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Glutamine-‐chitosan	  modified	  calcium	  phosphate	  nanoparticles	  for	  
efficient	  siRNA	  delivery	  and	  osteogenic	  differentiation	  
Bogyu	  Choi,a,†	  Zhong-‐Kai	  Cui,a,†	  	  Soyon	  Kim,b	  Jiabing	  Fan,a	  Benjamin	  M.	  Wua,b	  and	  Min	  Leea,b,*	  	  

RNA	   interference	   (RNAi)-‐based	   therapy	   using	   small	   interfering	   RNA	   (siRNA)	   exhibits	   great	   potential	   to	   treat	   diseases.	  
Although	   calcium	   phosphate	   (CaP)-‐based	   systems	   are	   attractive	   options	   to	   deliver	   nucleic	   acids	   due	   to	   their	   good	  
biocompatibility	  and	  high	  affinity	  with	  nucleic	  acids,	  they	  are	  limited	  by	  uncontrollable	  particle	  formation	  and	  inconsistent	  
transfection	  efficiencies.	  In	  this	  study,	  we	  developed	  a	  stable	  CaP	  nanocarrier	  system	  with	  enhanced	  intracellular	  uptake	  
by	   adding	   highly	   cationic,	   glutamine-‐conjugated	   oligochitosan	   (Gln-‐OChi).	   CaP	   nanoparticles	   coated	   with	   Gln-‐OChi	  
(CaP/Gln-‐OChi)	   significantly	  enhanced	  gene	   transfection	  and	  knockdown	  efficiency	   in	  both	   immortalized	   cell	   line	   (HeLa)	  
and	   primary	   mesenchymal	   stem	   cells	   (MSCs)	   with	   minimal	   cytotoxicity.	   The	   osteogenic	   bioactivity	   of	   siRNA-‐loaded	  
CaP/Gln-‐OChi	   particles	   was	   further	   confirmed	   in	   three-‐dimensional	   environments	   by	   using	   photocrosslinkable	   chitosan	  
hydrogels	  encapsulating	  MSCs	  and	  particles	  loaded	  with	  siRNA	  targeting	  noggin,	  a	  bone	  morphogenetic	  protein	  antagonist.	  
These	   findings	   suggest	   that	   our	   CaP/Gln-‐OChi	   nanocarrier	   provides	   an	   efficient	   and	   safe	   gene	   delivery	   system	   for	  
therapeutic	  applications.	  

Introduction	  
Gene	   therapy	   has	   been	   extensively	   investigated	   to	   treat	  
diseases	   by	   delivering	   nucleic	   acids	   into	   cells	   to	   induce	   or	  
silence	   specific	   gene	   expression.1-‐3	   In	   particular,	   RNA	  
interference	   (RNAi)-‐based	   therapy,	   mediated	   by	   small	  
interfering	   ribonucleic	   acids	   (siRNA),	   exhibits	   great	   potential	  
for	   cancer	   treatment4	   or	   tissue	   engineering	   applications	   by	  
suppressing	  expression	  of	  a	  gene	  of	  interest	  and	  directing	  cell	  
behaviors.5	   Given	   that	   naked	   siRNA	   scarcely	   has	   cellular	  
penetration	   due	   to	   its	   large	   size	   and	   anionic	   nature,	   various	  
carriers	  have	  been	  developed	  for	  efficient	  delivery	  of	  siRNA.6-‐10	  
Although	  viral	  vectors	  provide	  highly	  efficient	  gene	  transfer	  in	  
genetic	   engineering	   of	   cells,11	   the	   risk	   of	   viral	   insertional	  
mutagenesis	   and	   immunogenicity	   limits	   their	   clinical	  
potential.12-‐14	  Therefore,	  non-‐viral	  delivery	  systems	  have	  been	  
investigated	  to	  transfer	  siRNA	  in	  a	  safe	  and	  efficient	  manner.5,	  
8,	  13	  
	   Calcium	  phosphate	  (CaP)	  precipitates	  have	  been	  utilized	  as	  
DNA	  transfer	  vehicles	  to	  mammalian	  cells	  for	  a	   long	  time	  due	  
to	  their	  good	  biocompatibility,	  high	  affinity	  with	  DNA,	  ease	  of	  
use	  and	  cost-‐efficiency.15-‐21	   In	  addition,	  CaP	  occurs	  as	  natural	  
bone	  mineral	  and	   its	  pH-‐dependent	   solubility	  enables	   release	  
of	  encapsulated	  nucleic	  acids	  into	  the	  cytoplasm	  by	  endosomal	  

acidification.21,	  22	  These	  characteristics	  make	  CaP	  an	  attractive	  
option	  to	  deliver	  nucleic	  acids.21-‐24	  However,	  a	  major	  drawback	  
of	  current	  CaP-‐based	  carriers	  is	  their	   inconsistent	  transfection	  
efficiencies.	  This	   is	  mainly	  due	  to	  their	  uncontrollable	  particle	  
size	   and	   formation	   of	   large	   aggregates	   during	   rapid	   CaP	  
precipitation.25	  	  
	   Cell-‐based	  therapy	  using	  stem	  or	  progenitor	  cells	  with	  their	  
genetic	   modification	   is	   an	   attractive	   option	   to	   regenerate	  
damaged	   tissues	   and	   treat	   various	   diseases.	   In	   particular,	  
mesenchymal	   stem	   cells	   (MSCs)	   are	   promising	   candidates	   for	  
clinical	  applications	  due	  to	  their	  ability	  to	  be	  expanded	  to	  large	  
cell	   numbers	   and	  differentiated	   into	   various	   cell	   lineages.26-‐28	  
Non-‐viral	  gene	  delivery	  was	  efficient	  at	  transferring	  genes	  into	  
cancer	  cells	  or	  other	  fast	  dividing	  cell	  lines,	  but	  less	  effective	  at	  
transferring	   genes	   to	   MSCs	   or	   primary	   cells.29-‐31	   Thus,	  
investigations	   have	   been	   exploited	   to	   stabilize	   CaP	   colloidal	  
systems	  to	  increase	  its	  transfection	  efficiency.22,	  25	  
	   In	   this	   study,	   we	   developed	   a	   strategy	   to	   stabilize	   the	  
formation	   of	   CaP	   particles	   and	   enhance	   their	   cellular	   uptake	  
for	  efficient	  delivery	  of	  siRNA	  molecules	  using	  glutamine	  (Gln)-‐
conjugated	   oligochitosan	   (OChi).	   Chitosan	   is	   a	   naturally	  
occurring	   polysaccharide	   and	   is	   widely	   used	   in	   biomedical	  
applications	   due	   to	   its	   biocompatibility,	   biodegradability,	   and	  
low	   immunogenicity.32-‐34	  Moreover,	   abundant	   primary	   amine	  
groups	   in	   chitosan	   facilitate	   the	   formation	   of	   electrostatic	  
complexes	  with	  negatively	  charged	  siRNA.	  Chitosan	  derivatives	  
such	   as	   OChi	   exhibit	   lower	   viscosity	   and	   higher	   solubility	   at	  
physiological	   pH	   than	   chitosan,	  making	   them	  more	   attractive	  
to	   be	   applied	   in	   biomedical	   formulations.	   It	   has	   been	  
demonstrated	   that	   positive	   surface	   charges	   induced	   a	   great	  
binding	   with	   genes	   and	   enhanced	   cellular	   uptake	   of	   the	  
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nanoparticles.35-‐38	   We	   further	   modified	   OChi	   using	   highly	  
cationic	   Gln	   (pKa	   =	   9.13)	   to	   create	   a	   particle	   with	   high	   net	  
positive	   charge	   under	   normal	   physiological	   conditions	   (pH	   =	  
7.4).	   We	   evaluated	   the	   transfection	   and	   gene	   silencing	  
efficiency	   of	   the	   CaP	   particles	   modified	   with	   Gln-‐conjugated	  
OChi	   (CaP/Gln-‐OChi)	   in	   both	   HeLa	   cells	   and	   adipose-‐derived	  
MSCs	  (ADSCs)	  expressing	  green	  fluorescent	  proteins	  (GFP).	  We	  
further	   investigated	   the	   feasibility	   of	   the	   CaP/Gln-‐OChi	  
particles	   to	   induce	   osteogenic	   differentiation	   of	   MSCs	   by	  
loading	  Noggin	   targeting	  siRNA	   (siNOG)	   into	   the	  particles	  and	  
subsequently	   embedding	   them	   into	   three-‐dimensional	   (3D)	  
hydrogels	  with	  ADSCs.	  

Experimental	  
Synthesis	  of	  Gln-‐OChi	  

Gln-‐OChi	   was	   synthesized	   using	   EDC	   chemistry.39	   Briefly,	   Gln	  
(Invitrogen,	  Carlsbad,	  CA)	  was	  added	  at	  a	  concentration	  of	  5%	  
(w/v)	  to	  OChi	  (Mw	  5	  kDa,	  86%	  deacetylated,	  Sigma-‐Aldrich,	  St.	  
Louis,	  MO)	  aqueous	  solution	  (1%	  (w/v))	  under	  stirring.	  To	  this	  
solution,	   EDC	   (Sigma-‐Aldrich)	  was	   added	   drop	  wise	   at	   a	   final	  
concentration	  of	   0.1	  M.	   The	   reaction	  was	   continued	   for	   15	  h	  
and	  the	  resultant	  solution	  was	  dialyzed	  against	  distilled	  water	  
with	  four	  changes,	  subsequently	  lyophilized	  and	  stored	  at	  4	  oC.	  
The	  substitution	  degree	  of	  Gln	  (DSGln)	  in	  Gln-‐OChi	  was	  assessed	  
using	  1H	  NMR	  (D2O	  for	  Gln	  and	  OChi,	  D2O/acetic	  acid	  for	  Gln-‐
OChi).	  

Preparation	   of	   Gln-‐OChi	   coated	   CaP	   nanoparticles	  
incorporating	  siRNA	  

siRNA-‐loaded	   CaP	   particles	   were	   prepared	   as	   described	  
previously40	  with	  some	  modifications.	  Briefly,	  a	  solution	  of	  2.5	  
M	  CaCl2	  was	  diluted	  in	  10	  mM	  Tris/HCl	  buffer	  (pH	  7.5)	  (2	  :	  23	  
μL)	   (solution	   A).	   Another	   solution	   (10	   μL)	   of	   50	   mM	   Hepes	  
buffer	   containing	  1.5	  mM	  Na3PO4	  and	  140	  mM	  NaCl	   (pH	  7.5)	  
was	  mixed	  with	  siRNA	  (10	  μM,	  10	  μL)	   (solution	  B).	  Solution	  A	  
was	  mixed	  with	   solution	  B	  by	   short	  vortex.	  Chitosan	   (OChi	  or	  
Gln-‐OChi)	  solution	  (0.02%	  w/v,	  pH	  6,	  35	  μL)	  was	  subsequently	  
added	  during	  vortex	  mixing	  (1,500	  rpm)	  at	  a	  weight	  ratio	  of	  5	  
to	   siRNA.	   The	   pH	   of	   the	   final	   reaction	   solution	   was	  
approximately	  7.	  Commercially	  available	  Lipofectamine®	  2000	  
(Invitrogen,	   Carlsbad,	   CA)	   was	   used	   as	   a	   positive	   control.	  
Lipoplexes	  were	  prepared	  as	  described	   in	   the	  manufacturer’s	  
protocol	   at	   a	   Lipofectamine®	  2000/siRNA	  weight	   ratio	   of	   7.5.	  
Each	  sample	  solution	  was	  used	  immediately	  after	  preparation.	  
Chitosan	  NPs	  incorporating	  siRNA	  without	  CaP	  (OChi/siRNA	  or	  
Gln-‐OChi/siRNA)	   were	   prepared	   at	   a	   weight	   ratio	   of	   50	   as	  
previously	   described.41,	   42	   The	   incorporation	   efficiency	   (%)	   of	  
siRNA	   in	   the	   particles	   was	   determined	   using	   fluorescently	  
labeled	  siRNA	  (Cy3-‐siRNA,	  Ambion	  Inc.,	  Austin,	  TX).	  After	  Cy3-‐
siRNA	  was	  loaded	  with	  the	  particles	  as	  stated	  above,	  particles	  
were	   centrifuged	   at	   13,000	   rpm	   for	   40	   min,	   and	   then	   the	  
amount	   of	   residual	   Cy3-‐siRNA	   in	   the	   supernatant	   was	  
measured	   using	   fluorescent	   microplate	   reader	   (n	   =	   3).	   The	  
incorporation	  efficiency	  (%)	  was	  calculated	  using	  the	  following	  
Equation:	  

Incorporation  efficiency   % =   !!!
!
  ×  100%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1)	  

,	  where	   T	   is	   the	   total	   Cy3-‐siRNA	   and	   S	   is	   the	   amount	   of	   free	  
Cy3-‐siRNA	  in	  the	  supernatant.	  	  

Characterization	  of	  nanoparticles	  

To	   observe	  morphology	   of	   particles,	   a	   drop	   of	   each	   particle-‐
dispersed	   solutions	   as	   stated	   in	   section	   4.2	   was	   placed	   on	  
silicon	  wafer	  and	  air-‐dried	  for	  24	  h,	  and	  then	  scanning	  electron	  
microscopy	   (SEM;	  Nova	  NanoSEM230,	   FEI,	  Hillsboro,	  OR)	  was	  
performed	   in	   low	   vacuum	   mode.	   The	   particle	   size	   was	  
measured	   immediately	  after	  preparation	  and	  after	   incubation	  
for	   0.5,	   1,	   2,	   3,	   and	   20	   h,	   respectively.	   The	   size	   and	   zeta-‐
potential	  of	  particles	  were	  determined	  using	  Zetasizer	  Nano	  ZS	  
(Malvern	   Instruments,	   Malvern,	   UK)	   (n	   =	   3).	   Measurements	  
were	  performed	  in	  water	  at	  an	  angle	  of	  173o	  and	  25	  oC.	  

Cell	  culture	  

	  HeLa	   cell	   line	   and	   eGFP	   expressing	   HeLa	   cell	   line	   (HeLa-‐GFP)	  
were	   kind	   gifts	   from	   Dr.	   Kamei,	   University	   of	   California,	   Los	  
Angeles.	  HeLa	  and	  HeLa-‐GFP	  cell	  lines	  were	  grown	  in	  the	  basal	  
culture	   medium	   of	   Dulbecco’s	   Modified	   Eagle’s	   Medium	  
(DMEM)	  supplemented	  with	  10%	  fetal	  bovine	  serum	  (FBS),	  100	  
U/mL	   penicillin/streptomycin.	   ADSCs	   and	   eGFP	   expressing	  
ADSCs	   (ADSC-‐GFP)	   were	   isolated	   from	   inguinal	   fat	   pads	   in	  
C57BL/6	   mice	   at	   age	   of	   4	   -‐	   8	   weeks	   according	   to	   methods	  
previously	   described.43,	   44	   Briefly,	   adipose	   tissues	   collected	  
from	  mice	  were	  washed	  in	  sterilized	  phosphate-‐buffered	  saline	  
(PBS);	  cut	  into	  small	  pieces	  and	  digested	  with	  collagenase	  type	  
I	   (0.1%	   w/v	   in	   PBS)	   for	   2 h.	   The	   digested	   solution	   was	  
centrifuged	   at	   1,200 rpm	   for	   5 min	   to	   collect	   cells,	   and	   then	  
cell-‐pellet	  was	   resuspended	   in	   the	  basal	  culture	  medium.	  The	  
resuspended	  cells	  were	  seeded	  onto	  tissue	  culture	  flasks.	  	  

Cytotoxicity	  assay	  

	  Cytotoxicity	   of	   nanoparticles	   was	   determined	   by	   alamarBlue	  
assay	  (Invitrogen,	  Carlsbad,	  CA).	  Briefly,	  HeLa	  cell	  line	  or	  ADSCs	  
were	  seeded	  in	  96-‐well	  plates	  at	  a	  density	  of	  3	  x	  104	  cells/well	  
or	   1	   x	   104	   cells/well,	   respectively.	   After	   24	   h	   incubation,	  
medium	  was	  replaced	  by	  100	  μL	  transfection	  medium	  (DMEM	  
medium	   containing	   10%	   FBS)	   with	   various	   concentrations	   of	  
nanoparticles	  and	  incubated	  for	  another	  5	  h	  for	  HeLa	  cell	   line	  
and	  15	  h	  for	  ADSCs.	  Then,	  the	  medium	  was	  replaced	  with	  100	  
μL	  of	  10%	  (v/v)	  alamarBlue	  solution	  in	  basal	  medium.	  After	  3	  h	  
incubation,	   the	   fluorescence	   intensity	   (FI)	   of	   alamarBlue	   was	  
assayed	  at	  600	  nm	  (emission)	  with	  an	  excitation	  wavelength	  of	  
535	  nm.	  Cells	  without	  nanoparticles	  (blank	  group)	  were	  taken	  
as	  positive	  controls	  with	  100%	  viability.	  As	  an	  untreated	  group,	  
the	  10%	  (v/v)	  alamarBlue	  solution	  was	  added	  in	  an	  empty	  well	  
without	  cells	  and	  incubated	  together.	  The	  relative	  cell	  viability	  
(%)	  was	  calculated	  using	  the	  following	  Equation:	  

Relative  cell  viability  (%)   =    !"!!!"!"#$%&#%'
!"!"#$%  –!"!"#$%&#%'

  ×  100%	  	  	  	  	  (2)	  

,	   where	   FIs,	   FIuntreated,	   and	   FIblank	   are	   fluorescence	   intensity	   of	  
sample,	  untreated	  group,	  and	  blank	  group,	  respectively.	  
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Cellular	   uptake	   and	   GFP	   silencing	   studies	   in	   2D	   monolayer	  
cultures	  

	  HeLa	   cell	   line	   or	   ADSCs	  were	   seeded	   onto	   8-‐well	   chambered	  
glass	   for	   2D	   cellular	   uptake	   study.	   For	   GFP	   silencing	   study,	  
HeLa-‐GFP	   or	   ADSC-‐GFP	  was	   used.	  When	   cells	  were	   grown	   to	  
70%	  confluence,	   the	  basal	  growth	  medium	  was	  changed	  with	  
the	   transfection	  medium.	  The	  cells	  were	   then	   incubated	  with	  
the	  transfection	  media	  containing	  siRNA	  incorporated	  NPs	  for	  
6	   h	   for	   HeLa	   cells	   or	   15	   h	   for	   ADSCs	   in	   a	   37	   oC	   humidified	  
atmosphere	   with	   5%	   CO2.	   Fluorescently	   labeled	   siRNA	   (Cy3-‐
siRNA)	  was	  used	  for	  cellular	  uptake	  study	  and	  anti-‐GFP	  siRNA	  
(siGFP)	  (Life	  Technologies,	  Grand	  Island,	  NY)	  was	  used	  for	  GFP	  
silencing	   study.	   Following	   this	   incubation,	   the	   media	   was	  
aspirated	  and	  the	  cells	  were	  washed	  with	  PBS	   to	   remove	  any	  
free-‐floating	   NPs.	   Then,	   cells	   were	   fixed	   with	   10%	   neutral	  
buffered	   formalin	   (NBF)	   solution	   and	   fluorescence	   images	  
were	   observed	   using	   an	  Olympus	   IX71	  microscope	   (Olympus,	  
Tokyo,	   Japan).	   Transfection	   efficiency	   (%)	   was	   analyzed	   by	  
counting	   transfected	   cells	   in	   relation	   to	   the	   total	   number	   of	  
cells	   (n	   =	   5).45	   Relative	   GFP	   intensity	   (%)	   was	   quantified	   by	  
using	   NIH-‐ImageJ	   software	   (http:/rsb.info.nih.gov/ij/)	   and	  
normalized	   by	   total	   cell	   number	   as	   determined	   by	   the	   DAPI	  
staining	  (n	  =	  5).	  

Cellular	  uptake	  in	  3D	  hydrogels	  

	  Cy3-‐siRNA	   was	   incorporated	   into	   CaP/Gln-‐OChi	   to	   visualize	  
cellular	   uptake	   of	   NPs	   inside	   hydrogel.	   Photocrosslinkable	  
methacrylated	   glycol	   chitosan	   (MeGC)	   was	   prepared	   as	  
previously	   described.46	   Mix	   ADSCs	   at	   a	   density	   of	   2	   x	   106	  
cells/mL	   and	   CaP/Cy3-‐siRNA/Gln-‐OChi	   (final	   concentration	   of	  
625	  nM	  for	  siRNA)	  in	  MeGC	  solution	  (final	  concentration	  of	  2%	  
w/v).	   The	   hydrogel	   was	   formed	   by	   exposing	   40	   μL	   of	   the	  
solution	  to	  visible	  blue-‐light	  (400	  -‐	  500	  nm,	  500	  -‐	  600	  mW/cm2,	  
Bisco	   Inc.,	   Schaumburg,	   IL)	   in	   the	  presence	  of	   riboflavin	   (final	  
concentration	   6	   µM),	   as	   a	   photoinitiator.	   Prepared	   hydrogels	  
were	   incubated	   in	   1	  mL	   of	   transfection	  media	   for	   each	   time	  
point.	   Following	   this	   incubation,	   the	   hydrogel	   was	   fixed	  with	  
10%	   NBF	   solution	   and	   images	   were	   taken	   using	   an	   Olympus	  
IX71	  microscope.	  Transfection	  efficiency	  (%)	  was	  quantified	  by	  
counting	   transfected	   cells	   in	   relation	   to	   the	   total	   number	   of	  
cells	  (n	  =	  5).45	  	  

Noggin	  suppression	  in	  3D	  hydrogels	  

	  siNOG	   incorporated	   CaP/Gln-‐OChi	   nanoparticles	  
(CaP/siNOG/Gln-‐OChi)	   were	   prepared	   and	   encapsulated	   with	  
ADSCs	   in	  MeGC	   hydrogels	   as	   described	   above.	   After	   24	   h	   of	  
transfection,	   total	   RNA	   was	   extracted	   from	   the	   sample	  
following	   the	   protocol	   developed	   by	   Flynn	   with	   a	   few	  
modifications	   using	   TRIZOL	   (Invitrogen,	   Carlsbad,	   CA)	   and	  
RNeasy	   Mini	   kit	   (Qiagen,	   Valencia,	   CA).47	   Total	   RNA	   was	  
reverse	   transcribed	   to	   cDNA	   using	   cDNA	   transcription	   kit	  
(Invitrogen,	   Carlsbad,	   CA).	   NOG	   expression	  was	   evaluated	   by	  
quantitative	   real-‐time	   PCR	   using	   LightCycler	   480	   PCR	   system	  
(Roche,	   Indianapolis,	   IN)	   with	   SYBR	   Green	   (n	   =	   3).	   The	  
housekeeping	  gene	  (GAPDH)	  expression	  was	  used	  to	  normalize	  
NOG	  gene	  expression	  levels.	  The	  following	  primers	  were	  used.	  
GAPDH:	   TGTGTCCGTCGTGGATCTGA	   (forward),	  
CCTGCTTCACCACCTTCTTGA	   (reverse);	   NOG:	  
GCCAGCACTATCTACACATCC	   (forward),	  
GCGTCTCGTTCAGATCCTTCTC	  (reverse).	  

Osteogenic	  activity	  in	  3D	  hydrogels	  

	  CaP/siNOG/Gln-‐OChi	   was	   encapsulated	   with	   ADSCs	   in	   MeGC	  
hydrogels.	  After	  24	  h	  of	  transfection,	  transfection	  medium	  was	  
replaced	  by	  osteogenic	  medium	  (basal	  medium	  supplemented	  
with	  50	  µg/mL	  L-‐ascorbic	  acid,	  10	  mM	  glycerophosphate,	  100	  
nM	  dexamethasone,	  and	  100	  ng/mL	  BMP2)	  and	  cultured	  for	  3	  
days.	  Osteogenic	   differentiation	  was	   confirmed	  using	   alkaline	  
phosphatase	  (ALP)	  staining	  and	  ALP	  activity	  assay.	  ALP	  staining	  
was	   performed	   as	   previously	   described.48	   Briefly,	   cells	   were	  
fixed	  in	  10%	  NBF	  for	  20	  min,	  washed	  with	  PBS,	  and	  incubated	  
in	   a	   solution	   consisting	   of	   Nitro	   Blue	   Tetrazolium	   (Sigma,	   St.	  
Louis,	  MO)	   and	   5-‐Brom-‐4-‐chlor-‐3-‐indoxylphosphat	   (Sigma,	   St.	  
Louis,	  MO)	  stock	  solutions	   in	  AP	  buffer	   (100	  mM	  Tris,	  50	  mM	  
MgCl2,	   100	   mM	   NaCl,	   pH	   8.5)	   for	   2	   h.	   Macroscopic	   images	  
were	   taken	   using	   Olympus	   SZX16	   Stereomicroscope	   and	  
magnified	   images	   were	   observed	   using	   an	   Olympus	   IX71	  
microscope.	  ALP	  expression	  appeared	  in	  blue.	  For	  ALP	  activity	  
assay,	   samples	   were	   washed	   with	   PBS,	   incubated	   in	   a	   lysis	  
buffer	  consisting	  of	  0.01%	  Tween-‐20	  diluted	  in	  PBS	  at	  4	  oC	  for	  5	  
min.	   ALP	   activity	   was	   determined	   colorimetrically	   using	   p-‐
nitrophenol	   phosphate	   (Sigma,	   St.	   Louis,	   MO)	   as	   a	   substrate	  
and	  measured	   at	   405	   nm.	  Measurements	  were	   performed	   in	  
triplicates	   and	   normalized	   to	   total	   protein	   contents	  
determined	   by	   the	   MicroBCA	   protein	   assay	   kit	   (Thermo	  
Scientific,	  Rockford,	  IL).	  	  
	  
Statistical	  analysis	  

Statistical	   analysis	   was	   performed	   using	   the	   analysis	   of	  
variances	  (ANOVA)	  followed	  by	  Tukey’s	  post	  hoc	  test.	  A	  value	  
of	  p	  <	  0.05	  was	  considered	  as	  significant.	  

Results	  and	  discussion	  
Nanoparticle	  preparation	  and	  characterization	  

Gln	   was	   covalently	   conjugated	   to	   OChi	   by	   EDC	   mediated	  
chemical	   conjugation	   to	   increase	   its	   amino	   group	   content	  
(Figure	   1a).	   1H	   NMR	   spectra	   clearly	   showed	   the	   presence	   of	  
Gln	   peaks	   at	   around	   2.5	   ppm	   and	   2.2	   ppm	   in	   the	   Gln-‐OChi,	  
which	  were	  not	  detected	   in	  OChi.	  The	  DSGln	  was	  assessed	  by	  
integration	  of	  the	  peaks	  at	  δ2.0	  -‐	  2.5	  (-‐NH(CO)CH3	  of	  acetyl	   in	  
OChi	   and	   -‐CH2CH2(CO)NH2	   of	   Gln)	   and	   δ2.9	   -‐	   3.2	   (protons	   at	  
the	   C2	   position	   in	   OChi)	   (Figure	   1b).	   The	   DSGln	   and	   the	  
molecular	  weight	  of	  Gln-‐OChi	  determined	  by	  1H	  NMR	  were	  9%	  
and	  5.4	  kDa,	  respectively.	  	  
	  	  	  	  siRNA-‐loaded	  CaP	  nanoparticles	  (NPs)	  with	  (CaP/siRNA/OChi,	  
CaP/siRNA/Gln-‐OChi)	  or	  without	  	  (CaP/siRNA)	  chitosan	  coating	  
were	   prepared	   to	   examine	   the	   effects	   of	   Gln-‐OChi	   on	   NP	  
formation	   and	   characteristics	   as	   illustrated	   in	   Figure	   2a.	   The	  
hydrodynamic	   size	   and	   zeta	   potential	   of	   particles	   were	  
analyzed	  using	  Zetasizer	  Nano	  ZS.	  The	  initial	  mean	  diameter	  of	  
CaP/siRNA	  NPs	  was	  443	  nm	  with	  a	  broad	  size	  distribution	  (PDI	  
=	   0.863).	   The	   addition	   of	   OChi	   or	   Gln-‐OChi	   significantly	  
reduced	  the	  particle	  size	  to	  89	  nm	  or	  119	  nm,	  with	  a	  reduced	  
PDI	  of	  0.153	  or	  0.216,	  respectively.	  It	  is	  known	  that	  particles	  in	  
size	  ranging	  from	  tens	  to	  one	  hundred	  nanometers	  are	  optimal	  
for	  efficient	  endocytic	  uptake.49	  siNRA-‐loaded	  CaP	  precipitates	  
rapidly	  formed	  large	  aggregates	  (~1.5	  μm	  in	  diameter)	  in	  1	  h	  
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Figure	   1.	   a)	   Synthesis	   of	   glutamine-‐graft-‐oligo-‐chitosan	   (Gln-‐
OChi).	  b)	  1H	  NMR	  spectra	  of	  Gln-‐OChi,	  OChi,	  and	  Gln.	  

incubation	  at	  room	  temperature,	  while	  chitosan-‐modified	  CaP	  
NPs	  were	  stable	  in	  dispersion	  for	  24	  h	  with	  a	  diameter	  of	  110	  
nm	  and	  172	  nm	  for	  CaP/siRNA/OChi	  and	  CaP/siRNA/Gln-‐OChi,	  
respectively	   (Figure	   2b).	   The	   zeta	  potential	   of	   CaP/siRNA	  NPs	  
was	   +13.0	   ±	   1.3	   mV,	   while	   the	   modification	   of	   the	   particles	  
with	  OChi	  or	  Gln-‐OChi	  greatly	  increased	  the	  zeta	  potentials	  to	  
+32.3	  ±	  0.9	  mV	  or	  +41.9	  ±	  1.2	  mV,	  respectively.	  These	  results	  
indicate	   that	   chitosan	   coating	   enhanced	   the	   surface	   charge	  
and	   prevented	   particle	   aggregation	   because	   of	   electrostatic	  
repulsion.	  In	  general,	  particles	  are	  physically	  stable	  when	  their	  
zeta	  potential	  values	  are	  higher	  than	  30	  mV,	  while	   lower	  zeta	  
potential	  values	  can	  lead	  to	  unstable	  particle	  dispersion.50	  The	  
SEM	   observations	   revealed	   that	   chitosan-‐coated	   NPs	   are	  
relatively	   spherical,	   while	   unmodified	   CaP/siRNA	   particles	  
without	   chitosan	   coating	   formed	   large	   agglomerates	   during	  
preparation	  (Figure	  2c).	  
	  	  	  	  Although	   positive	   surface	   charge	   can	   improve	   cellular	  
uptake,	  meanwhile	   it	  may	  present	  greater	   cytotoxicity.41,	  42,	  51	  
The	   cytotoxicity	   of	   siRNA-‐loaded	   NPs	   was	   evaluated	   in	   HeLa	  
cell	   line	   and	   primarily	   harvested	   ADSCs	   using	   an	   alamarBlue	  
assay	   (Figure	   3).	   CaP-‐based	   NPs	   with	   or	   without	   chitosan	  
modification	   (CaP/siRNA/OChi,	   CaP/siRNA/Gln-‐Ochi,	   and	  
CaP/siRNA)	   were	   found	   to	   be	   minimally	   cytotoxic	   and	   no	  
significant	   decrease	   on	   cell	   viability	   was	   observed	   for	   both	  
HeLa	   cells	   and	   ADSCs.	   Chitosan-‐based	   NPs	   (OChi/siRNA	   and	  
Gln-‐OChi/siRNA)	   without	   CaP	   also	   displayed	   minimal	  
cytotoxicity	  (Figure	  S1).	  

	  

	  

	  

	  

Figure	   2.	   Characterization	   of	   siRNA-‐loaded	  CaP	   based	  NPs.	   a)	  
Schematic	   illustration	   of	   siRNA-‐loaded	   CaP	   based	   NPs.	   b)	  
Colloidal	   stability	   of	   siRNA-‐loaded	   CaP	   based	   NPs	   in	   distilled	  
water	   as	   a	   function	  of	   time	   (n	   =	   3).	   c)	   SEM	   images	  of	   siRNA-‐
loaded	  CaP	  based	  NPs.	  Scale	  bar	  is	  1	  μm.	  	  
	  
	  

	  
Figure	   3.	   Cytotoxicity	   assay	   for	   Lipofectamine®/siRNA,	   siRNA-‐
loaded	   CaP	   based	   NPs	   (CaP/siRNA,	   CaP/siRNA/OChi,	   and	  
CaP/siRNA/Gln-‐OChi)	  evaluated	   in	  HeLa	  cell	   line	  and	  primarily	  
harvested	  ADSCs	  using	  an	  alamarBlue	  assay.	  
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Cellular	  uptake	  and	  gene	  knockdown	  

The	   siRNA	   incorporation	   efficiency	  was	   found	   to	   be	   80	   ~	   83%	   for	  
CaP	   related	   NPs	   used	   in	   this	   study,	   and	   68%	   for	   Lipofectamine®	  
2000.	  

HeLa	  cell	  line.	  To	  test	  the	  potential	  of	  the	  NPs	  for	  intracellular	  
delivery,	   HeLa	   cells	   were	   incubated	   with	   NPs	   containing	  
fluorescently	   labeled	   model	   siRNA	   (Cy3-‐siRNA)	   for	   6	   h.	  
Fluorescent	  microscopic	  observation	  showed	  that	  fluorescence	  
was	  detected	  in	  the	  cells	  treated	  with	  NPs	  but	  not	  in	  the	  cells	  
treated	   with	   free	   siRNA	   or	   blank	   NPs	   (Figure	   4a).	   The	  
transfection	  efficiency	  of	  CaP	  NPs	  was	  greatly	   increased	   from	  
65	   ±	   4%	   to	   80	   ±	   2%	   after	   OChi	   modification	   (Figure	   4b).	  
Modification	   of	   CaP	  NPs	  with	   Gln-‐OChi	   further	   increased	   the	  
transfection	   efficiency	   to	   91	   ±	   6%,	  which	  was	   comparable	   to	  
the	   Lipofectamine®	   2000-‐mediated	   transfection	   (98	   ±	   3%).	  
These	   data	   indicate	   that	   particle	   surface	   charges	   played	   a	  
dominant	   role	   in	   membrane	   penetration	   and	   cellular	  
internalization.	   The	   observed	   higher	   transfection	   efficiency	  
may	   be	   attributed	   to	   the	   increased	   positive	   charge	   of	   the	  
particles	  by	  chitosan	  or	  Gln	  moiety.	  It	  is	  well	  known	  that	  	  

Figure	  4.	  Effects	  of	  chitosan	  coating	  on	  transfection	  efficiency	  
and	  knockdown	  efficiency	   in	  HeLa	  cell	   line.	  a)	  Cellular	  uptake	  
of	   Cy3-‐siRNA-‐loaded	   NPs	   was	   observed	   using	   fluorescent	  
microscopy	   after	   6	   h	   of	   transfection.	   Nuclei	   were	  
counterstained	  with	  DAPI	  (blue).	  b)	  Transfection	  efficiency	  (%)	  
of	  NPs	  into	  HeLa	  cell	  line	  was	  analyzed	  by	  counting	  transfected	  
cells	   in	   relation	   to	   the	   total	   number	   of	   cells	   (n	   =	   5).	   c)	   GFP	  
silencing	  in	  HeLa-‐GFP	  was	  observed	  by	  fluorescent	  microscopy.	  
d)	   Relative	   GFP	   silencing	   efficacy	   of	   NPs	   in	   HeLa-‐GFP	   was	  
analyzed	   using	   ImageJ.	   Images	   are	   representative	   of	   a	   total	  
analysis	  five	  samples.	  Scale	  bars	  are	  100	  μm.	  	  
	  
positively	   charged	   particles	   can	   facilitate	   the	   nonspecific	  
attachment	  to	  the	  negatively	  charged	  cellular	  membranes	  and	  
promote	   subsequent	   uptake	   by	   cells.52	   It	   has	   been	  
demonstrated	   that	   the	   particles	   with	   higher	   positive	   charges	  

possessed	   stronger	   affinity	   with	   negatively	   charged	  
proteoglycans	   of	   cell	  membrane,	  which	   led	   to	   higher	   cellular	  
internalization.35-‐38	   It	   was	   also	   reported	   that	   the	   covalent	  
conjugation	   of	   Gln	   to	   chitosan	   increased	   the	  mucoadhesivity	  
and	  permeation	  capacity	  across	  intestinal	  tissue.39,	  53	  
	  	  	  	  	  To	   determine	   the	   gene	   knockdown	   efficiency,	   NPs	   were	  
loaded	   with	   GFP	   targeting	   siRNA	   (siGFP)	   and	   incubated	   with	  
HeLa	   cells	   expressing	   GFP	   (Figure	   4c	   and	   d).	   CaP-‐based	   NPs	  
greatly	  suppressed	  the	  expression	  of	  GFP	  with	  the	  highest	  GFP	  
suppression	   (83%	  ±	  5%)	   from	  CaP/siGFP/Gln-‐OChi	  NPs,	  which	  
was	   comparable	   to	   GFP	   suppression	   mediated	   by	  
Lipofectamine®	   (89%	   ±	   4%).	   No	   significant	   GFP	   suppression	  
was	   observed	   in	   cells	   treated	   with	   free	   siGFP	   or	   blank	   NPs.	  
These	   results	   indicate	   that	   increased	   surface	   charges	   by	   the	  
chitosan	  modification	   induced	  a	   stable	   suspension	  of	   the	  NPs	  
via	   electrostatic	   stability	   and	   improved	   cellular	   transfection	  
efficiency,	   thus	   enhancing	   target	   gene	   silencing	   in	  HeLa	   cells.	  
Since	   the	   chitosan	  NPs	  without	   CaP	   displayed	   strong	   positive	  
charge	  of	  +27	  -‐	  +29	  mV	  (Table	  S1),	  their	  transfection	  efficiency	  
were	  evaluated	  as	  well.	  The	  transfection	  efficiency	  of	  chitosan	  
based	  NPs	  was	  64	  ±	  2%	  and	  84	  ±	  7%	  for	  OChi/Cy3-‐siRNA	  and	  
Gln-‐OChi/Cy3-‐siRNA	   NPs,	   respectively,	   which	   was	   similar	   to	  
those	   observed	   with	   CaP/Cy3-‐siRNA/OChi	   and	   CaP/Cy3-‐
siRNA/Gln-‐OChi	   (Figure	   S2).	   However,	   the	   gene	   knockdown	  
efficiency	  was	  significantly	   lower	  with	  the	  chitosan-‐based	  NPs	  
compared	  with	  CaP-‐based	  NPs	  (Figure	  S3).	  Although	  positively	  
charged	   surface	   of	  NPs	   facilitated	   cellular	   uptake	   in	   a	   charge	  
dependent	  manner,	   these	   results	   indicate	   that	   the	   increased	  
transfection	   efficiency	   does	   not	   necessarily	   lead	   to	   higher	  
knockdown	  efficiency.	  The	  possible	  reasons	  could	  be	  that	  rapid	  
dissociation	   of	   the	   ployplex	   before	   lysosome	   escape	   for	   low	  
deacetylate	  chitosan	  and	  highly	  stable	  and	  inefficient	  polyplex	  
formed	  by	  high	  deacetylate	  chitosan	  which	  did	  not	  dissociate	  
after	  24	  h.54,	  55	  The	  relative	   low	  gene	  knockdown	  efficiency	  of	  
our	   chitosan-‐based	   NPs	   probably	   resulted	   from	   the	   high	  
deacetylate	  chitosan	  used	  in	  the	  present	  study.	  
	  
Primary	  ADSCs.	  Non-‐viral	  mediated	  gene	  delivery	  methods	  are	  
often	  less	  efficient	  in	  primary	  cells.	  However,	  primary	  cells	  will	  
be	   more	   clinically	   relevant	   in	   tissue	   engineering	   than	  
immortalized	  cells.	  We	  verified	  the	  transfection	  efficiency	  and	  
gene	   knockdown	   efficiency	   of	   the	   NPs	   using	   primary	   ADSCs.	  
The	   transfection	  efficiency	  of	  Cy3-‐siRNA-‐loaded	  CaP	  was	  28	  ±	  
8%	  in	  ADSCs	  (Figure	  5a	  and	  b),	  which	  was	  significantly	  lower	  (p	  
<	  0.01)	   than	   that	   in	  HeLa	   cell	   line	   (65	  ±	  4%).	   In	   contrast,	  CaP	  
NPs	  modified	  with	  chitosan	  showed	  efficient	  cellular	  uptake	  in	  
ADSCs,	   which	   was	   comparable	   to	   that	   observed	   in	   HeLa	   cell	  
line.	  Specifically,	  the	  transfection	  efficiency	  was	  73	  ±	  6%	  or	  87	  
±	   5%	   with	   CaP/Cy3-‐siRNA/OChi	   or	   CaP/Cy3-‐siRNA/Gln-‐OChi	  
NPs,	  respectively.	  	  
	  	  	  	  	  We	   also	   examined	   the	  GFP	   knockdown	  efficiency	   of	   the	  NPs	   in	  
ADSC	   expressing	   GFP	   (Figure	   5c	   and	   d).	   As	   expected,	   CaP/siGFP	  
showed	   lower	   GFP	   silencing	   in	   ADSCs	   compared	   to	   HeLa	   cells.	  
However,	   chitosan-‐modified	   CaP	   NPs	   (CaP/Cy3-‐siRNA/OChi	   or	  
CaP/Cy3-‐siRNA/Gln-‐OChi)	   revealed	   similar	   GFP-‐silencing	   efficiency	  
in	  primary	  ADSCs	   to	   that	   in	  HeLa	  cell	   line.	  This	   result	   is	   consistent	  
with	  previous	   studies	  demonstrating	   that	   the	   transfection	   through	  
nonviral	  vectors	  was	  less	  efficient	  in	  primary	  cells.29-‐31	  These	  results	  
also	  indicate	  that	  sophisticated	  controls	  in	  sizes	  and	  surface	  charge	  
density	   of	   NPs	   are	   required	   for	   effective	   gene	   transfection	   in	  
primary	  cells.	  

Page 5 of 9 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE	   Journal	  Name	  

6 	  |	  J.	  Name.,	  2012,	  00,	  1-‐3	   This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  20xx	  

Please	  do	  not	  adjust	  margins	  

Please	  do	  not	  adjust	  margins	  

Figure	  5.	  Effects	  of	  chitosan	  coating	  on	  transfection	  efficiency	  
and	   knockdown	   efficiency	   in	   primarily	   harvested	   ADSCs.	   a)	  
Cellular	   uptake	   of	   Cy3-‐siRNA-‐loaded	   NPs	  was	   observed	   using	  
fluorescent	  microscopy	   after	   6	   h	   of	   transfection.	  Nuclei	  were	  
counterstained	  with	  DAPI	  (blue).	  b)	  Transfection	  efficiency	  (%)	  
of	  NPs	   into	  ADSCs	  was	  analyzed	  by	  counting	   transfected	  cells	  
in	  relation	  to	  the	  total	  number	  of	  cells	  (n	  =	  5).	  c)	  GFP	  silencing	  
in	   ADSC-‐GFP	   was	   observed	   by	   fluorescent	   microscopy.	   d)	  
Relative	   GFP	   silencing	   efficacy	   of	   NPs	   in	   ADSC-‐GFP	   was	  
analyzed	   using	   ImageJ.	   Images	   are	   representative	   of	   a	   total	  
analysis	  five	  samples.	  Scale	  bars	  are	  100	  μm.	  	  

Bioactivity	  of	  nanoparticles	  in	  3D	  hydrogels	  

To	   investigate	   the	   feasibility	   of	   CaP/Gln-‐OChi	   NPs	   as	   an	  
efficient	   gene	   carrier	   for	   bone	   tissue	   engineering,	   we	  
evaluated	  the	  NPs	   in	   in	  vitro	  3D	  setting	  by	   loading	  siRNA	   into	  
the	   NPs	   and	   subsequently	   embedded	   them	   into	  
photocrosslinkable	   chitosan	   hydrogels	   with	   ADSCs.	   We	   have	  
previously	   developed	   the	   injectable	   hydrogel	   system	   using	  
visible	   blue-‐light	   inducible	   chitosan	   (MeGC)	   and	   riboflavin	  
initiator	   that	   supported	   proliferation	   and	   osteo-‐	   or	  
chondrogenic	   differentiation	   of	   encapsulated	   MSCs.46,	   56,	   57	  
Localization	  of	  siRNA-‐loaded	  NPs	  into	  the	  cells	  encapsulated	  in	  
the	   hydrogel	   was	   visualized	   by	   incorporating	   fluorescent	  
model	   siRNA	   (Cy3-‐siRNA)	   into	   the	  NPs	   (Figure	  6).	   Fluorescent	  
microscopy	   showed	   that	   the	   Cy3-‐siRNA	   loaded	   NPs	   were	  
rapidly	  localized	  to	  the	  cells	  over	  time	  and	  cellular	  uptake	  was	  
reached	   up	   to	   85%	   after	   24	   h	   of	   incubation	   in	   the	   hydrogels	  
(Figure	  6b).	  	  
	  	  	  	  	  	  We	   further	   evaluated	   bioactivity	   of	   the	   NPs	   in	   the	   3D	  
hydrogel	   system	   by	   loading	   siNOG	   into	   CaP/Gln-‐OChi	   NPs.	  
NOG	   is	   a	   specific	   antagonist	   of	   bone	  morphogenetic	   proteins	  
(BMPs)	  and	  prevents	  BMPs	  from	  binding	  to	  their	  cell	  surface.58-‐
60	  Our	  previous	  studies	  demonstrated	  that	  knockdown	  of	  NOG	  
expression	   enhanced	   osteogenesis	   in	   vitro48	   and	   bone	  
formation	  in	  vivo.44	  The	  expression	  of	  NOG	  mRNA	  was	  	  	  

Figure	  6.	  Cellular	  uptake	  of	  CaP/Cy3-‐siRNA/Gln-‐OChi	  in	  3D	  hydrogel	  
system.	   ADSCs	   were	   encapsulated	   in	   the	   photocrosslinkable	  
chitosan	  hydrogel	  with	  CaP/Cy3-‐siRNA/Gln-‐OChi	  and	   incubated	   for	  
24	   h.	   a)	   Merged	   images	   of	   bright	   field	   images	   for	   encapsulated	  
ADSCs	   and	   fluorescent	   images	   for	   CaP/Cy3-‐siRNA/Gln-‐OChi.	   Scale	  
bar	  is	  100	  μm.	  b)	  Transfection	  efficiency	  (%)	  of	  CaP/Cy3-‐siRNA/Gln-‐
OChi	  into	  ADSCs	  in	  3D	  hydrogel	  was	  analyzed	  as	  a	  function	  of	  time	  
by	  counting	  transfected	  cells	  in	  relation	  to	  the	  total	  number	  of	  cells	  
(n	  =	  5).	  

examined	   by	   qRT-‐PCR	   analysis	   (Figure	   7a).	   Lipofectamine®	  
2000	  was	   used	   as	   a	   positive	   control.	   After	   3	   days	   in	   culture,	  
mRNA	  level	  of	  NOG	  was	  significantly	  decreased	  to	  49%	  and	  45%	  
in	   the	  hydrogels	  containing	  CaP/Gln-‐OChi	  and	  Lipofectamine®	  
2000,	   respectively,	   whereas	   no	   significant	   change	   was	  
observed	   in	  the	  hydrogels	  containing	  naked	  siNOG,	  blank	  NPs	  
without	   siRNA,	   or	   NPs	   with	   control-‐siRNA.	   The	   osteogenic	  
effect	  of	  NOG	  suppression	  was	  evaluated	  by	  ALP	  expression	  in	  
ADSCs	   (Figure	   7b).	   Our	   results	   showed	   that	   ADSCs	   incubated	  
with	   siNOG-‐loaded	   CaP/Gln-‐OChi	   NP	   significantly	   increased	  
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expression	   of	   ALP	   to	   the	   similar	   extent	   to	   Lipofectamine®-‐
mediated	   ALP	   expression.	   ALP	   expression	   was	   further	  
confirmed	   by	   ALP	   staining	   as	   shown	   in	   Figure	   7c.	   Live/Dead	  
staining	   showed	  a	  high	   level	   of	   viability	   of	   encapsulated	   cells	  
(>90%)	   during	   transfection	   in	   the	   hydrogel	   (Figure	   7d).	   The	  
collective	   results	   indicate	   that	   CaP/Gln-‐OChi	   NPs	   not	   only	  
successfully	   delivered	   siNOG	   into	   primary	   ADSCs	   but	   also	  
suppressed	   the	   expression	   of	   target	   gene	   (NOG),	   which	  
induced	  osteogenic	  differentiation	  of	  encapsulated	  cells	   in	  3D	  
hydrogel	  environment.	  	  

	  

Figure	   7.	   Effect	   of	   NOG	   knockdown	   by	   NPs	   on	   osteogenic	  
differentiation	   in	  3D	  hydrogel	  system.	  a)	  qRT-‐PCR	  quantification	  of	  
NOG	  mRNA	  expression	  after	  3	  days	  in	  culture.	  b)	  Quantitative	  assay	  
for	   ALP	   activity	   of	   ADSCs	   at	   day	   1	   and	   day	   3.	   ALP	   activities	   were	  
normalized	  by	  total	  protein	  contents.	  c)	  ALP	  staining	  was	  evaluated	  
by	   light	   microscopy	   after	   3	   days	   of	   osteogenic	   differentiation.	  
Differentiated	   cells	  positive	   for	  ALP	  were	   stained	  blue.	   Images	  are	  
representative	   of	   a	   total	   analysis	   of	   three	   samples.	   d)	   In	   vitro	  
viability	  of	  ADSCs	  in	  3D	  hydrogels	  was	  assessed	  using	  the	  Live/Dead	  
staining	  after	  3	  days	  in	  culture.	  Scale	  bars	  are	  200	  μm.	  

Conclusions	  
The	   formation	   of	   CaP	   NPs	   was	   stabilized	   via	   Gln-‐conjugated	  
chitosan	   (Gln-‐OChi)	   coating	  which	   introduced	  electrostatically	  
stable	   (>	   +30	   mV)	   particles	   without	   aggregation.	   Gln-‐OChi	  
coating	   significantly	   enhanced	   the	   transfection	   efficiency	   of	  
the	  NPs	  in	  both	  immortalized	  cell	  line	  and	  primary	  cells	  with	  no	  
significant	   cytotoxicity.	   Moreover,	   the	   Gln-‐OChi	   coated	   CaP	  
NPs	   loaded	  with	  siRNA	  targeting	  BMP	  antagonist	  NOG	  greatly	  
suppressed	   the	  expression	  of	  NOG	   in	  MSCs	  and	  subsequently	  
enhanced	   their	   osteogenic	   differentiation	   in	   in	   vitro	   3D	  
hydrogel	   microenvironments.	   These	   results	   indicate	   that	   our	  
nanocarrier	  system	  prepared	  with	  synthetic	  bone	  mineral	  and	  
natural	  polysaccharide	  may	  be	  an	  effective	  and	  safe	  vehicle	  for	  
therapeutic	  drug/gene	  delivery.	  
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CaP nanoparticles coated with highly cationic, glutamine-conjugated oligochitosan (Gln-OChi) are 
developed for siRNA delivery to significantly enhance gene transfection and knockdown efficiency 
with minimal cytotoxicity. The osteogenic bioactivity of siRNA delivered by CaP/Gln-OChi particles 
has been elevated in three-dimensional environments by using photocrosslinkable chitosan hydrogels 
encapsulating stem cells. Our CaP/Gln-OChi nanocarrier can potentially be used for gene therapy. 

 

Page 9 of 9 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t


