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I nt r a n a s al d eli v er y i s t h e m o st pr ef err e d r o ut e of dr u g a d mi ni str ati o n f or tr e at m e nt of a r a n g e of n a s al c o n diti o n s 

i n cl u di n g c hr o ni c r hi n o si n u siti s ( C R S), c a u s e d b y a n i nf e cti o n a n d i n fl a m m ati o n of t h e n a s al m u c o s a. H o w e v er, 

l o c ali s e d d eli v er y of li p o p hili c dr u g s f or p er si st e nt n a s al i n fl a m m ati o n i s a c h all e n g e e s p e ci all y wit h tr a diti o n al 

t o pi c al  n a s al  s pr a y s.  I n  t hi s  st u d y,  a  c o m p o sit e  t h er m or e s p o n si v e  h y dr o g el  i s  d e v el o p e d  a n d  t u n e d  t o  o bt ai n 

d e sir e d r h e ol o gi c al a n d p h y si o c h e mi c al pr o p erti e s s uit a bl e f or i ntr a n a s al a d mi ni str ati o n of li p o p hili c dr u g s. T h e 

c o m p o sit e  i s  c o m pri s e d  of  dr u g-l o a d e d  p or o u s  sili c o n  ( p Si)  p arti cl e s  e m b e d d e d  i n  a  p ol o x a m er  4 0 7  ( P 4 0 7) 

h y dr o g el m atri x. M o m et a s o n e F ur o at e ( M F), a li p o p hili c c orti c o st er oi d (l o g P of 4. 1 1), i s u s e d a s t h e dr u g, w hi c h 

i s l o a d e d o nt o p Si p arti cl e s at a l o a di n g c a p a cit y of 2 8 wt %. T h e M F-l o a d e d p Si p arti cl e s ( M F @ p Si) ar e i n c or -

p or at e d i nt o t h e P 4 0 7- b a s e d t h er m or e s p o n si v e h y dr o g el ( H G) m atri x t o f or m t h e c o m p o sit e h y dr o g el ( M F @ p Si- 

H G) wit h a fi n al dr u g c o nt e nt r a n gi n g b et w e e n 0. 1 wt % t o 0. 5 wt %. R h e o m e c h a ni c al st u di e s i n di c at e t h at t h e 

M F @ p Si c o m p o n e nt e x ert s a mi ni m al i m p a ct o n g el ati o n t e m p er at ur e or str e n gt h of t h e h y dr o g el h o st. T h e i n- 

vitr o r el e a s e of t h e M F p a yl o a d fr o m M F @ p Si- H G s h o w s a pr o n o u n c e d i n cr e a s e i n t h e a m o u nt of dr u g r el e a s e d 

o v er 8 h ( 4. 5 t o 2 1-f ol d) i n c o m p ari s o n t o c o ntr ol s c o n si sti n g of p ur e M F i n c or p or at e d i n h y dr o g el ( M F @ H G), 

i n di c ati n g a n i m pr o v e m e nt i n ki n eti c s ol u bilit y of M F u p o n l o a di n g i nt o p Si. E x- vi v o t o xi cit y st u di e s c o n d u ct e d 

o n  h u m a n  n a s al  m u c o s al  ti s s u e  s h o w  n o  a d v er s e  eff e ct  fr o m  e x p o s ur e  t o  eit h er  p ur e  H G  or  t h e  M F @ p Si- H G 

f or m ul ati o n, e v e n at t h e hi g h e st dr u g  c o nt e nt of 0. 5  wt %. E x p eri m e nt s o n h u m a n n a s al m u c o s al ti s s u e  s h o w 

t h e M F @ p Si- H G f or m ul ati o n d e p o sit s a q u a ntit y of M F i nt o t h e ti s s u e s wit hi n 8 h t h at i s > 1 9 ti m e s gr e at er t h a n 

t h e M F @ H G c o ntr ol ( 1 9 4 ± 7 μ g of M F / g of ti s s u e vs. < 1 0 μ g of M F / g of ti s s u e, r e s p e cti v el y).   

1. I nt r o d u cti o n 

R hi n o si n u siti s i s  o n e  of t h e  m o st  c o m m o n si n u s  a n d n a s al  i n fl a m -

m at or y c o n diti o n s, aff e cti n g a p pr o xi m at el y 1 2 t o 1 6 % of A m eri c a n s a n d 

7 – 1 0 % of A u str ali a n s a n d E ur o p e a n s [ 1 – 3 ]. C hr o ni c r hi n o si n u siti s ( C R S) 

i s t h e m o st pr e v al e nt t y p e of r hi n o si n u siti s c o n diti o n [4 ]. C R S p ati e nt s 

s uff er  fr o m  i n fl a m m ati o n  wit hi n  t h e  n a s al  c a vit y  c a u s e d  b y  bl o c k e d 

m u c o u s  dr ai n a g e  a n d  a  r e s ulti n g  m u c u s  b uil d- u p  i n  t h e  si n u s e s  [ 5 ]. 

C o n v e nti o n al  m e di c ati o n s  f or  C R S  i n cl u d e  st er oi d- b a s e d  n a s al  s pr a y s 

a n d  d e c o n g e st a nt  dr o p s  t h at  r e d u c e  si n u s  s w elli n g  a n d  r eli e v e 

s y m pt o m s. G e n er all y, a dir e ct i ntr a n a s al d eli v er y of a nti-i n fl a m m at or y 

dr u g s i s a d v a nt a g e o u s f or C R S tr e at m e nt d u e t o r a pi d o n s et of t h e r e -

li ef, l o w- off t ar g et eff e ct s, a n d e v a si o n of fir st- p a s s m et a b oli s m. W h er e a s 

s ur gi c al  i nt er v e nti o n  t o  e x p a n d  t h e  n arr o w e d  si n u s  ( vi a f u n cti o n al 

e n d o s c o pi c  si n u s  s ur g er y,  or  F E S S)  i s  a  pr ef err e d  a p pr o a c h  f or  m or e 

s e v er e c a s e s, t hi s a p pr o a c h i s a s s o ci at e d wit h c o m pli c ati o n s [ 6 ]. T h er e 

ar e s e v er al i ntr a n a s al a nti-i n fl a m m at or y dr u g s pr a y s o n t h e m ar k et f or 

C R S.  H o w e v er,  t h e  c o n v e nti o n al  i ntr a n a s al  dr u g  s pr a y s  ar e  r a pi dl y 

cl e ar e d  fr o m  t h e  n a s al  c a vit y  t hr o u g h  m u c o cili ar y  cl e ar a n c e  a n d vi a 

a nt eri or / p o st eri or l e a k a g e, s u c h t h at a n y r eli ef fr o m i n fl a m m ati o n a n d 
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s w elli n g of t h e si n u s e s i s s h ort-li v e d [ 7 ]. I n a d diti o n, t h e c o m m er ci al 

i ntr a n a s al s pr a y f or m ul ati o n s ar e n ot a bl e t o a c c e s s t h e p eri p h er al si n u s 

c a viti e s, t h u s pr o vi di n g o nl y p arti al r eli ef [ 8 ]. 

Sti m uli-r e s p o n si v e  li q ui d-t o- g el  c o n v erti n g  dr u g  c arri er s  ar e 

u ni q u el y  p o siti o n e d  t o  o v er c o m e  m a n y  of  t h e  af or e m e nti o n e d  c h al -

l e n g e s. S u c h dr u g c arri er s y st e m s e xi st i n a li q ui d f or m b ef or e a d mi n-

i str ati o n,  t ur ni n g  i nt o  a  s e mi- s oli d  g el  u p o n  a d mi ni str ati o n  d u e  t o 

sti m uli s u c h a s c h a n gi n g t e m p er at ur e, p H, i o ni c c o m p o siti o n, or e x p o -

s ur e t o U V r a di ati o n. A br o a d r a n g e of p ol y m eri c h y dr o g el s ( H G s) wit h 

sti m uli-r e s p o n si v e  f e at ur e s  h a v e  b e e n  r e p ort e d  a n d  t h or o u g hl y  t e st e d 

f or s af et y a n d ef fl c a c y [9 – 1 1 ]. A s m all n u m b er of st u di e s h a v e e x pl oit e d 

t h e  bi o c o m p ati bilit y,  sti m uli-r e s p o n si v e  r el e a s e,  a n d  s u st ai n e d  dr u g 

r el e a s e  pr o p erti e s  of  sti m ul u s-r e s p o n si v e  p ol y m er  H G s  f or  d eli v er y  of 

t h er a p e uti c s  t o  tr e at  C R S  [1 2 ].  A m o n g  t h e  sti m uli-r e s p o n si v e  H G s, 

t h er m or e s p o n si v e  H G s  t h at  tr a n siti o n  fr o m  a  li q ui d-t o- g el-li k e  st at e 

tri g g er e d  b y  c h a n g e s  i n  a m bi e nt  t e m p er at ur e  ar e  m o st  s uit a bl e  f or 

i ntr a n a s al  d eli v er y  of  t h er a p e uti c s.  T hi s  i s  b e c a u s e  t h e  r o o m- 

t e m p er at ur e  li q ui d  f or m  of  t h e  f or m ul ati o n  i s  r e a dil y  i ntr o d u c e d  t o 

t h e n a s al ori fl c e s, a n d t h e g el t h at r e s ult s fr o m t h e hi g h er t e m p er at ur e 

i n si d e t h e n a s al c a vit y i s r et ai n e d f or a pr ol o n g e d p eri o d t o pr o vi d e a 

s u st ai n e d r el e a s e [ 1 3 ]. T h er ef or e, i n t h e c a s e of C R S, w h er e p ati e nt s elf- 

a d mi ni str ati o n a n d l o n g-t er m dr u g r et e nti o n ar e k e y c h all e n g e s, t h er -

m or e s p o n si v e H G s ar e of a p arti c ul ar i nt er e st. 

A s t h e n a m e s u g g e st s, h y dr o g el s ar e w at er- b a s e d s y st e m s a n d t h u s 

i n c or p or ati o n  of  li p o p hili c  dr u g s  i nt o  H G s  i s  a  c h all e n gi n g  t a s k.  H G s 

c o nt ai ni n g  li p o p hili c  dr u g s  oft e n  s h o w  dr u g  pr e ci pit ati o n  a n d  d o s e- 

d u m pi n g  c h ar a ct eri sti c s  [ 1 4 – 1 7 ].  N e w  m at eri al s  str at e gi e s  t o  f or m u -

l at e li p o p hili c dr u g s i n H G s ar e n e e d e d, a n d r e s e ar c h eff ort s al o n g t h e s e 

li n e s h a v e e x pl or e d t h e u s e of n a n o- c arri er s t o i ntr o d u c e li p o p hili c dr u g s 

i nt o  a q u e o u s  H G s.  H er e  t h e  n a n o- c arri er  pr o vi d e s  a  m e a n s  t o  l o a d 

t h er a p e uti c s ( s u c h a s bi ol o gi c s or h y dr o p h o bi c dr u g s) w h o s e c h e mi c al 

n at ur e  i s  ot h er wi s e  i n c o m p ati bl e  wit h  t h e  h y dr o g el.  T hi s  all o w s  t h e 

d eli v er y of hi g h er q u a ntiti e s of dr u g, or gr e at er c o ntr ol o v er t h e dr u g ’s 

t e m p or al r el e a s e pr o fil e at t h e a d mi ni st er e d sit e [1 8 ]. I n r e c e nt y e ar s, 

m a n y  n a n o- c arri er s  li k e  li p o s o m e s,  p ol y m eri c  n a n o p arti cl e s,  p or o u s 

i n or g a ni c m at eri al s, d e n dri m er s, s oli d li pi d n a n o p arti cl e s, a n d pr ot ei n- 

b a s e d  s y st e m s  h a v e  b e e n  e x pl or e d  t o  e n c a p s ul at e  t h e s e  c h all e n gi n g 

cl a s s e s of dr u g s [ 1 9 – 2 1 ]. Of t h e s e, m e s o p or o u s s y st e m s off er a di sti n ct 

a d v a nt a g e  f or  f or m ul ati n g  a  li p o p hili c  dr u g  d u e  t o  t h eir  a bilit y  t o 

m ai nt ai n  t h e  dr u g  i n  it s  a m or p h o u s  st at e,  w hi c h  e n h a n c e s  a q u e o u s 

s ol u bilit y  [ 2 2 – 2 4 ].  C o m p o sit e  H G s  wit h  dr u g-l o a d e d  mi cr o  or  n a n o -

p arti cl e s h a v e b e e n s h o w n t o i m pr o v e dr u g st a bilit y i n- vi v o a n d t o e xt e n d 

r e si d e n c e ti m e of t h e f or m ul ati o n at t h e t ar g et sit e [ 2 5 – 2 7 ]. I n p arti c -

ul ar, a r e c e nt st u d y fr o m Littl e et al. s h o w e d t h at m o m et a s o n e f ur o at e 

( M F), w h e n l o a d e d i nt o p ol y (l a cti c- c o - gl y c oli c a ci d) ( P L G A) mi cr o p ar-

ti cl e s  a n d  i n c or p or at e d  i nt o  a  p ol y( N-i s o pr o p yl a cr yl a mi d e)- b a s e d 

h y dr o g el,  di s pl a y e d  l o n g-t er m  r et e nti o n  a n d  s u st ai n e d  r el e a s e  o v er 

f o ur  w e e k s  [2 8 ].  H o w e v er,  li k e  m o st  p ol y m eri c  a n d  li p o s o m al  dr u g 

d eli v er y s y st e m s, dr u g l o a di n g i n t h e P L G A p arti cl e s u s e d i n t hi s w or k 

w a s r el ati v el y l o w ( 4. 4 wt %), w hi c h tr a n sl at e s t o a n e e d a hi g h er a m o u nt 

of p arti cl e s t o a c hi e v e d e sir e d dr u g a m o u nt i n t h e h y dr o g el. Ot h er m aj or 

c h all e n g e s wit h p ol y m eri c a n d li p o s o m al n a n o p arti cl e- H G s y st e m s ar e 

dr u g  pr e ci pit ati o n  d uri n g  st or a g e  a n d  tr a n s p ort,  p o or  di s p er si bilit y, 

r e d u c e d g el str e n gt h, a n d p o or bi o c o m p ati bilit y [ 2 9 ]. 

I n  t hi s  st u d y,  a  li p o p hili c  a nti-i n fl a m m at or y  dr u g  ( m o m et a s o n e 

f ur o at e, M F) w a s l o a d e d i nt o a p or o u s sili c o n ( p Si) mi cr o p arti cl e c arri er, 

w hi c h  w a s  t h e n  i n c or p or at e d  i nt o  a  t h er m or e s p o n si v e  H G.  T h e  k e y 

pr o p erti e s  of  t h e  s y st e mr el e v a nt  t o  a  c o ntr oll e d  i ntr a n a s al  d eli v er y 

a p pli c ati o n w er e t h e n e v al u at e d. M o m et a s o n e f ur o at e w a s c h o s e n a s t h e 

li p o p hili c dr u g d u e t o it s pr o v e n cli ni c al ef fl c a c y a n d it s hi g hl y h y dr o-

p h o bi c n at ur e. P ol o x a m er 4 0 7 ( P 4 0 7) w a s c h o s e n a s t h e a q u e o u s t h er -

m or e s p o n si v e H G h o st ( M F @ p Si- H G; Fi g. 1 ). T h e l ar g e s urf a c e ar e a of 

p Si e n a bl e d hi g h m a s s l o a di n g of t h e dr u g, a d e gr e e of c o ntr ol o v er t h e 

t e m p or al dr u g r el e a s e pr o fll e, a n d i m pr o v e d s ol u bilit y, i n or d er t o i n -

cr e a s e bi o a v ail a bilit y of t h e li p o p hili c dr u g [ 3 0 – 3 2 ]. T h e c o m p o sit e H G 

w a s  c o m pr e h e n si v el y  a n al y s e d  f or  it s  p h y si c o c h e mi c al & r h e ol o gi c al 

c h ar a ct eri sti c s a n d it s a bilit y t o d eli v er M F i n- vitr o i n si m ul at e d n a s al 

fi ui d. I n a d diti o n, s af et y a n d dr u g d e p o siti o n fr o m t h e c o m p o sit e H G w a s 

e v al u at e d i n e x- vi v o h u m a n n a s al m u c o s al e x pl a nt s. Pri or w or k s h a v e 

e st a bli s h e d p Si- b a s e d p ol y m er a n d li pi d c o m p o sit e p arti cl e s y st e m s a s 

s af e ( i. e., l o w c yt ot o xi cit y a n d i m m u n o g e ni cit y) c arri er s wit h i m pr o v e d 

i n vi v o dr u g st a bilit y [ 3 3 – 3 6 ]. R el at e d c o m p o sit e s of p Si c arri er s wit h 

t h er m or e s p o n si v e  h y dr o g el s  h a v e  b e e n  u s e d  f or  l a b el-fr e e  s e n si n g 

[ 3 7 ,3 8 ]. H o w e v er, a c o m p o sit e of p Si wit h a t h er m or e s p o n si v e H G f or 

d eli v er y of li p o p hili c p a yl o a d s h a s n ot b e e n e x pl or e d. 

Fi g. 1. S c h e m ati c s h o wi n g pr e p ar ati o n of t h e c o m p o sit e dr u g d eli v er y s y st e m u s e d i n t hi s w or k, c o n si sti n g of p or o u s sili c o n ( p Si) p arti cl e s l o a d e d wit h t h e c orti -

c o st er oi d dr u g m o m et a s o n e f ur o at e ( M F) a n d di s p er s e d i n a t h er m or e s p o n si v e p ol y m eri c h y dr o g el: ( a) M F-l o a d e d p Si i s mi x e d wit h t h e tri- bl o c k p ol y m er p ol o x a m er 

4 0 7 ( P 4 0 7) t o f or m t h e M F @ p Si- H G f or m ul ati o n. ( b) t h e M F @ p Si- H G c o m p o sit e e xi st s a s a li q ui d at st or a g e t e m p er at ur e ( 4 – 8 ◦ C), all o wi n g it t o b e d eli v er e d a s a 

s pr a y. T h e li q ui d t h e n s oli di fl e s t o a g el w h e n t h e t e m p er at ur e ri s e s t o a r a n g e c orr e s p o n di n g t o t h o s e f o u n d i n t h e n a s al c a vit y ( 3 0 – 3 4 ◦ C). G el ati o n o c c ur s b e c a u s e 

P 4 0 7 tr a n siti o n s i nt o a mi c ell ar f or m. ( c) Di git al p h ot o gr a p h s of t h e M F @ p Si- H G s y st e m i n a li q ui d st at e at 8 ◦ C ( st o r a g e t e m p er at ur e) a n d vi s c o u s- g el st at e at 3 2 ◦ C 

( n a s al c a vit y t e m p er at ur e). 
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2. Materials and methods 

2.1. Materials and reagents 

Mometasone furoate (MF) was purchased from Adooq Bioscience 
(USA, Irvine, CA). Poloxamer (P407), hydroxypropyl methylcellulose 
(HPMC), glycerine, propylparaben were procured from PCCA (Australia, 
NSW). SnakeSkin dialysis membrane (Thermo Scientific, USA), po
tassium chloride (KCl), calcium chloride (CaCl2 2H2O), sodium chloride 
(NaCl), zinc sulphate (ZnSO4) was purchased from Sigma-Aldrich, Castle 
Hill, NSW, Australia. Highly boron-doped p -type crystalline silicon 
wafers, polished on the (100) face, with resistivity 1.5 m cm, were 
purchased from Virginia Semiconductor, Inc. USA. Analytical-grade 
acetonitrile (ACN) and methanol were obtained from Merck KGa. 24- 
well culture plates (Corning, NY), cytoTox 96O Non-Radioactive Cyto
toxicity Assay Kit (Promega, Madison, WI), pen-strep, and Dulbecco s 
modified eagle medium (DMEM) (Invitrogen, Carlsbad, CA) were used 
as-received or following the manufacturer s instructions. 

2.2. Synthesis of pSi particles 

The pSi particles were fabricated by a combination of mechanical 
grinding and ultrasonic fracture of electrochemically etched porous 
silicon film, following a procedure as described previously [39]. First, 
the silicon wafers were cleaved into smaller pieces and mounted in a 
Teflon electrochemical etching cell. The silicon was then anodically 
etched in an aqueous HF-based electrolyte consisting of 3:2 (v:v) 48% 
aqueous HF: absolute ethanol (CAUTION: HF is highly toxic and corrosive, 
and proper care should be exerted to avoid contact with skin, eyes, or lungs). 
An etch waveform with current density repeatedly pulsing between a 
low (50 mA cm 2) and a high (200 mA cm 2) value was used to 
generate a porous silicon film with high-porosity perforation layer that 
serves as ab artificial cleavage plane during the ultrasonic milling. The 
low current density value was sustained for 20 s, and the high current 
density value had a duration of 1 s. This waveform was repeated through 
50 cycles to generate 50 layers of alternating porosities. The electrolyte 
was replaced with a 3.3% (v/v) mixture of 48% aqueous HF in absolute 
ethanol, and the porous layer was removed from the underlying Si wafer 
by application of an anodic current pulse (current density of 4.2 mA/ 
cm2, applied for 550 s). The freestanding pSi layer was rinsed with 
copious amounts of ethanol. To obtain pSi particles the free-standing 
porous Si layers were mechanically ground with an agate mortar and 
pestle for 2 min, followed by ultrasonication for 20 h (1.9 L Ultrasonic 
Cleaner, No. 97043, VWR, inc.). For the ultrasonication processing step, 
the pSi fragments were placed in a 22 mL sealed glass vial containing 10 
mL of absolute ethanol (pSi content 2 mg/mL). After ultrasonic fracture, 
the mixture was allowed to settle for 30 min in the vial, and the su
pernatant (containing smaller pSi particles) was removed and discarded. 
The larger, settled particles (average size approximately 900 nm) were 
used as the drug carriers. 

2.3. Loading of mometasone furoate into pSi particles 

Mometasone furoate (MF) was loaded into the pSi particles by the 
solvent evaporation method and the mass loading of the drug was fixed 
at 28 wt% for all pSi formulations in this study. For a typical 50 mg batch 
of MF@pSi, 14 mg of MF was dissolved in 3 mL of ethanol and 36 mg of 
pSi particles were added to this solution once the drug was fully dis
solved. This ethanolic suspension of pSi particles with MF was ultra
sonicated for 5 min. This produced a homogeneous suspension of pSi in 
an ethanolic solution of MF, which was left overnight on an orbital 
shaker (Thermoline Scientific). The next day, the ethanol was slowly 
evaporated under vacuum at room temperature for 8 h. This resulted in a 
dry MF-loaded pSi (MF@pSi) particles powder, which stored at 4 C 
until use in preparing composite hydrogel formulations. 

2.4. Preparation of thermoresponsive hydrogels 

The thermoresponsive hydrogel (HG) was prepared following our 
previously published protocol [40]. Briefly, the pristine hydrogel (i.e., 
no MF or pSi particles) was prepared by dispersing poloxamer P407 
(15.5 wt%) in a solution consisting of (by mass i.e., wt%) 0.3% HPMC, 
3% glycerol, 0.25% PVA, and 0.02% propylparaben in 5 g of deionized 
water. The solution was mixed thoroughly for 45 min at 4 8 C. After
ward, the pH of the mixture was adjusted to pH 5 by addition of small 
quantities of aqueous HCl or NaOH and the gel was diluted with 
deionized water to achieve a total mass of 10 g. The final formulation 
was stored at 4 8 C until use. 

2.5. Preparation of thermoresponsive pSi/hydrogel composites 

The relevant quantity of MF@pSi particles (Table 1) was dispersed 
into the pristine hydrogel liquid (see above) to obtain 0.1, 0.2, or 0.5 wt 
% equivalent of MF loaded into the gels. For example, to prepare the 0.1 
wt% equivalent MF@pSi-HG 3.6 mg of MF@pSi particles were carefully 
weighed and added to 1 g of HG and thoroughly mixed to form a ho
mogenous composite hydrogel system. The calculations for required 
amounts of MF@pSi for the other two formulations (i.e. 0.2-MF@pSi-HG 
and 0.5-MF@pSi-HG) is provided in Table 1. For the preparation of the 
formulations that consisted of free MF dispersed in HG, denoted 
MF@HG, the required amount of MF powder was directly added into the 
liquid form of the HG to obtain 0.1, 0.2, or 0.5 wt% equivalent of MF 
loading. The formulations were vigorously stirred at 4 8 C for 30 min. 
As MF does not dissolve in aqueous systems, the final formulations 
appeared turbid with crystalline MF suspended in the hydrogel. 

2.6. Physical characterisation of pSi particles 

The size of pSi particles was measured using scanning electron mi
croscopy (SEM; Jeol 7001, Japan) and dynamic light scattering (Mas
tersizer, Malvern, UK). For SEM imaging, the pSi particles were first 
coated with a 5 nm layer of iridium using a sputter coater (Quorum 
q150t, Quorum Technologies, UK) to prevent charging, and they were 
imaged using an accelerating voltage of 10 kV. 

2.7. Physical characterisation of MF@pSi-HG 

Cryo-SEM images were obtained to assess the ultrastructure of the 
thermoresponsive hydrogel coating on the MF-loaded porous Si- 
hydrogel composites. A JEOL cryo-SEM was used (JEOL JSM 7100F, 
Japan). A sample preparation method suitable for hydrated samples was 
used [41]. The method involved high-pressure freezing (HPF) under 
vacuum at 210 C to avoid contamination from atmospheric water and 
to avoid shrinkage and distortion commonly encountered with 

Table 1 
Composition of the MF-loaded hydrogel (MF@HG) and MF-loaded porous Si 
particle-hydrogel composite (MF@pSi-HG) formulations used in this work.  

Formulation MF 
(wt%) 

MF required 
(mg)/g of HG 

MF@pSi added 
(mg)/g of HG 

pSi (mg)/g 
of HG 

0.1-MF@HG 0.1 1 0 0 
0.2-MF@HG 0.2 2 0 0 
0.5-MF@HG 0.5 5 0 0 
0.1-MF@pSi- 

HG 
0.1 1 3.6 2.6 

0.2-MF@pSi- 
HG 

0.2 2 7.2 5.2 

0.5-MF@pSi- 
HG 

0.5 5 18 13 

Note: The amount of MF@pSi incorporated is based on 28 wt% loading of MF in 
pSi (e.g. 28 mg of MF in 100 mg of MF@pSi formulation), which was achieved by 
the vacuum loading process described in Section 2.3. 
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conventional dry sample SEM preparation techniques. Measured quan
tities of the thermoresponsive hydrogel-containing samples were sus
pended and then frozen. The frozen samples were removed from the 
specialised HPF caps using a custom-built cap remover, then quickly 
transferred under vacuum to the cryo-preparation chamber in the frozen 
state. The frozen samples were fractured in situ with a built-in fracture 
blade and then sputter-coated with Iridium for 120 240 s using a sputter 
current of 10 mA. The coated samples were moved to the imaging 
chamber maintained at 145 C, equipped with an anti-contaminator 
which was maintained at 194 C. The samples were sublimed in the 
chamber at 80 C for 30 min. The imaging was performed using an 
accelerating voltage of 7 kV and secondary electron images were 
collected. The imaging was performed at a working distance of 10 mm. 

2.8. Rheological measurements of the pSi/hydrogel nanocomposite 

Rheological properties of the pSi-HG nanocomposites were measured 
using a DHR-3 rheometer (TA Instruments, USA) using a 40 mm parallel- 
plate geometry. The gelation temperature of the nanocomposite gels was 
determined from oscillation measurements, using a fixed frequency of 1 
Hz. First, a stress sweep measurement at 1 Hz (n 1) was performed to 
determine the linear viscoelastic region (LVR) for further rheological 
measurements. LVR is the range of shear stress for which the elastic 
response (G ) of the sample does not change. The shear stress at which G
deviates from a constant (plateau) value indicates deviation from linear 
viscoelastic behaviour. After the determination of the LVR, gelation 
temperature measurement and rheological investigations were per
formed within this region of shear stress. 

For gelation temperature, 0.5 mL of sample was placed onto the plate 
followed by adjustment the plate-to-cone separation to 200 m. The 
samples were allowed to equilibrate for 300 s, at which point the vari
ations in the elastic (G ) and viscous (G ) moduli were recorded as the 
samples were heated at a rate of 5 C /min within the temperature range 
8 40 C. Gelation temperature was identified by the transition from a 
prevalently viscous state (G G ) to one that was prevalently elastic (G

G ). All transition temperature measurements were performed in 
triplicate. 

Oscillatory and flow rheometry analysis of the pSi-HG formulations 
was performed using the above rheometer and accessories. A pSi-HG 
sample (0.5 mL) was loaded onto the rheometer and allowed to equili
brate for 300 s at the desired starting temperature of the experiment. The 
plate-to-cone gap was 200 m for each sample. Values of storage 
modulus (G ), loss modulus (G ), dynamic viscosity ( ), and loss tangent 
(tan ) were obtained from these measurements. The apparent viscosity 
was measured in temperature ramp mode. To assess the elastic proper
ties of the gels (after formation at the relevant temperature), oscillation 
tests were performed at a constant temperature (34 C) and with fre
quency increasing from 0.1 to 10 Hz. Rheological evaluation tests were 
performed at 8 C (cold storage) and 34 C (typical surface temperature 
of the nasal mucosa). For each formulation, at least three replicates were 
acquired, and data collection and calculations were performed using the 
manufacturer s TRIOS software [42]. 

2.9. In-vitro release of MF from MF@pSi-HG 

Drug release was studied by using the dialysis bag method using a 
3.5 kDa molecular weight cut-off (MWCO) SnakeSkin dialysis mem
brane (Thermo Scientific, USA). Two release media were employed in 
the drug release studies: simulated nasal fluid (SNF) and SNF diluted 
with ethanol. The SNF was prepared by dissolving 129 mg of KCl, 745 
mg of NaCl, and 32 mg of CaCl2 in 100 mL of deionized water. The 
ethanol diluted SNF mixture contained 50% by volume ethanol with SNF 
(i.e., 50:50 SNF: ethanol by volume). The dialysis tube was filled with 
0.5 mL of the MF@pSi-HG formulation, and the sealed assembly was 
placed in a glass vial containing 7.5 mL of the relevant release medium. 
The temperature of the chamber was maintained at 34 1 C. Aliquots 

(0.5 mL) were collected from the receiver compartment at regular in
tervals (0 h, 1 h, 2 h, 4 h, 6 h, 8 h) and replaced with an equal volume of 
fresh release medium after each sampling. The amount of MF released at 
each time point was quantified using reverse-phase high-pressure liquid 
chromatography (RP-HPLC). MF release from MF@HG control formu
lations was determined using the same process as the MF@pSi-HG 
formulations. 

2.10. Quantification of MF released from MF@pSi-HG using HPLC 

The amount of MF released from MF@pSi-HG or control formula
tions was analysed using an RP-HPLC system (Shimadzu, SIL-10AXL, 
Japan) equipped with a low-pressure quaternary gradient pump, a 
dual-wavelength UV detector, autosampler, C18 column (Phenomenex 
Luna C18 column of 250 mm length, with an internal diameter of 4.6 
mm, and particle size of 5 m), and column oven (maintained at 25 C). 
The chromatographic data were processed using Lab Solution 1.24 SP1 
software. For determination of MF in the release aliquots, 10 L of the 
sample was injected into the RP-HPLC and a flow rate of 1 mL/min was 
maintained for 7 min. The mobile phase consisted of acetonitrile and 
water in a ratio of 85:15 (v:v). The UV absorbance signature of MF was 
measured at a wavelength of 248 nm. 

2.11. Collection and preparation of human nasal tissue 

The tissue toxicity and drug deposition from MF@pSi-HG were car
ried out using freshly excised human nasal mucosal tissue. The tissues 
were obtained from patients undergoing surgery for nasal obstruction at 
the Greenslopes Hospital, Brisbane, Australia. The study was approved 
by the Greenslopes Hospital, and the University of Queensland-School of 
Pharmacy Human Ethics Committees (HREC/14/QPAH/530), and 
written consent was obtained from all human subjects donating the 
nasal tissues. Nasal tissue samples were collected from the middle 
turbinate, inferior turbinate, or superior nasal septum based on the 
planned operation and used immediately. The human specimens were 
carefully dissected with the use of a scalpel from undesired connective 
tissue and washing for the removal of tissue debris and blood prior to ex- 
vivo testing (toxicity and drug deposition) of the formulations. 

2.12. Lactate dehydrogenase toxicity assay and MF deposition in human 
nasal tissue 

For assessment of toxicity of the MF@pSi-HG formulations on human 
nasal mucosal tissue, an organ type (i.e., explant) tissue culture system 
was first established using the biopsied nasal mucosal tissues and 
toxicity was measured using lactate dehydrogenase (LDH) assay. Briefly, 
the human nasal mucosal tissue was carefully cut into 2 4 mm 2 4 
mm 1 2 mm (L x W x D) cuboidal sections using a scalpel and placed 
into in 24-well culture plate in such a way that the epithelial side faced 
upwards and was exposed to air. The tissue section explants in the 24 
well plate were maintained viable in 300 L of culture medium. The 
culture media consisted of 50% Dulbecco s Modified Eagle Medium 
(DMEM) high glucose (Invitrogen, Carlsbad, CA) and supplemented 
with 25% Hank s buffered saline solution (Invitrogen, Carlsbad, CA) and 
50 U/mL penicillin G and 40 g/mL streptomycin (Invitrogen, Carlsbad, 
CA). Next, human nasal mucosal tissue explants were placed in a hu
midified incubator at 37 C under 5% CO2. The culture media was 
replaced every 24 h, and tissue explants were incubated for 5 days to 
obtain stable baseline extracellular LDH readings. After the stabilisation 
of LDH levels, the tissue explants were exposed to 5 L of one of the three 
MF@pSi-HG formulations. SNF (5 L) was used as a negative control, 
whereas 1 wt% ZnSO4 dissolved in DMEM media (5 L) served as a 
positive control. The MF@pSi-HG and the negative and positive controls 
were incubated with the tissue explant for 5 days and LDH levels were 
recorded every day as per the manufacturer s protocols. Briefly, a 50 L 
aliquot of culture medium was removed from each well, and 50 L of 
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3. Results and discussion 

3.1. Physical characterisation of the porous silicon-hydrogel composites 

The approach of the present work involved loading the corticosteroid 
drug mometasone furoate (MF) into porous Si (pSi) particles, and these 
particles were then dispersed into a poloxamer 407 (P407)-based ther
moresponsive polymeric hydrogel, as outlined in Fig. 1. The rationale 
for using the nanostructured porous pSi micro particles is to overcome 
the low solubility of MF in the aqueous media. Free MF forms crystalline 
aggregates in aqueous solutions, impeding dissolution and negatively 
impacting tissue bioavailability [45]. The nanostructure of the porous 
silicon particles is evident in the FE-SEM images (Fig. 2a), which reveal 
highly directional pores that are characteristic of this type of electro
chemically generated porous silicon, and with pore diameters in the 
range of 10 25 nm. The average hydrodynamic size of the particles was 
determined by dynamic light scattering to be 875 nm (Fig. 2b), which is 
consistent with their appearance in the SEM images. The open porosity 
of the particles, determined using the spectroscopic liquid infiltration 
method [46] on the films prior to particle formation, was 70%. The high 
open pore volume and the high porosity are keys to maximize the 
loading of therapeutic payloads, while the nanoporous morphology 
maintains the drug in a more bioavailable amorphous form [47]. The MF 
drug was loaded into the pSi particles using the solvent evaporation 
method, where the particles were dispersed in a solution of the drug in 
ethanol and the solvent removed under vacuum. This generally results in 
drug deposition both within the porous nanostructure and on the surface 
of the particles. The particles were then formulated with the poloxamer- 
based thermoresponsive hydrogel, resulting in the system referred to in 
this work as MF@pSi-HG. As the amount of MF loaded in the pSi par
ticles was fixed at 28% by mass, the amount of MF in a given hydrogel 
formulation was adjusted by adjusting the mass of MF-loaded particles 
(MF@pSi) added to a given mass of hydrogel during preparation. Three 
MF@pSi particle concentrations were compared in this work, denoted 
0.1-MF@pSi-HG, 0.2-MF@pSi-HG, and 0.5-MF@pSi-HG, which corre
spond to mass percentages of MF in the hydrogel of 0.1, 0.2, and 0.5%, 
respectively (Table 1). 

The microstructure of the resulting hydrogel composite was char
acterised using cryo-SEM measurements. The microstructure of 0.5- 
MF@pSi-HG and the 0.5 wt% MF-loaded hydrogel control formulation 
(i.e., 0.5-MF@HG, containing MF and no pSi) indicated that both the 
0.5-MF@HG control (Fig. 2c) and the 0.5-MF@pSi-HG (Fig. 2d) samples 
exhibit an interconnected polymer network structure. The 0.5-MF@pSi- 
HG samples contained 13 mg of MF@pSi particles per gram of HG; at 
this concentration the particles did not appear to influence the micro
structure of the HG. 

3.2. Rheological evaluation of MF@pSi-HG formulations 

The gelation temperature of the formulations was measured by 
analysing changes in the values of storage (G ) and loss modulus (G"). 
Storage modulus (G ) is a measure of elasticity of the gel state, and the 
loss modulus (G") is a measure of the viscous liquid state components of 
the formulation. The storage modulus of this type of hydrogel increases 
as the temperature of the material rises through the gelation tempera
ture that is, the viscous liquid material transitions to an elastic gel above 
a certain temperature. The origin of this unusual behaviour is generally 
attributed to the interaction between the hydrophobic and the hydro
philic segments of the copolymer units and the aqueous medium in 
which they reside [48]. Thus, the storage/elastic modulus was lower 
than loss/viscous modulus (that is, G G ) when the formulation was 
in its liquid form. As the material underwent the liquid-to-gel transition, 
the storage/elastic modulus became greater than the loss/viscous 
modulus (G G ). The temperature of the crossover point, where G
G , is called the gelation temperature or the lower critical solution 
temperature (LCST). 

Consistent with the known behaviour of the poloxamer 407 system, 
the liquid to gel transition profile of these hydrogels consisted of three 
phases, a liquid phase, a gel phase, and a gel stabilisation phase (Fig. 3). 
In the first liquid phase (shaded light blue) the values of storage modulus 
(G ) were less than loss modulus (G") characterised by a low viscosity 
liquid state. In the second gel phase (shaded light green), a drastic in
crease in the storage modulus (G ) occurred, indicating an onset of 
elastic behaviour. In the later stages of the second phase, the values of 
storage modulus (G ) become substantially greater than the values of 
loss modulus (G"), indicative of stable, elastic, and high-quality gel 
formation (shaded light red). The rheological data indicate that the 
formulations that contained pSi particles require longer time for gel 
stabilisation to occur. 

Gelation temperature of the hydrogel composition was adjusted to 
around 27 C by systematic adjustment of the concentration of P407 in 
the formulation, along with other excipients (HPMC, glycerol, PVA, and 
propylparaben). This gelation temperature was chosen to account for 
the lower physiological temperature in the nasal cavity (30 34 C) and 
to ensure complete gelation would be achieved at nasal cavity/sinus 
temperatures. The addition of MF-loaded pSi particles exerted only a 
minor effect on the gelation temperature of the HG formulations, 
Table S1 (Supporting Information). As shown in Fig. 3 the gelation 
temperature increased from 27.4 0.003 C (for the blank hydrogel) to 
28.5 0.01 C for the 0.5-MF@pSi-HG formulation (this latter sample 
contained 13 mg MF@pSi/g of HG). Overall, the MF@HG and MF@pSi- 
HG formulations (0.1-MF@pSi-HG, 0.2-MF@pSi-HG, and 0.5-MF@pSi- 
HG) all displayed a gelation temperature in the targeted range. The 
minor increase in gelation temperature upon addition of pSi particles is 
attributed to the hindered entanglement of the P407 chains, which 
drives the gelling process. While it is established that excipients can 
impact of properties of hydrogels [49]. In the present work the con
centration of pSi particles in the HG was chosen to be sufficiently low 
that it would exert minimal influence on rheologic performance. 

The rheological properties of hydrogel formulations provide key 
information about their flow behaviour that is important in determining 
their storage, application, and drug release characteristics. In this re
gard, the viscosity of the MF@pSi-HG formulations were characterised 
in the temperature range of 8 37 C. The viscosity of the formulations 
increased with temperature for each formulation (Fig. S1, Supporting 
Information), consistent with the liquid-to-gel state transformation 
discussed above. Similar to their storage and loss modulus values, the 
MF@pSi-HG and the blank HG samples showed only minor differences 
in their viscosity-temperature behaviour. 

The tan delta ( ) value is the ratio of loss modulus to the storage 
modulus. This metric provided a more pronounced measurement of the 
variations in performance between the different hydrogel formulations 
(Fig. S2, Supporting Information). The blank HG showed a sharp drop in 
tan ( ) and an abrupt flattening of the curve at temperatures greater than 
the gelation temperature (Fig. S2a, Supporting Information). The sharp 
drop in tan ( ) was also observed for the HG formulations that incor
porated MF@pSi particles (Fig. S2b-d, Supporting Information), 
although the tan ( ) values transitioned to a plateau less abruptly, 
requiring a substantially larger increase in temperature before reaching 
a stable value. The temperature range of the transition increased with 
increasing concentration of pSi particles, suggesting that the pSi parti
cles more effectively hinder entanglement and formation of long-range 
order in the P407 chains during the gelation process. 

The rheological properties of the MF@pSi-HG formulations are 
summarized in Table S1 (Supporting Information). Overall, the incor
poration of MF-loaded pSi particles resulted in a relatively minor shift in 
the gelation temperature of the hydrogel, and the viscosity and other 
rheological properties were largely unaffected for the particle concen
trations studied in this work. 
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3. 3.  D y n a mi c r h e ol o gi c al m e as ur e m e nts of M F @ p Si- H G f or m ul ati o ns 

T h e m u c u s i n t h e g e n er al n a s al c a vit y u n d er g o e s cili ar y m o v e m e nt 

a n d c o u pl e d wit h t h e br e at hi n g pr o c e s s, it i s a d y n a mi c sit e wit h c y cli c al 

m o v e m e nt.  T h er ef or e,  a s s e s s m e nt  of  t h e  vi s c o el a sti cit y  at  v ar yi n g 

o s cill at or y  fr e q u e n ci e s  c a n  pr o vi d e  i m p ort a nt  r h e o m e c h a ni c al  i nf or -

m ati o n a b o ut p ot e nti al st a bilit y of a f or m ul ati o n i n t h e n a s al e n vir o n -

m e nt. T h e eff e ct of fr e q u e n c y c h a n g e o n vi s c o el a sti c pr o p erti e s of H G 

f or m ul ati o n s  w a s  st u di e d  at  t w o  t e m p er at ur e s:  t h e  m a xi m u m  st or a g e 

t e m p er at ur e ( 8 ◦ C) a n d at a t e m p er at ur e sli g htl y gr e at er t h a n t h e g el a -

ti o n t e m p er at ur e ( 3 0 ◦ C). H y d r o g el f or m ul ati o n s w er e s u bj e ct e d t o si -

n u s oi d al  str e s s  o v er  a  r a n g e  of  fr e q u e n ci e s  ( 1 – 1 5  H z)  at  t h e s e 

t e m p er at ur e s. Hi g h er r el ati v e el a sti cit y v al u e s i m pl y l o n g er r et e nti o n at 

t h e sit e of a d mi ni str ati o n a n d r e d u cti o n i n a nt eri or or p o st eri or l e a k a g e 

of t h e f or m ul ati o n. T h e o b s er v e d hi g h er v al u e s of st or a g e m o d ul u s ( G ’) 

o v e r l o s s m o d ul u s ( G ") i n di c at e t h e a bilit y of t h e h y dr o g el t o r et ai n it s g el 

str u ct ur e  t hr o u g h o ut  t h e  t e st e d  fr e q u e n c y  r a n g e,  w hi c h  c o n flr m s  t h e 

e x p e ct ati o n t h at t h e p ol o x a m er P 4 0 7 h y dr o g el w o ul d h a v e a n e gli gi bl e 

t e n d e n c y t o l e a k o ut of t h e n a s al c a vit y ( Fi g. S 3 a- b, S u p p orti n g I nf or -

m ati o n). Si mil ar tr e n d s of G ’ a n d G", w h e n m e a s ur e d a g ai n st fr e q u e n c y 

c h a n g e s, w er e o b s er v e d f or all t h e H G f or m ul ati o n s t h at c o nt ai n e d M F- 

l o a d e d p Si ( Fi g. S 3 c- h, S u p p orti n g I nf or m ati o n). 

F or  m at eri al  i n  t h e  g el  st at e  at  3 0 ◦ C,  t h e  st o r a g e  ( G ’)  a n d  l o s s 

m o d ul u s ( G ") v al u e s of t h e bl a n k H G a n d t h e p Si- H G c o m p o sit e f or m u -

l ati o n s w er e c o m p ar a bl e; all h a d hi g h er v al u e s of st or a g e m o d ul u s ( G’) 

a n d l o w e r v al u e s of l o s s m o d ul u s ( G "), al b eit t h e r e w er e sli g ht diff er -

e n c e s i n t h e a b s ol ut e v al u e s of st or a g e m o d ul u s ( G ’) i n e a c h c a s e. I n t h e 

c a s e  of  0. 1- M F @ p Si- H G,  t h e  v al u e s  of  st or a g e  m o d ul u s  w er e  s m all er 

t h a n  t h o s e  of  t h e  bl a n k  h y dr o g el  at  m o st  of  t h e  fr e q u e n ci e s  st u di e d, 

w hi c h  c o ul d  i n di c at e  a  r e d u c e d  i nt er a cti o n  a n d  e nt a n gl e m e nt  of  t h e 

p ol y m er c h ai n s i n t h e pr e s e n c e of t h e p Si p arti cl e s. B y c o ntr a st, t h e 0. 2- 

M F @ p Si- H G a n d 0. 5- M F @ p Si- H G c o m p o sit e f or m ul ati o n s ( w hi c h c o n -

t ai n e d a n i n cr e a si n gl y gr e at er q u a ntit y of p Si p arti cl e s), t h e v al u e s of 

st or a g e m o d ul u s ( G") i n cr e a s e d wit h i n cr e a si n g p Si p arti cl e c o nt e nt. T hi s 

c o ul d  b e  t h e  r e s ult  of  f or m ati o n  of  h y dr o g e n  b o n d s  b et w e e n  Si- O H 

gr o u p s pr e s e nt o n t h e p Si p arti cl e s urf a c e a n d t h e h y dr o p hili c r e gi o n s 

of t h e p ol o x a m er c h ai n s. R e c e nt st u di e s h a v e r e p ort e d t h at t h e a d diti o n 

of n a n o p arti cl e s c o nt ai ni n g s urf a c e sil a n ol gr o u p s t o h y dr o g el s l e a d s t o 

h y dr o g e n  b o n di n g  wit h  t h e  p ol y m eri c  c h ai n s,  r e s ulti n g  i n  i n cr e a s e d 

st or a g e  m o d ul u s  v al u e s  [ 5 0 – 5 2 ].  T hi s  eff e ct  w a s  o b s er v e d  w h e n  t h e 

n a n o p arti cl e  c o n c e ntr ati o n  w a s  a b o v e  a  c ert ai n  t hr e s h ol d  v al u e.  Pr e -

s u m a bl y, t h e n u m b er of p arti cl e s i n t h e 0. 1- M F @ p Si- H G n a n o c o m p o sit e 

f or m ul ati o n  w a s b el o w t hi s t hr e s h ol d, w hil e t h e 0. 2- M F @ p Si- H G a n d 

0. 5- M F @ p Si- H G c o m p o sit e f or m ul ati o n s w er e a b o v e t hi s t hr e s h ol d. 

A s e x p e ct e d f or t h e li q ui d p h a s e, t h e p e a k l o s s a n d st or a g e m o d ul u s 

v al u e s  f or  all  t h e  f or m ul ati o n s  ( bl a n k  H G  a n d  t h e  t hr e e  M F @ p Si- H G 

s a m pl e s)  m e a s ur e d  at  8 ◦ C  w e r e  si g ni fl c a ntl y  l o w er  t h a n  t h o s e 

m e a s ur e d at 3 0 ◦ C. It i s w o rt h n oti n g t h at t h e p e a k G ’ a n d G" v al u e s f or 

bl a n k H G at 8 ◦ C w e r e al m o st t wi c e t h at of t h e H G f or m ul ati o n s t h at 

c o nt ai n e d M F @ p Si p arti cl e s, d e s pit e t h e f a ct t h at t h e p e a k G ’ a n d G" 

v al u e s m e a s ur e d at 3 0 ◦ C w e r e u n aff e ct e d b y t h e pr e s e n c e of M F-l o a d e d 

p Si p arti cl e s. T hi s d at a s u g g e st s t h at t h e M F @ p Si- H G f or m ul ati o n s c o ul d 

b e m or e a m e n a bl e t o s pr a yi n g i nt o t h e n a s al c a vit y d u e t o t h eir l o w er 

vi s c o el a sti cit y at st or a g e t e m p er at ur e s w hil e m ai nt ai ni n g hi g h i nt e grit y 

at p h y si ol o gi c t e m p er at ur e s. 

T h e s h e ar str e s s b e h a vi o ur of t h e bl a n k h y dr o g el a n d p Si- H G c o m -

p o sit e  f or m ul ati o n s  ( 0. 1- M F @ p Si- H G,  0. 2- M F @ p Si- H G,  a n d  0. 5- 

M F @ p Si- H G), e v al u at e d i n t h eir vi s c o u s li q ui d st at e ( at 8 ◦ C), s h o w e d 

mi n or i n cr e a s e s i n s h e ar str e s s w h e n s u bj e ct e d t o a r a n g e of s h e ar r at e s 

( 1 0– 1 5 0 0 p er s e c o n d). I n c o ntr a st, t h e s h e ar str e s s w a s f o u n d t o i n cr e a s e 

si g ni fi c a ntl y n e ar t h e g el ati o n t e m p er at ur e ( 3 0 ◦ C); s u c h a n e n h a n c e d 

r e si st a n c e  t o  fl o w  i s  c o n si st e nt  wit h  g el  f or m ati o n  ( Fi g.  4 ).  Bl a n k 

h y dr o g el ( Fi g. 4 a) f or m ul ati o n s di s pl a y e d hi g h er s h e ar str e s s t h a n p Si- 

H G  c o m p o sit e  ( Fi g.  4 b- d)  f or m ul ati o n s,  i n di c ati n g  t h at  t h e  p Si  p arti -

cl e s i n fl u e n c e t h e r h e ol o gi c al pr o p erti e s of t h e P 4 0 7- b a s e d g el s [ 5 3 ,5 4 ]. 

T h e  r e a s o n  f or  t h e  l o w er  v al u e s  of  s h e ar  str e s s  m e a s ur e d  o n  t h e 

Fi g. 3. T e m p er at ur e- d e p e n d e nt c h a n g e s i n st or a g e ( G ’) a n d l o s s ( G") m o d ul u s of h y dr o g el f or m ul ati o n s u s e d t o d et er mi n e g el ati o n t e m p er at ur e. T h e t e m p er at ur e 

v ers us st or a g e a n d  l o s s  m o d ul u s  of  ( a)  bl a n k h y dr o g el,  ( b)  0. 1- M F @ p Si- H G,  ( c)  0. 2- M F @ p Si- H G,  a n d ( d)  0. 5- M F @ p Si- H G.  A s h ar p  ri s e  i n  t h e v al u e s  of  st or a g e 

m o d ul u s i s o b s er v e d at t h e g el ati o n t e m p er at ur e. T h e diff er e nt c ol o ur e d s h a d e d r e gi o n s i n t h e gr a p h s r e pr e s e nt t h e t hr e e g el ati o n st a g e s. T h e bl u e c ol o ur e d r e gi o n 

(f ar l eft i n all pl ot s) c orr e s p o n d s t o t h e li q ui d p h a s e w h er e t h e s y st e m b e h a v e s a s a vi s c o u s li q ui d. T h e gr e e n r e gi o n i s t h e g el p h a s e i n di c ati n g g el ati o n of t h e li q ui d. 

T h e r e d r e gi o n i n di c at e s t h e f or m ati o n of a str o n g a n d st a bl e g el. T h e s oli d li n e i n e a c h gr a p h r e pr e s e nt s t h e st or a g e m o d ul u s a n d t h e l o s s m o d ul u s i s pr e s e nt e d b y a 

d ott e d li n e ( n = 3 ± S D). ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 
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n a n o c o m p o sit e f or m ul ati o n s a s c o m p ar e d t o t h e bl a n k g el c o ul d b e d u e 

t o a m ar gi n al r e d u cti o n i n i nt er a cti o n s a m o n g t h e p ol y m eri c c h ai n s i n 

t h e pr e s e n c e of p Si p arti cl e s. 

3. 4.  Q u a nti fl c ati o n of M F i n- vitr o r el e as e fr o m p Si- H G f or m ul ati o ns 

Q u a nti fl c ati o n of t h e r at e of el uti o n of t h e m o m et a s o n e f ur o at e dr u g 

fr o m t h e f or m ul ati o n s c a n all o w pr e di cti o n of t h e st e a d y- st at e c o n c e n-

tr ati o n  of  dr u g  i n  t h e  ti s s u e,  a n  i m p ort a nt  p ar a m et er  i n  a c hi e vi n g  a 

t h er a p e uti c  eff e ct.  St ati c  el uti o n  m e a s ur e m e nt s  w er e  p erf or m e d  i n  a 

o n e- c o m p art m e nt  el uti o n  c ell,  w h er e  t h e  h y dr o g el  f or m ul ati o n  w a s 

l o a d e d i nt o a di al y si s t u b e, t h e t u b e w a s s e al e d, a n d t h e n t h e a s s e m bl y 

w a s pl a c e d i n a vi al c o nt ai ni n g a b uff er s ol uti o n. T h e el uti o n c ell w a s 

m ai nt ai n e d at 3 4 ◦ C, t h e b uff e r w a s s a m pl e d p eri o di c all y, a n d t h e el ut e d 

M F w a s q u a nti fi e d b y H P L C. B e c a u s e t h e a m o u nt of M F i n t h e p Si p ar -

ti cl e s w a s fl x e d at 2 8 wt %, t h e t ot al a m o u nt of M F i n e a c h f or m ul ati o n 

w a s  a dj u st e d  b y  c h a n gi n g  t h e  c o n c e ntr ati o n  of  p Si  p arti cl e s  i n  e a c h 

h y dr o g el, a s d e s cri b e d a b o v e. T h e t hr e e diff er e nt M F @ p Si- H G f or m u -

l ati o n s c o nt ai ni n g 0. 1, 0. 2, a n d 0. 5 wt % M F ( i. e., 0. 1- M F @ p Si- H G, 0. 2- 

M F @ p Si- H G,  0. 5- M F @ p Si- H G)  a n d t h eir  c orr e s p o n di n g c o ntr ol s, c o n -

si sti n g  of  fr e e  M F  l o a d e d  i nt o  pl ai n  h y dr o g el  ( i. e.,  0. 1- M F @ H G,  0. 2- 

M F @ H G a n d 0. 5- M F @ H G), w er e s u bj e ct e d t o t h e el uti o n pr ot o c ol u si n g 

t w o diff er e nt b uff er s a s r e c e pt or m e di a: si m ul at e d n a s al fl ui d ( S N F) a n d 

a  5 0: 5 0  ( v / v )  mi xt ur e  of  S N F  wit h  et h a n ol.  C u m ul ati v e  t e m p or al  M F 

r el e a s e  c ur v e s  f or  S N F,  r e p ort e d  a s  t ot al  m a s s  a n d  p er c e nt a g e  of  M F 

r el e a s e d fr o m e a c h f or m ul ati o n, ar e pr e s e nt e d i n Fi g. 5 . T h e p Si- b a s e d 

f or m ul ati o n s  c o n si st e ntl y s h o w e d a  hi g h er r at e of  el uti o n of M F r el a-

ti v e  t o  t h e  fr e e  M F  f or m ul ati o n s.  S u c h  e n h a n c e d  r at e s  of  el uti o n  ar e 

c h ar a ct eri sti c  of  n a n o  p or o u s  dr u g  c arri er s,  a n d  t hi s  p h e n o m e n o n  i s 

g e n er all y attri b ut e d t o t h e a bilit y of t h e n a n o str u ct ur e t o s u p pr e s s dr u g 

cr y st alli z ati o n  [ 5 5 ]  a n d  t o  e x p o s e  a  l ar g e  s urf a c e  ar e a  of  dr u g  t o  t h e 

a q u e o u s el uti o n m e di u m [ 5 6 ]. 

I n  or d er  t o  b ett er  si m ul at e t h e  si n k  c o n diti o n  of t h e  p h y si ol o gi c al 

mili e u, r el e a s e of M F fr o m t h e h y dr o g el f or m ul ati o n s w a s al s o st u di e d i n 

a 5 0: 5 0 ( v : v ) mi xt ur e of S N F a n d et h a n ol. A si g ni fl c a nt i n cr e a s e i n t h e 

a m o u nt of dr u g r el e a s e d w a s o b s er v e d wit h t h e mi x e d s ol v e nt s y st e m 

( Fi g.  S 4,  S u p p orti n g  I nf or m ati o n).  W h er e a s  b et w e e n  3  a n d  1 0 % 

( d e p e n di n g o n f or m ul ati o n) of M F w a s r el e a s e d i nt o S N F i n t h e fir st 8 h, 

2 0 – 4 0 % of t h e M F p a yl o a d w a s r el e a s e d i nt o t h e mi x e d a q u e o u s- et h a n ol 

s ol v e nt i n t hi s s a m e ti m e p eri o d. T hi s c a n b e e x pl ai n e d b y t h e li p o p hili c 

n at ur e of t h e c orti c o st er oi d; i n cl u si o n of et h a n ol i n t h e el uti o n m e di u m 

h el p s t o s ol u bili s e M F. T h e u s e of et h a n ol i n t h e r e c e pt or m e di u m i s i n 

a c c or d a n c e  wit h  t h e  lit er at ur e  [ 5 7 ,5 8 ].  It  i s  d e m o n str at e d  t h at  t h e 

a d diti o n  of  et h a n ol  a s  c o- s ol v e nt s  t o  e n s ur e  si n k  c o n diti o n s  d o e s  n ot 

alt er t h e str u ct ur e a n d b arri er f u n cti o n of t h e s ki n [ 5 9 ]. T h e S N F: et h a n ol 

( 5 0: 5 0) mi xt ur e i n t h e r e c e pt or p h a s e a s s ur e s p erf e ct si n k c o n diti o n s ar e 

m ai nt ai n e d,  w hi c h  h a s  b e e n  pr e vi o u sl y  s h o w n  a n d  i s  attri b ut e d  t o 

c o n si d er a bl y hi g h s ol u bilit y of M F i n et h a n ol ( > 1. 5 m g / m L) M F [ 6 0 ]. 

T h u s,  w h e n  S N F  w a s  u s e d  a s  r e c e pt or  m e di u m  t h e  a m o u nt  of  M F 

r el e a s e d fr o m t h e fr e e M F f or m ul ati o n s 0. 1- M F @ H G, 0. 2- M F @ H G a n d 

0. 5- M F @ H G  o v er  t h e  8  h  m e a s ur e m e nt  p eri o d  w a s  b et w e e n  0. 2  a n d 

2. 4 % ( Fi g. 5 ), w h er e a s t hi s r o s e t o b et w e e n 0. 7 a n d 8 % w h e n 5 0: 5 0 S N F: 

et h a n ol w a s e m pl o y e d ( Fi g. S 4, S u p p orti n g I nf or m ati o n). A si mil ar tr e n d 

w a s o b s er v e d wit h t h e c o ntr ol f or m ul ati o n s. 

3. 5. E x- vi v o e v al u ati o n of t o xi cit y of M F @ p Si- H G f or m ul ati o ns o n 

h u m a n n as al tiss u e 

T h e  t o xi cit y  of  t h e  h y dr o g el  f or m ul ati o n s  t h at  i n c or p or at e d  M F- 

l o a d e d  p Si  p arti cl e s  w a s  s y st e m ati c all y  e v al u at e d  i n  h u m a n  n a s al  ti s-

s u e  s e cti o n s.  Ti s s u e  s a m pl e s  w er e  c oll e ct e d  fr o m  i nf or m e d  a n d  c o n -

s e nti n g  p ati e nt s  u n d er g oi n g  s ur g er y  f or  n a s al  o b str u cti o n  at  t h e 

Fi g. 4. Eff e ct of c h a n gi n g s h e ar r at e o n s h e ar str e s s g e n er at e d i n ( a) bl a n k h y dr o g el, a n d f or m ul ati o n s ( b) 0. 1- M F @ p Si- H G, ( c) 0. 2- M F @ p Si- H G, a n d ( d) 0. 5- M F @ p Si- 

H G. At 8 ◦ C, w h e n t h e h y dr o g el i s i n it s li q ui d st at e, c h a n g e s i n s h e ar r at e d o n ot r e s ult i n a si g ni fl c a nt c h a n g e i n s h e ar str e s s w hil e at 3 0 ◦ C (t e m p e r at ur e sli g htl y 

a b o v e t h e g el ati o n t e m p er at ur e), c h a n g e s i n s h e ar r at e r e s ult i n a si g ni fl c a nt c h a n g e i n s h e ar str e s s ( n = 3 ± S D). 
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Gr e e n sl o p e s H o s pit al, Bri s b a n e, A u str ali a. T h e t o xi cit y a s s a y i n v ol v e d 

q u a nti fl c ati o n of l a ct at e d e h y dr o g e n a s e ( L D H) r el e a s e d fr o m t h e n a s al 

ti s s u e s e cti o n s i n r e s p o n s e t o t h e tr e at m e nt s. L D H i s r el e a s e d b y str e s s e d 

a n d d yi n g c ell s, a n d it h a s b e e n e m pl o y e d a s a n eff e cti v e bi o m ar k er of 

c ell ul ar  t o xi cit y  [ 6 1 ].  I n  t h e  pr e s e nt  st u d y,  L D H  l e v el s  i n  t h e  h u m a n 

n a s al  ti s s u e s  w er e  m o nit or e d  i n  gr o wt h  m e di a  f or  fl v e  d a y s.  I n  t hi s 

p eri o d, t h e L D H s l e v el w er e o b s er v e d t o d e cr e a s e i niti all y a n d t h e n r e a c h 

st a bl e b a s eli n e l e v el s ( Fi g. 6 a, pr e-tr e at m e nt). T h e ti s s u e s ( n = 3 p er s et) 

w er e t h e n tr e at e d wit h t e st or c o ntr ol f or m ul ati o n s, a n d L D H l e v el s w er e 

m o nit or e d  f or  a n  a d diti o n al  5  d a y s.  O n e  c o ntr ol  s et  of  h u m a n  n a s al 

ti s s u e s e cti o n s w er e l eft u ntr e at e d. A s e c o n d c o ntr ol s et of ti s s u e s a m pl e s 

w er e tr e at e d wit h S N F ( n e g ati v e c o ntr ol). A t hir d s et of ti s s u e s a m pl e s 

w er e a d mi ni st er e d 1 % w / v Z n S O 4 ( m a d e i n D M E M) s ol uti o n a s a p o si -

ti v e c o ntr ol. Z n (II) at t hi s d o s e i s r e p ort e d t o eli cit str o n g t o xi c eff e ct s o n 

n a s al m u c o s al ti s s u e [ 6 2 ]. O nl y t hi s Z n (II) p o siti v e c o ntr ol r e s ult e d i n a 

s pi k e i n L D H l e v el s ( Fi g. 6 a, p o st-tr e at m e nt). T w o s et s of n a s al ti s s u e 

s e cti o n s w er e tr e at e d wit h o n e of t h e M F @ p Si- H G f or m ul ati o n s ( 0. 1 a n d 

0. 5 wt %).  T h e s e  di d  n ot  s h o w  a n y  d et e ct a bl e  c h a n g e  i n  L D H  l e v el s, 

si mil ar t o t h e u ntr e at e d a n d S N F-tr e at e d ( i. e., n e g ati v e c o ntr ol) ti s s u e 

s e cti o n s. 

T h e  r e s ult s  fr o m  t h e  L D H  a s s a y  w er e  c o n fir m e d  b y  hi st ol o gi c al 

a n al y si s ( H & E st ai ni n g). A s d e pi ct e d i n Fi g. 6 b- c a n d Fi g. 6 e-f, t h e ol -

f a ct or y  e pit h eli u m  li ni n g  a n d  b a s al  c ell s  r e m ai n e d  i nt a ct  f or  t h e  u n-

tr e at e d, S N F tr e at e d, 0. 1- M F @ p Si- S G a n d 0. 5- M F @ p Si- S G. A s e x p e ct e d, 

p o st-tr e at m e nt  wit h  1 % w / v Z n S O 4 ,  t h e r e  w e r e  cl e ar  a n d  wi d e s pr e a d 

c h a n g e s  c h ar a ct eri s e d  b y  d e g e n er ati o n  of  b a s al  c ell s  a n d  s e v er e  i n -

fl a m m at or y c ell i n flltr ati o n ( Fi g. 6 d). I n a gr e e m e nt wit h t h e L D H a s s a y 

d at a, b ot h t h e p Si- H G c o m p o sit e f or m ul ati o n s ( 0. 1- M F @ p Si- H G a n d 0. 5- 

M F @ p Si- H G)  di d  n ot  aff e ct  n a s al  m u c o s al  ti s s u e  m or p h ol o g y  a n d 

i nt e grit y. It i s w ort h m e nti o ni n g, t h at t h e n a s al m u c o s al ti s s u e s t o xi cit y 

d at a s h o w s t h at e v e n t h e hi g h e st dr u g c o nt e nt f or m ul ati o n s ( wit h 0. 5 wt 

% e q ui v al e nt a m o u nt of dr u g) w hi c h al s o c o nt ai n t h e hi g h e st a m o u nt of 

p or o u s sili c o n p arti cl e s ( 1 3 m g of M F l o a d e d p arti cl e s / g of g el) w er e 

n o n-t o xi c. W hil e t h e f or m ul ati o n wit h t h e l o w e st dr u g a n d p or o u s sili -

c o n p arti cl e s di d n ot s h o w a n y t o xi cit y. T hi s pr o vi d e s u s wit h c o n fl d e n c e 

t h at ot h er f or m ul ati o n s wit h dr u g a n d p arti cl e c o n c e ntr ati o n wit hi n t hi s 

r a n g e  will  i m p o s e  n o n- si g ni fi c a nt  t o xi cit y  c h all e n g e.  T h er ef or e,  0. 2- 

M F @ p Si- H G  f or m ul ati o n  w a s  n ot  a s s e s s e d  f or  t o xi cit y  wit h  h u m a n 

ti s s u e. 

3. 6.  M F d e p ositi o n o n h u m a n n as al tiss u e fr o m p Si- H G a n d H G 

f or m ul ati o n 

A s t h e p Si- H G c o m p o sit e f or m ul ati o n s di s pl a y e d s ati sf a ct or y r h e o -

m e c h a ni c al  c h ar a ct eri sti c s, i n- vitr o dr u g  r el e a s e  p erf or m a n c e,  a n d 

t o xi cit y pr o fll e s, w e n e xt q u a nti fl e d dr u g d e p o siti o n i nt o h u m a n n a s al 

ti s s u e s, i n or d er t o e v al u at e t h e p ot e nti al s uit a bilit y of t h e m at eri al s f or 

d eli v er y  of  t h er a p e uti c all y  r el e v a nt  dr u g  d o s e s.  A s  m o st  c o m m o n  M F 

f or m ul ati o n s of i n t h e m ar k et c o nt ai n s 0. 1 wt % dr u g ( e. g. T el n a s al or 

N a s o n e x ® i n  A u str ali a),  w e  t e st e d  t h e  0. 1- M F @ p Si- H G  f or m ul ati o n, 

w hi c h  c o nt ai n e d  0. 1 wt %  M F.  T h e  e x p eri m e nt s  w er e  p erf or m e d  o n 

h u m a n n a s al m u c o s al ti s s u e i n a Fr a n z c ell m ai nt ai n e d at 3 4 ± 1 ◦ C f o r 

p e ri o d s of b et w e e n 2 a n d 8 h. I n a t y pi c al e x p eri m e nt, t h e d or s al si d e of 

t h e n a s al ti s s u e w a s e x p o s e d t o 0. 5 m L of t h e 0. 1- M F @ p Si- H G f or m u -

l ati o n, a n d t h e ti s s u e w a s r e m o v e d at a gi v e n ti m e p oi nt t o q u a ntif y dr u g 

u pt a k e.  T h e  a m o u nt  of  dr u g  d e p o sit e d  a c c u m ul at e d  i n  t h e  ti s s u e s 

i n cr e a s e d st e a dil y a s a f u n cti o n of ti m e (Fi g. 7 ); C o ntr ol 0. 1- M F @ H G 

f or m ul ati o n s o nl y d e p o sit e d 1 0. 4 ± 0. 1 μ g / g of M F i n t h e s a m e ti m e 

p eri o d  aft er  8  h  of  e x p o s ur e.  W h er e a s  t h e  m a xi m u m  a m o u nt  of  M F 

d e p o sit e d  fr o m  t h e  0. 1- M F @ p Si- H G  f or m ul ati o n  w a s  1 9 4 ± 7 μ g  p er 

gr a m of h u m a n n a s al ti s s u e, m e a s ur e d b y h o m o g e ni z ati o n of t h e ti s s u e 

aft er  8  h  of  e x p o s ur e  w hi c h  i s  1 9-f ol d  hi g h er  c o m p ar e d  t o  c o ntr ol 

M F @ H G ( Fi g. 7 ). T h e dr u g d e p o siti o n r e s ult s d e m o n str at e t h e a d v a nt a g e 

of  i n c or p or ati n g  M F @ p Si  p arti cl e s  i nt o  t h e  H G:  i n cl u si o n  of  t h e  p Si 

n a n o str u ct ur e i n t h e h y dr o g el f or m ul ati o n i n cr e a s e d M F d e p o siti o n i n 

h u m a n  n a s al  ti s s u e  al m o st  1 9-f ol d  i n  a n  8- h  ti m e  p eri o d.  T h e 

Fi g.  5. T e m p or al i n- vitr o r el e a s e  c ur v e s  c o m p ari n g  c u m ul ati v e  r el e a s e  of 

m o m et a s o n e  f ur o at e  ( M F)  fr o m  h y dr o g el  s a m pl e s  t h at  c o nt ai n e d  eit h er  M F- 

l o a d e d  p Si  p arti cl e s  or  a n  e q ui v al e nt  m a s s  of  p ur e  M F.  El uti o n  st u di e s  w er e 

p erf or m e d at 3 4 ◦ C, wit h t h e f or m ul ati o n c o nt ai n e d i n a s e al e d di al y si s b a g wit h 

si m ul at e d n a s al fl ui d ( S N F) i n t h e r e c e pt or m e di u m. T h e a m o u nt of h y dr o g el 

f or m ul ati o n i n e a c h di al y si s b a g w a s 5 0 0 μ L. ( a) c u m ul ati v e M F r el e a s e fr o m 

0. 1- M F @ H G  ( gr e e n)  a n d  0. 1- M F @ p Si- H G  ( bl u e),  ( b)  c u m ul ati v e  M F  r el e a s e 

fr o m 0. 2- M F @ H G ( gr e e n) a n d 0. 2- M F @ p Si- H G ( bl a c k), a n d ( c) c u m ul ati v e M F 

r el e a s e fr o m 0. 5- M F @ H G ( gr e e n) a n d 0. 5- M F @ p Si- H G (r e d). D at a f o r e a c h M F 

r el e a s e ti m e p oi nt i s pr e s e nt e d a s m e a n ± S D of t hr e e i n d e p e n d e nt e x p eri m e nt s 

a n d w a s a n al y s e d b y t-t e st c o m p ari n g t h e diff er e n c e of m e a n s of c orr e s p o n di n g 

c o m p o sit e  h y dr o g el s  a n d  c o ntr ol s  ( * = P < 0. 0 5).  ( F or  i nt er pr et ati o n  of  t h e 

r ef er e n c e s  t o  c ol o ur  i n  t hi s  fi g ur e  l e g e n d,  t h e  r e a d er  i s  r ef err e d  t o  t h e  w e b 

v er si o n of t hi s arti cl e.) 
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si g ni fl c a ntl y hi g h er a m o u nt of M F d e p o sit e d i n t h e ti s s u e s i s attri b ut e d 

t o t h e hi g h l o a di n g c a p a cit y of t h e p Si p arti cl e s, f a st er r el e a s e r at e a n d t o 

t h eir  a bilit y  t o  m ai nt ai n  M F  i n  a  m or e  bi o a v ail a bl e  a m or p h o u s  f or m 

[ 6 3 ]. 

4.  C o n cl u si o n s 

T hi s w or k e st a bli s h e d t h at m e s o p or o u s sili c o n- b a s e d mi cr o p arti cl e s 

c a n s u b st a nti all y i n cr e a s e b ot h t h e r at e of d e p o siti o n a n d t h e q u a ntit y of 

st er oi d dr u g ( m o m et a s o n e f ur o at e, M F) t h at c a n b e d e p o sit e d i nt o n a s al 

ti s s u e s  u si n g  a  t h er m or e s p o n si v e  h y dr o g el,  r el ati v e  t o  a  c o ntr ol 

i n v ol vi n g o nl y t h e fr e e dr u g i n t h e s a m e p ol o x a m er- b a s e d h y dr o g el. T h e 

a d diti o n of t h e M F-l o a d e d p Si p arti cl e s at c o n c e ntr ati o n s u p t o 1. 3 % b y 

m a s s  di d  n ot  a d v er s el y  i m p a ct  t h e  r h e ol o gi c al  pr o p erti e s  of  t h e  t h er -

m or e s p o n si v e  h y dr o g el. I n- vitr o e x p eri m e nt s  e st a bli s h e d  t h at  t h e  M F- 

l o a d e d p Si p arti cl e s i n cr e a s e d t h e r at e of M F r el e a s e fr o m t h e h y dr o g el 

h o st,  pr e s u m a bl y  b y  i n hi biti n g  cr y st alli z ati o n  of  t h e  dr u g  a n d  t h u s 

e n h a n ci n g t h e ki n eti c s of dr u g di s s ol uti o n. T hi s i n cr e a s e d r at e of r el e a s e 

w a s v ali d at e d i n t w o t y p e s of m e di a: si m ul at e d n a s al fl ui d ( S N F) a n d 

S N F c o nt ai ni n g et h a n ol ( w hi c h i s a b ett er s ol v e nt f or t h e p o orl y w at er- 

s ol u bl e M F). T h e d e si g n e d H G f or m ul ati o n s di s pl a y e d n o a c ut e t o xi cit y 

t o w ar d  h u m a n  n a s al  m u c o s al  ti s s u e.  E x p eri m e nt s  u si n g  h u m a n  n a s al 

ti s s u e i n a Fr a n z c ell m ai nt ai n e d i n p h y si ol o gi c c o n diti o n s s h o w e d a n 

al m o st 1 9-f ol d i n cr e a s e i n t h e a m o u nt of dr u g t h at c o ul d b e d e p o sit e d 

fr o m  t h e  p Si- h y dr o g el  c o m p o sit e  f or m ul ati o n  i n  a n  8- h  ti m e  p eri o d, 

c o m p ar e d  wit h  fr e e  ( mi cr o cr y st alli n e)  M F  s u s p e n d e d  i n  t h e  s a m e 

p ol o x a m er h y dr o g el h o st. T o g et h er, t h e s e r e s ult s i n di c at e t h at a m e s o -

p or o u s Si dr u g c arri er c a n e n a bl e i m pr o v e d p erf or m a n c e f or i ntr a n a s al 

d eli v er y of h y dr o p h o bi c dr u g s s u c h a s st er oi d s. 

C R e di T a ut h o r s hi p c o nt ri b uti o n st at e m e nt 

S h ri s ht y B a k s hi: Writi n g – ori gi n al dr aft, V ali d ati o n, M et h o d ol o g y, 

I n v e sti g ati o n, F or m al a n al y si s, D at a c ur ati o n. P r e eti P a n d e y: Writi n g – 

r e vi e w & e diti n g,  Writi n g – ori gi n al  dr aft,  V ali d ati o n,  M et h o d ol o g y, 

F or m al a n al y si s, D at a c ur ati o n. Y o u s uf M o h a m m e d: Writi n g – r e vi e w 

& e diti n g, M et h o d ol o g y, I n v e sti g ati o n, D at a c ur ati o n. J o a n n a W a n g: 

Writi n g – r e vi e w & e diti n g, M et h o d ol o g y, F or m al a n al y si s, D at a c ur a -

ti o n. Mi c h a el J. S ail o r: Writi n g – r e vi e w & e diti n g, S u p er vi si o n, R e -

s o ur c e s,  M et h o d ol o g y,  F or m al  a n al y si s. A mi r ali  P o p at: Writi n g – 

r e vi e w & e diti n g,  Vi s u ali z ati o n,  S u p er vi si o n,  R e s o ur c e s,  Pr oj e ct 

a d mi ni str ati o n,  M et h o d ol o g y,  F or m al  a n al y si s. H a r e n d r a  S.  P a r e k h: 

Writi n g – r e vi e w & e diti n g, V ali d ati o n, S u p er vi si o n, R e s o ur c e s, Pr oj e ct 

a d mi ni str ati o n,  F u n di n g  a c q ui siti o n,  C o n c e pt u ali z ati o n. T u s h a r 

K u m e ri a: Writi n g – r e vi e w & e diti n g, Writi n g – ori gi n al dr aft, V ali d a -

ti o n,  S u p er vi si o n,  R e s o ur c e s,  Pr oj e ct  a d mi ni str ati o n,  I n v e sti g ati o n, 

Fi g. 6. ( a) L a ct at e d e h y dr o g e n a s e ( L D H) a s s a y r e s ult s e v al u ati n g t o xi cit y of f or m ul ati o n s a p pli e d t o h u m a n n a s al m u c o s al ti s s u e, m e a s ur e d 5 d a y s pr e- e x p o s ur e a n d 

5 d a y s p o st- e x p o s ur e (i n cl u di n g d a y 0). Aft er e x p o s ur e, ti s s u e s tr e at e d wit h h y dr o g el f or m ul ati o n s c o nt ai ni n g M F-l o a d e d p Si p arti cl e s ( 0. 1- M F @ p Si- H G a n d 0. 5- 

M F @ p Si- H G)  a n d  S N F  a n d  S N F  c o ntr ol  s ol uti o n  w er e  f o u n d  t o  m ai nt ai n  L D H  at  b a s eli n e  l e v el s,  w hil e  1 % w / v of  Z n S O 4 i n  D M E M  ( p o siti v e  c o ntr ol)  eli cit e d  a 

si g ni fi c a nt c yt ot o xi c a n d s e v er e i n fl a m m at or y r e s p o n s e. All t h e d at a i s pr e s e nt e d a s m e a n ± st a n d ar d d e vi ati o n of t hr e e r e p e at s. Hi st ol o g y i m a g e s of n a s al m u c o s a 

ti s s u e at 1 0× m a g ni fl c ati o n ( b) tr e at e d wit h 0. 1- M F @ p Si- H G, ( c) tr e at e d wit h 0. 5- M F @ p Si- H G, ( d) tr e at e d wit h 1 % w / v Z n S O 4 , ( e) ti s s u e tr e at e d wit h S N F, (f) 

u ntr e at e d ti s s u e. T h e s c al e b ar i s 1 0 0 μ m a n d s a m e f or all hi st ol o g y i m a g e s. T h e bl a c k arr o w s m ar k t h e olf a ct or y e pit h eli u m a n d r e d arr o w s p oi nt t o b a s al c ell s. All t h e 

t e st e d c o ntr ol a n d t e st s a m pl e s e x c e pt f or t h e 1 w / v % Z n S O 4 w e r e n o nt o xi c wit h c o m pr e h e n si v e o blit er ati o n of t h e olf a ct or y e pit h eli u m a n d b a s al c ell l a y er. ( F or 

i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 
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J o ur n al of C o ntr oll e d R el e as e 3 6 3 ( 2 0 2 3 ) 4 5 2 – 4 6 3

4 6 2

F u n di n g a c q ui siti o n, F or m al a n al y si s, C o n c e pt u ali z ati o n. 

D e cl a r ati o n of C o m p eti n g I nt e r e st 

M J S i s a s ci e nti fl c f o u n d er ( S F), m e m b er of t h e B o ar d of Dir e ct or s 

( B O D), A d vi s or y B o ar d ( A B), S ci e nti fl c A d vi s or y B o ar d ( S A B), a ct s a s a 

p ai d  c o n s ult a nt  ( P C)  or  h a s  a n  e q uit y  i nt er e st  ( EI)  i n  t h e  f oll o wi n g: 

Ai v o c o d e,  I n c.  ( A B,  EI);  B eji n g  I T E C  T e c h n ol o gi e s  ( S A B,  P C);  Li s at a 

T h er a p e uti c s  ( S F,  S A B,  EI);  Ill u mi n a  ( EI),  M atri x  T e c h n ol o gi e s  ( EI); 

N a n o Vi si o n  Bi o ( S A B,  EI); Q u a nt eri x  ( EI), S pi n n a k er  Bi o s ci e n c e s,  I n c. 

( S F,  B O D,  EI);  Tr u T a g  T e c h n ol o gi e s  ( S A B,  EI);  a n d  W ell- H e alt h c ar e 

T e c h n ol o gi e s ( S A B, P C). Alt h o u g h o n e or m or e of t h e gr a nt s t h at s u p -

p ort e d  t hi s  r e s e ar c h  h a s  b e e n  i d e nti fi e d  f or  c o n fli ct  of  i nt er e st  m a n -

a g e m e nt  b a s e d  o n  t h e  o v er all  s c o p e  of  t h e  pr oj e ct  a n d  it s  p ot e nti al 

b e n e flt t o t h e c o m p a ni e s li st e d, t h e r e s e ar c h fl n di n g s i n cl u d e d i n t hi s 

p u bli c ati o n m a y n ot n e c e s s aril y r el at e t o t h eir i nt er e st s. T h e t er m s of 

t h e s e arr a n g e m e nt s h a v e b e e n r e vi e w e d a n d a p pr o v e d b y t h e U ni v er sit y 

of  C alif or ni a,  S a n  Di e g o  i n  a c c or d a n c e  wit h  it s  c o n fii ct  of  i nt er e st 

p oli ci e s. 

D at a a v ail a bilit y 

D at a will b e m a d e a v ail a bl e o n r e q u e st. 

A c k n o wl e d g e m e nt s 

T. K. a c k n o wl e d g e s t h e s u p p ort fr o m t h e N ati o n al H e alt h a n d M e d -

i c al R e s e ar c h C o u n cil ( N H M R C) of A u str ali a f or E arl y C ar e er F ell o w s hi p 

( G N T 1 1 4 3 2 9 6) a n d t h e U ni v er sit y of N e w S o ut h W al e s f or s u p p ort a n d 

S ci e nti a  Gr a nt.  A.  P.  a c k n o wl e d g e s  C ar e er  D e v el o p m e nt  F ell o w s hi p 

fr o m  N H M R C  a n d  str at e gi c  r e s e ar c h  f u n d s  fr o m  U ni v er sit y  of 

Q u e e n sl a n d- S c h o ol  of  P h ar m a c y  a n d  M at er  R e s e ar c h  I n stit ut e.  T hi s 

r e s e ar c h  w a s  p arti all y  s u p p ort e d  b y  N S F  t hr o u g h  t h e  U C  S a n  Di e g o 

M at eri al s  R e s e ar c h  S ci e n c e  a n d  E n gi n e eri n g  C e nt er  ( U C S D  M R S E C) 

D M R- 2 0 1 1 9 2 4. A d diti o n al s u p p ort r e c ei v e d fr o m t h e N ati o n al I n stit ut e s 

of H e alt h, t hr o u g h c o ntr a ct # R 0 1 AI 1 3 2 4 1 3- 0 1. 

A p p e n di x A. S u p pl e m e nt a r y d at a 

S u p pl e m e nt ar y d at a t o t hi s arti cl e c a n b e f o u n d o nli n e at htt p s: / / d oi. 

or g / 1 0. 1 0 1 6 /j.j c o nr el. 2 0 2 3. 0 9. 0 4 5 . 
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Fi g.  7. I n filtr ati o n  of  m o m et a s o n e  f ur o at e  ( M F)  i nt o  h u m a n  n a s al  m u c o s al 

ti s s u e fr o m p Si mi cr o p arti cl e- c o nt ai ni n g h y dr o g el s ( 0. 1- M F @ p Si- H G) a n d fr o m 

c o ntr ol  h y dr o g el s  c o nt ai ni n g  fr e e  M F  ( 0. 1- M F @ H G).  D e p o siti o n  of  M F  i s 

q u a nti fi e d  p er  gr a m  of  n a s al  ti s s u e,  m e a s ur e d  2  h,  4  h,  6  h,  a n d  8  h  aft er 

a p pli c ati o n  of  t h e  r el e v a nt  f or m ul ati o n.  B ot h  f or m ul ati o n  t y p e s  c o nt ai n  t h e 

s a m e m a s s of M F. A gr a d u al i n cr e a s e i n t h e a m o u nt of dr u g d e p o sit e d wit h ti m e 

i s o b s er v e d f or t h e 0. 1- M F @ p Si- H G f or m ul ati o n, w hil e t h e 0. 1- M F @ H G c o ntr ol 

d e p o sit s a s u b st a nti all y l o w er a m o u nt ( al m o st 1 9-ti m e s l e s s) of dr u g p er gr a m 

of n a s al ti s s u e o v er t h e 8 h s p a n of t h e e x p eri m e nt. D at a at e a c h ti m e p oi nt i s 

pr e s e nt e d a s m e a n ± S D of t hr e e i n d e p e n d e nt e x p eri m e nt s a n d t-t e st i n di c at e d 

t h at diff er e n c e of m e a n s of 0. 1 M F @ p Si- H G a n d 0. 1 M F @ H G at e a c h ti m e p oi nt 

w a s st ati sti c all y si g ni fi c a nt ( * * * P < 0. 0 0 0 5). 
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