c o m pl e x e s d u e t o 
c h ar g e tr a nsf er (6 2 ).   

https://paperpile.com/c/f5jzAn/u1ezl
https://paperpile.com/c/f5jzAn/u1ezl
https://paperpile.com/c/f5jzAn/u1ezl
https://paperpile.com/c/f5jzAn/y78Op
https://paperpile.com/c/f5jzAn/y78Op
https://paperpile.com/c/f5jzAn/y78Op
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Fi g . S 5. F TI R s p e ct r a of S M S O b ul k p h os p h o r (i) a n d c oll oi d al n a n o p h os p h o r (ii).  P e a ks at 
9 6 4 c m -1  a n d 1 0 0 0 c m -1  c orr es p o n d t o Si -O -Si str et c hi n g m o d es (6 8 , 6 9 ), w hi c h ar e missi n g fr o m 
t h e I R s p e ctr u m of t h e et c h e d s ol uti o n (fi g. S 2). T his r es ult s u g g est s t h e a bs e n c e of Si-O -Si b o n ds 
i n t h e s ol u bl e pr o d u cts aft er diss ol uti o n, t h us c o nfir mi n g a s ol u bl e f or m of sili c a -citr at e c o m pl e x 

i n fi g. S 1. A d diti o n all y, t h e pr es e n c e of s y m m etri c a n d a nti s y m m etri c str et c hi n g b a n ds of ー C O O  ̄

[i. e., υs(ー C O O ¯ ) a n d υas (ー C O O ¯ )] as l a b el e d i n ii s u g g ests t h e a ds or pti o n of citr at e a ni ons o n t h e 

s urf a c e of S M S O c oll oi d t o i m pr o v e its c oll oi d al st a bilit y w h e n dis p ers e d i n w at er.   

https://paperpile.com/c/f5jzAn/4raWr+gxefW
https://paperpile.com/c/f5jzAn/4raWr+gxefW
https://paperpile.com/c/f5jzAn/4raWr+gxefW
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Fi g. S 6. B E T is ot h e r m of S M S O b ul k p a rti cl es p ri o r t o t h e BI D p r o c ess.  W e o bt ai n e d a s p e cifi c 
s urf a c e ar e a of 4 3, 8 5 0 c m 2 / g fr o m t his is ot h er m, t h us yi el di n g a t ot al s urf a c e ar e a of 4, 3 8 5 c m2  f or 
ki n eti c all y pr es er v e d diss ol uti o n i n t h e C C e x p eri m e nts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 0  

 
Fi g. S 7 . Tit r ati o n c u r v es at l o w e r p H. Pl ots of  titr a nt v ol u m e as a f u n cti o n of ti m e f or c o m pl et e 
diss ol uti o n of S M S O at p H 7 a n d p H 7. 5 wit h t h e C C t e c h ni q u e (s e e M at eri als a n d M et h o ds).   



1 1  

 
Fi g. S 8 . U V a bs o r pti o n s p e ct r a of S M S O c oll oi d al s ol uti o ns.  U V s p e ctr a of t w o s ol uti ons 
c orr es p o n di n g t o Fi g. 1J,  b ott o m r o w, r e v e al t h e r esist a n c e of criti c all y si z e d n a n o p arti cl es t o 
f urt h er diss ol uti o n. N ot e t h at t h e 4 0 0-n m a bs or b a n c e of S M S O c oll oi d al s ol uti o n i n w at er is 
pr o p orti o n al t o its m ol ar c o n c e ntr ati o n b y a n e xti n cti o n c o effi ci e nt of 2. 7 x 1 0 8  L/ m ol/ c m .  



1 2  

 
Fi g. S 9. I m a g es of  b ul k S M S O p a rti cl es i n p u r e w at e r.  Bri g ht -fi el d i m a g e (l eft), T y n d all eff e ct 
( mi d dl e), a n d aft er gl o w i m a g e (ri g ht) of b ul k S M S O p arti cl es i n p ur e w at er wit h o ut citr at e ( p H = 
7) b ef or e a n d aft er mi xi n g f or 3 d a ys u n d er t h e s a m e e x p eri m e nt al c o n diti o ns as t h e BI D pr o c ess 
wit h citr at e, s h o wi n g n e gli gi bl e diss ol uti o n of S M S O i n p ur e w at er. T his r es ult r ul e d o ut t h e 
p ossi bilit y of S M S O diss ol vi n g i n p ur e w at er, w hi c h is c o nsi st e nt wit h t h e li mit e d a q u e o us 
s ol u bilit y of al k ali n e e art h sili c at es. T h e l a c k of diss ol uti o n i n p ur e w at er str o n gl y c o ntr asts wit h 
c o m pl et e diss ol uti o n i n citr at e b uff er at t h e s a m e p H (fi g. S 7). T a k e n t o g et h er, t h es e r es ults c o nfir m 
t h e h y p ot h esis t h at citr at e i o ns pr o vi d e t h e m ai n dri v e f or a n e g ati v e △ g, w hil e t h e p H m o d ul at e s 
u n d ers at u r ati o n d u e t o t h e c o ns u m pti o n of pr ot o ns i n t h e r e a cti o n (fi g. S 1).  



1 3  

 

 
Fi g. S 1 0. T h e a bs o r pti o n s p e ct r u m of F B S i n t h e 3 0 0 -7 0 0 n m r a n g e wit h a 1 m m o pti c al p at h.  
N ot e t h e a bs or b a n c e of 0. 0 6 m m -1  at 4 7 0 n m, t h e e mi ssi o n w a v el e n gt h of t h e S M S O c oll oi d. T his 
a bs or b a n c e v al u e c orr es p o n ds t o t h e att e n u ati o n of 5 6 % i n a mi cr o c e ntrif u g e t u b e, a gr e ei n g wit h 
~ 5 0 % r e d u cti o n i n t h e aft er gl o w of S M S O c oll oi d i n F B S o bs er v e d i n Fi g. 2 F.  



1 4  

 

 
Fi g. S 1 1.  X R D s p e ct r a of diff e r e nt p h os p h o rs.  X R D  s p e ctr a of b ul k p h os p h ors a n d t h eir 
c orr es p o n di n g c oll oi ds f or diff er e nt m at eri als: ( A ) S A O; (B ) Z n S: C u, Al; (C ) Z n S: M n; a n d (D ) 
C S S.  



1 5  

 
Fi g. S 1 2.  P h ot ol u mi n es c e n c e c h a r a ct e ri z ati o n of diff e r e nt c oll oi d al n a n o p h os p h o rs.  T h e 
e x cit ati o n a n d e mi ssi o n s p e ctr a of diff er e nt n a n o p h os p h or c oll oi ds pr o d u c e d b y t h e BI D a p pr o a c h: 
(A ) S A O; (B ) Z n S: C u, Al; (C ) Z n S: M n; a n d (D ) C S S. 



1 6  

 
Fi g. S 1 3. CI E c h r o m ati cit y di a g r a m of fi v e BI D -p r o d u c e d n a n o p h os p h o r c oll oi ds.   



1 7  

 

 
Fi g. S 1 4.  O pti mi z ati o n of t h e aft e r gl o w i nt e nsit y of t h e S M S O c oll oi d b y v a r yi n g t h e p o w e r 
d e nsit y a n d d u r ati o n of r e c h a r gi n g.  T h e aft er gl o w i nt e nsit y is pl ott e d a g ai nst t h e r e c h ar gi n g 
p o w er d e nsit y a n d d ur ati o n i n ( A ) a n d (B ), r es p e cti v el y. 
  



1 8  

 
Fi g. S 1 5.  V e ss el wi d t h a n al ysi s of t r a ns c r a ni al aft e r gl o w b r ai n i m a gi n g. (A ) Tr a ns cr a ni al 
aft er gl o w i m a g es of br ai n v ess els aft er i ntr a v e n o us i nj e cti o n of S M S O (l eft) a n d S A O (ri g ht) 
c oll oi d al s ol uti o ns. V ess els us e d f or wi dt h a n al ysis ar e hi g hli g ht e d wit h s h ort w hit e li n es. S c al e 
b ars r e pr es e nt 2. 5 m m. ( B, C ) R a w a n d fitt e d li n e pr ofil es f or t h e S M S O (B ) a n d S A O (C ) aft er gl o w 
i m a g es i n (A ).  



1 9  

 
Fi g. S 1 6. R e m ot e r e c h a r gi n g of ci r c ul ati n g n a n o p h os p h o r c oll oi ds i n vi v o. (A ) S c h e m ati c 
s h o wi n g r e m ot e r e c h ar gi n g of cir c ul ati n g n a n o p h os p h or c oll oi ds i n h e p ati c v ess els a n d aft er gl o w 
i m a gi n g of t h e f e m or al art er y i n t h e m o us e hi n dli m b. T h e i ntri nsi c cir c ul at or y s yst e m of t h e m o us e 
bri n gs t h e c h ar g e d n a n o p h os p h ors i n t h e h e p ati c v ess els t o t h e f e m or al art er y. ( B ) A n aft er gl o w 
i m a g e of t h e f e m or al art er y. T h e d as h e d r e d cir cl e hi g hli g hts t h e r e gi o n f or a n al y zi n g t h e aft er gl o w 
i nt e nsit y d y n a mi cs. T h e s c al e b ar r e pr es e nts 5 m m. (C ) Aft er gl o w i nt e nsit y d y n a mi cs of t h e 
f e m or al art er y wit h (r e d) or wit h o ut ( bl a c k) r e m ot e r e c h argi n g i n h e p ati c v ess els. T h e r e d ti c ks 
a b o v e t h e pl ot r e pr es e nt p eri o di c r e m ot e r e c h ar gi n g e v e nt s.   



2 0  

 
Fi g. S 1 7. Bi o dist ri b uti o n of s yst e mi c all y d eli v e r e d S M S O c oll oi ds ( 4 9 3 n m ol/ L) i n m aj o r 
o r g a ns o n o n e d a y ( r e d b a rs) a n d o n e w e e k ( bl u e b a rs) p ost -i nj e ctio n.  All d at a ar e pr es e nt e d 
as m e a n v al u es +/ - S D, wit h i n di vi d u al d at a s h o w n i n o p e n cir cl es. n  = 3 mi c e f or b ot h ti m e p oi nts.  
 



2 1  

 
Fi g. S 1 8. Hist ol o gi c al a n al ysi s of m o us e o r g a ns.  H & E st ai n e d  i m a g es of m aj or m o us e or g a ns 3 0 
d a ys aft er i ntr a v e n o us i nj e cti o n of a n S M S O c oll oi d al s ol uti o n ( 4 9 3 n m ol/ L, b ott o m r o w), i n 
c o m p aris o n wit h t h os e fr o m t h e c o ntr ol gr o u p (t o p r o w). N o n oti c e a bl e tiss u e d a m a g e or 
p at h ol o gi c al l esi o n w as f o u n d i n or g a ns of c oll oi d -i nj e ct e d mi c e. S c al e b ars r e pr es e nt 1 0 0 μ m.  



2 2  

 
Fi g. S 1 9. Cl e a r a n c e st u d y of S M S O n a n o p h os p h o r c oll oi ds  i n vi v o. T h e e x cr eti o n pr ofil e of 
i ntr a v e n o usl y i nj e ct e d S M S O c oll oi ds i n t h e f e c es (A ) a n d uri n e (B ) All d at a ar e pr es e nt e d as m e a n 
v al u e s +/ - S D. ( n = 3 mi c e).  
  



2 3  

 
 

 
Fi g. S 2 0.  T h e aft e r gl o w s p e ct r u m of S M S O c oll oi d o v e rl ai d wit h t h e e x cit ati o n a n d e missi o n 
s p e ct r a of t h e Y F P.   



2 4  

 
Fi g. S 2 1.  Y F P i m a gi n g wit h i nt r a vit al a n d e xt e r n al e x cit ati o n s o u r c es.  (A ) O v erl a y of r a w 
aft er gl o w i m a g es c oll e ct e d wit h 4 8 2 B P ( gr e e n, c oll e cti n g S M S O aft er gl o w o nl y) or 5 5 0 L P (r e d, 
c oll e cti n g Y F P aft er gl o w o nl y) filt ers i n t h e br ai ns of W T (l eft) a n d Y F P -1 6 (ri g ht) mi c e i n Fi g. 
5 D. ( B ) St atisti c al a n al ysis of Y F P aft er gl o w i nt e nsit y of W T a n d Y F P-1 6 mi c e i n F i g. 5 D. All 
d at a ar e pr es e nt e d as m e a n v al u es +/ - S D. n  = 3 f or all gr o u ps. ( O n e -w a y A N O V A, F ( 1, 4) = 
1 3 4 4. 1 2, P  < 0. 0 0 0 1). ( * * * * P  < 0. 0 0 0 1) ( C, D ) A d diti o n al Y F P aft er gl o w i m a g es vi a a n i ntr a vit al 
li g ht s o ur c e (C ) a n d Y F P fl u or es c e n c e i m a g es vi a a n e xt er n al e x cit ati o n (D ) i n t h e br ai ns of t w o 
a d diti o n al Y F P -1 6 mi c e. All s c al e b ars r e pr es e nt 2 m m.   



2 5  

 
Fi g. S 2 2.  P h ot o of t h e m o us e b r ai n s h o w n i n Fi g. 5 B aft e r r e m o vi n g t h e s k ull.  T h e s c al e b ar 
r e pr es e nts 2 m m.  
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Fi g. S 2 3.  P h ot ost a bilit y of n a n o p h os p h o r c ol l oi ds. T h e aft er gl o w i nt e nsit y of S M S O ( A ), S A O 
(B ), Z n S: C u, Al (C ), Z n S: M n (D ), a n d C S S (E ) i n t h e first 2 0 (l eft), l ast 2 0 ( mi d dl e), a n d e v er y 
1 0 0 (ri g ht) r e c h ar gi n g c y cl es.   



2 7  

 
Fi g. S 2 4.  N o r m ali z e d i nt e nsit y of S M S O, S A O, Z n S: C u, Al, Z n S: M n, a n d C S S b ef o r e a n d 
aft e r 2 4 -h r c o nti n u o us bl e a c hi n g b y 1 m W/ m m 2  3 6 5 -n m li g ht.  T h e d at a ar e r e pr es e nt e d as m e a n 
± S D. n  = 3 f or all gr o u ps.   
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T a bl e S 2. C o m p a ri s o n of BI D -p r o d u c e d n a n o p h os p h o rs wit h p r e vi o us r e p o rt s.  

 M at e ri al s  

E missi o n 

W a v el e n gt

h  

H alf -lif e 

Ti m e  

I n vi v o  

aft e r gl o w 

i nt e nsit y of 

s u b c ut a n e

o us 

i nj e cti o n 

E x vi v o  

aft e r gl o w 

i nt e nsit y 

Si z es  R ef e r e n c es  

I n o r g a ni c P e rsi st e nt P h os p h o rs  

1  

Sr 2 M g Si 2 O

7 : E u, D y 
4 7 0 n m  6 0 s  

1. 9 × 1 0 9  

p/s/ c m 2 /sr/

( m g/ m L) 

2. 0 × 1 0 1 0  

p/s/ c m 2 /sr/

( m g/ m L) 

4 3 ± 1 2 n m  

T his st u d y  

Sr 4 Al 1 4 O 2 5 :

E u, D y  
4 9 0 n m  7 7 s  

3. 8 × 1 0 1 0  

p/s/ c m 2 /sr

/( m g/ m L) 

6. 2 × 1 0 1 1  

p/s/ c m 2 /sr

/( m g/ m L) 

6 9 ± 1 9 n m  

Z n S: C u, Al  5 3 4 n m  5 2 s  

7. 5 × 1 0 8  

p/s/ c m 2 /sr

/( m g/ m L) 

3. 6 × 1 0 9  

p/s/ c m 2 /sr

/( m g/ m L) 

5 6 ± 9 n m  

Z n S: M n  5 7 8 n m  5 6 s  

6. 8 × 1 0 8  

p/s/ c m 2 /sr

/( m g/ m L) 

3. 2 × 1 0 9  

p/s/ c m 2 /sr

/( m g/ m L) 

8 8 ± 2 2 n m  

C a 0. 8 5 Sr 0. 1 5

S: E u, T m  
6 5 0 n m  5 2 s  

3. 0 × 1 0 8  

p/s/ c m 2 /sr

/( m g/ m L) 

1. 4 × 1 0 9  

p/s/ c m 2 /sr

/( m g/ m L) 

8 6 ± 2 6 n m  

2  

Si O 2 / C d Si

O 3 : I n3 +  
4 3 8 n m  ~ 2 5 s  

~ 1 x 1 0 7  

( p/ s/ c m2 /sr)

/( m g/ m L) A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o 

i m a gi n g 

~ 7 0 n m  

 

 

 

 

 

( 7 0) 

 

Si O 2 / C d Si

O 3 : 

I n3 + , M n2 +  

5 8 0 n m  ~ 3 5 s  

~ 5 x 1 0 7  

( p/ s/ c m2 /sr)

/( m g/ m L) 

Si O 2 / C d Si

O 3 : 

I n3 + , T b3 +  

5 4 9 n m  ~ 3 5 s  

~ 4 x 1 0 7  

( p/ s/ c m2 /sr)

/( m g/ m L) 
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Si O 2 / C d Si

O 3 : 

I n3 + , D y3 +  

5 7 8 n m  ~ 4 5 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

3  
Z n G a 2 O 4 : C

r0. 0 0 4  
6 9 6 n m  ~ 6 0 s  

~ 5 x 1 0 6  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 4 x 1 0 7  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 9 n m  

 

 

( 1 7) 

4  

C a 0. 2 Z n 0. 9

M g 0. 9 Si 2 O 6 : 

E u 2 + , D y3 + , 

M n 2 +  

6 9 0 n m  ~ 6 0 s  

~ 5 x 1 0 5  

( p/ s/ c m2 /sr)

/( m g/ m L) 

E x vi v o  

i m a gi n g 

n ot 

p erf or m e d  

5 0 -1 0 0 n m  

 

( 1 8) 

5  

Z n G a 2 O 4 : C

r3 + -B S A -

T A M R A  

7 0 2 n m  ~ 2 s  

~ 6 x 1 0 6  

( p/ s/ c m2 /sr)

/( m g/ m L) 

E x vi v o 

i m a gi n g 

n ot 

p erf or m e d  

5 9 n m  

 

( 1 0) 

6  
Z n G a 1. 9 9 5 C

r0. 0 0 5 O 4   
6 9 5 n m  

~ 2 0 0 s 

( e x cit e d 

wit h 5 7 0 0 

l u m e n L E D 

arr a y); 

~ 1 0 0 0 s 

( e xit e d 

wit h 6 W 

U V l a m p)  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

E x vi v o  

i m a gi n g 

n ot 

p erf or m e d  

8 0 n m  

 

 

 

 

( 8) 

7  

Si -P c 

f u n cti o n ali

z e d 

Z n 1. 2 5 G a 1. 5

G e 0. 2 5 O 4 : 0.

5 % Cr 3 + , 2. 5

% Y b 3 + , 

0. 2 5 % Er 3 +  

C or e @ h Si

O 2 @ C C M  

6 9 5 n m  ~ 1 5 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

 

 

 

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

 

 

1 7 6 n m  

 

 

 

 

 

( 7 1) 



3 0  

8  

Z n G a 2 O 4 : C

r3 + / S n4 + @

M S Ns -

P E G  

6 9 5 n m  ~ 1 5 s  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

s u b c ut a n e o

us 

aft er gl o w 

i m a gi n g. 

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g. 

1 0 3 n m  

 

 

 

( 7 2) 

9  

H A -G d 2 O 3 -

Z n G a 2 O 4 : C

r3 +  

6 9 5 n m  ~ 1 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d.  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g. 

1 4 2 n m  

 

 

( 7 3) 

1 0  

c( R G D y K)

-P E G -

Z n 2. 9 4 G a 1. 9 6

G e 2 O 1 0 : Cr3

+ , Pr3 +  

7 0 0 n m  ~s e c o n ds  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

s u b c ut a n e o

us 

aft er gl o w 

i m a gi n g. 

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o 

i m a gi n g 

1 3 2 n m  

 

 

 

( 7 4) 

1 1  

R as p b err y -

li k e 

m es o p or o u

s 

Z n 1. 0 7 G a 2. 3 4

Si 0. 9 8 O 6. 5 6 :

Cr 0. 0 1  

6 9 8 n m  ~ 1 0 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o 

i m a gi n g 

~ 1 1 0 n m  

 

 

 

( 7 5) 



3 1  

1 2  

F ol at e a ci d -

f u n cti o n ali

z e d 

Z n 1. 2 5 G a 1. 5

G e 0. 2 5 O 4 : 0.

5 % Cr 3 + , 2. 5

% Y b 3 + , 

0. 2 5 % Er 3 +  

6 9 1 n m  ~ 3 5 0 s  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

s u b c ut a n e o

us 

aft er gl o w 

i m a gi n g 

E x vi v o 

i m a gi n g 

n ot 

p erf or m e d  

4 4 n m  

 

 

 

 

( 7 6) 

1 3  

m Si O 2 @ G

d 3 G a 5 O 1 2 : C

r3 + , N d3 +  

7 4 5 n m  ~ 3 0 s  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

s u b c ut a n e o

us 

aft er gl o w 

i m a gi n g 

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o 

i m a gi n g 

5 0 n m  

 

 

 

( 7 7) 

1 4  

Z n 1 + x G a 2 -

2 x G e x O 4 : Cr
3 + @ z e oliti c 

i mi d a z ol at e 

fr a m e w or k-

8  

6 9 9 n m  ~ 4 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

1 0 0 -2 0 0 

n m  

 

 

( 7 8) 

1 5  
L a Al O 3 : Cr3

+ , S m3 +  

7 3 5 n m a n d 

7 5 0 n m  
~ 6 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

E x vi v o  

i nt e nsit y 

m e a s ur e m e

nt n ot 

p erf or m e d 

o n t h e 

s us p e nsi o n 

of 

n a n o p arti cl

es  

< 1 0 0 n m  

 

 

 

 

( 7 9) 

1 6  
Z n G a 2 O 4 Cr

0. 0 0 4  
6 9 6 n m  ~ 9 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

1 0 n m  

 

 

( 8 0) 



3 2  

i m a gi n g 

1 7  

C a M g Si 2 O 6

: E u2 + , M n2 + ,

Pr 3 +   

6 8 5 n m  ~ 2 7 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

E x vi v o  

i m a gi n g 

n ot 

p erf or m e d  

 

 

 

 

 

( 8 1) 

1 8  

C or e – s h ell -

str u ct ur e d 

L n -d o p e d 

N a Y( G d) F 4  

( L n = N d3 + , 

H o 3 + , 

T m 3 + , Er3 + ) 

1 0 6 4 n m 

(N d 3 + ) 
~ 2 5 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

4 2 n m  

 

 

 

 

 

( 1 6) 

 

1 1 8 0 n m 

(H o 3 + ) 
~ 2 0 0 s  

1 4 7 5 n m 

(T m 3 + ) 
~ 1 0 0 s  

1 5 2 5 n m 

(Er 3 + ) 
~ 1 0 0 s  

1 9  
Z n G a 2 O 4 : C

r 
7 0 0 n m  ~ 1 8 0 s  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

s u b c ut a n e o

us 

aft er gl o w 

i m a gi n g 

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

1 4 1 n m  

 

 

 

( 8 2) 

2 0  

( Z n2 Si O 4 :

M n): Y 3 + , 

Y b 3 + , T m3 +  

5 2 5 n m  ~ 4 2 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

C o n c e ntr ati

o n of 

n a n o p arti cl

es n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

1 2 0 -1 6 0 

n m  

 

 

 

( 8 3) 



3 3  

2 1  
C a S n O 3 : Bi
2 +  

8 1 0 n m  ~ 9 7 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

5 0 -1 0 0 n m  

 

 

( 8 4) 

2 2  
Li G a 5 O 8 : Cr
3 +  

7 1 6 n m  ~ 2 9 0 0 s  

~ 2 x 1 0 6  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 2 x 1 0 6  

( p/ s/ c m2 /sr)

/( m g/ m L) 

5 0 -1 5 0 n m  

 

( 1 9) 

2 3  

Z n 1. 1 G a 1. 8 G
e 0. 1 O 4 : 0. 5 %
Cr c or e a n d 
β -
N a Y b F 4 : T
m @ N a Y F 4 

s h ell 
n a n o cl ust er  

7 0 0 n m  ~ 5 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

~ 1 0 0 n m  

 

 

 

 

 

( 3 9) 

O r g a ni c P e rsi st e nt P h os p h o rs  

2 4  S P P V N  7 8 0 n m  2 8 8 s  

~ 1. 0 x 1 0 7  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 1. 2 x 1 0 8  

( p/ s/ c m2 /sr)

/( m g/ m L) 

2 4 n m  

 

( 8 5) 

2 5  
M E H P P V -
b as e d S P N -
N C B S  

7 8 0 n m  3 9 6 s  

~ 5. 7 x 1 0 8  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 1. 8 x 1 0 9  

( p/ s/ c m2 /sr)

/( m g/ m L) 

4 0 n m  

 

( 9) 

2 6  

D P h C z T -
b as e d 
O S N -T  / 
O S N -B  

5 3 0 n m  < 1 s  

~ 1. 3 x 1 0 7  

( p/ s/ c m2 /sr)

/ m M 

~ 1. 3 x 1 0 7  

( p/ s/ c m2 /sr)

/ m M 

2 0 -6 0 n m  

 

( 8 6) 

2 7  P F V A -
N C B S -D O  

7 8 0 n m  ~ 1 8 0 s  

~ 1. 8 x 1 0 8  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 1. 1 x 1 0 1 0  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 1 2 5 n m  

 

( 1 1) 

2 8  

S o di u m 
al gi n at e g el 
l o a d e d wit h 
P d P c( O B u)

6 1 3 n m  ~ 1 s  

~ 2. 2 x 1 0 2  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 2. 2 x 1 0 2  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 1 0 0 n m  

 

( 8 7) 



3 4  

8 -4 -( 5, 6-
di h y dr o -2 -
p h e n yl -1, 4 -
o x at hii n -3 -
yl) -N, N -
di m et h yl b e
n z e n a mi n e -
E u( T P P O) 2

( β-N T A) -
b as e d 
n a n o p arti cl
es  

2 9  

Si -P c -
C U E M 
aft er gl o w 
n a n o p arti cl
es  

6 1 3 n m  ~ 1. 5 s  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

s u b c ut a n e o

us 

aft er gl o w 

i m a gi n g 

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

~ 2 2 5 n m  

 

 

 

( 1 4) 

3 0  U C A N Ps @
R A W  

6 1 5 n m  ~ 1 7 s  

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

s u b c ut a n e o

us 

aft er gl o w 

i m a gi n g 

A bs ol ut e 

i nt e nsit y 

n ot 

r e p ort e d f or 

e x vi v o  

i m a gi n g 

~ 3 2 0 n m  

 

 

 

( 8 8) 

3 1  A G L AI E 
d ots  

6 5 0 n m  ~ 2 8 8 0 s  

S u b c ut a n e o

us i nj e cti o n 

n ot 

p erf or m e d  

~ 1. 5 x 1 0 8  

( p/ s/ c m2 /sr)

/( m g/ m L) 

~ 9 5 n m  

 

( 8 9) 

A b br e vi ati o ns: P E G: p ol y et h yl e n e gl y c ol; B S A: b o vi n e s er u m al b u mi n; T A M R A: 5 -c ar b o x y -

t etr a m et h ylr h o d a mi n e; Si-P c: sili c o n p ht h al o c y a ni n e; h Si O 2 : h oll o w sili c a; C C M: c a n c er c ell 

m e m br a n e; M S Ns: m es o p or o us sili c a n a n o p arti cl e s; H A: h y al ur o ni c a ci d; c( R G D y K): c y cli c 

ar gi ni n e -gl y ci n e -as p arti c a ci d -t yr osi n e-l ysi n e p e nta p e pti d e; m Si O 2 : m es o p or o us sili c a; P P V: 

a m p hi p hili c p ol y( p -p h e n yl e n e vi n yl e n e); S P P V N: s elf -ass e m bl e d a m p hi p hili c p ol y( p -

p h e n yl e n e vi n yl e n e) n a n o a g e nt s; M E H P P V: p ol y[ 2 -m et h o x y -5 -( 2-et h yl h e x yl o x y) -1, 4 -p h e n yl e n e] 

e n d -c a p p e d wit h di m et h yl p h e n yl ; S P N:s e mi c o n d u cti n g p ol y m er n a n o p arti cl es; N C B S: sili c o n 

2, 3 -n a p ht h al o c y a ni n e bis(tri h e x ylsil yl o xi d e); D P h C z T: 4, 6 -Di p h e n yl -2 -c ar b a z ol yl -1, 3, 5 -tri a zi n e; 

O S N -T/ B: or g a ni c s e mi c o n d u cti n g n a n o p arti cl es s y nt h esi z e d vi a T o p -d o w n/ B ott o m -u p a p pr o a c h; 



3 5  

P F V A: p ol y[( 9, 9′ -di o ct yl -2 , 7-di vi n yl e n efl u or e n yl e n e) -alt -( 9, 1 0-a nt hr a c e n e)]; D O: ( N, N -

di m et h yl -4 -( 3-p h e n yl -5, 6 -di h y dr o -1, 4 -di o xi n -2 -yl) a nili n e); P d P c( O B u) 8 : 1, 4, 8, 1 1, 1 5, 1 8, 2 2, 2 5-

o ct a b ut o x y p ht h al o c y a ni n at o -p all a di u m(II); T P P O:  Tri p h e n yl p h os p hi n e  o xi d e:  N T A: 

nitril otri a c eti c a ci d; U C A N Ps @ R A W: P d P c( O B u) 8 , 4-( 5, 6-di h y dr o -2 -p h e n yl -1, 4 -o x at hii n -3 -yl) -

N, N -di m et h yl b e n z e n a mi n e, a n d E u( T T A) 3 P h e n -b as e d m a cr o p h a g e -c a m o ufl a g e d aft er gl o w 

n a n o c o m pl e x; A G L: aft er gl o w l u mi n es c e nt; AI E: a g gr e g ati o n -i n d u c e d e missi o n.
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