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1()07!EU!X$+/#$5Q,!"'U!",*/#&2&5!W@!RGJJmT-!C50*7/$22(27*!9$2&+$*=!,:!27*?$!3,2$/(2$%!759!%3722!)7*0&/2$%!
<=!/$22Y)$5$0*70&5?!)*,0$&5%!759!)$)0&9$%M!V9+M!.*(?!.$2&+M!N$+M!mIRHT-!FPIYFmcM!
!
O7<$$<!V8'V! RcKFFT-!.$0$*3&570&,5!,:! :*$$!73&5,!?*,()%! &5!)*,0$&5%!<=! 0*&5&0*,<$5b$5$%(2:,5&/! 7/&9M!
V572M!E&,/#$3M!cH-!PGLYPPFM!
!
O7::7*!A^U!47Q73(*7!1NU!E$*375!@s!RcKKJT-!"#$!/7*<,a=!0$*3&5(%!,:!#(375!&33(5,9$:&/&$5/=!+&*(%!
0=)$!c!?)cFJ!2&3&0%!&0%!)*,0$,2=0&/!)*,/$%%&5?!759!0*75%),*0!&5!0*75%:$/0$9!/$22!2&5$%M!rM!W&*,2M!FHRFT-!PcJJY
PcJPM!
!
O(75?! BYOU! v#75?! XYNU! v#75?! rYOU! z&7,! XYBU! s(! �YrU! B#$5! .YOU! X&! r^Y^! RGJJcT-! @(*&:&/70&,5! 759!
/#7*7/0$*&b70&,5! ,:! s#&0$! '),0! '=59*,3$! W&*(%! Rs''WT! )*,9(/$9! &5! 75! 720$*570$! #,%0-! /*7=:&%#U!
E(J3(*7.!;/(*9++M!W&*(%!N$%M!IFRGT-!ccmYcGmM!
!
O(75?!vU!S2Q&5!1U!672,5$=!ErU!E$(#5$*!4U!V*50b$5!BrU!"#757+727!wU!67%,5!O'!RGJJmT-!W&*(%Y2&Q$!)7*0&/2$!
$a)*$%%&,5!759!7%%$3<2=!&5!)2750%-!#$)70&0&%!E!759!4,*;72Q!+&*(%$%M!W7//&5$!GP-!cLmcYcLmLM!
!
^75?! BwU! X(,! XU!s7&5<$*?!6VU! X&! w! RcKKKT-! .$+$2,)3$50! ,:! OCWDVC.'! +7//&5$! (%&5?! /#&3$*&/! ?7?Y$5+!
+&*(%Y2&Q$!)7*0&/2$%M!E&,2M!B#$3M!PLJ-!PFPYPFHM!
!
^&3!rU!B7,!XU!'#+7*0%375!.U!'&2+7!SVU!6,,5$=!.r!RGJccT-!"7*?$0$9!9$2&+$*=!,:!575,)7*0&/2$%!0,!&%/#$3&/!
3(%/2$!:,*!&37?&5?!759!0#$*7)$(0&/!75?&,?$5$%&%M!475,!X$004!ccRGT-!FKHYIJJM!
!
^&3! '4U! r$,5?! O'U! @7*Q! '4U! ^&3! OYr! RGJJIT-! @(*&:&/70&,5! 759! &33(5,?$5&/&0=! %0(9=! ,:! #(375!
)7)&22,37+&*(%!0=)$!cF!Xc!)*,0$&5!&5!K(;;G(*&J1;$.!;$*$6+.+($M!rM!W&*,2M!6$0#,9%!cPK-!GHYPJM!
!
^27>5$*0! EU! E*=%b$;%Q7! 6! RGJJcT-! .$59*&3$*%-! )*,)$*0&$%! 759! 7))2&/70&,5%M! V/07! E&,/#&3&/7! @,2,5&/7!
HLRcT-!cKKYGJL!
!
^,59,!SU!1t002&5?$*!O1!RcKKFT-!V!/,5%$*+$9!XzzX8!%$_($5/$!&%!0#$!37>,*!9$0$*3&5750!&5!)F17?!*$_(&*$9!
:,*!0#$!&5/,*),*70&,5!,:!#(375!9$:&/&$5/=!+&*(%!0=)$!c!W)*M!rM!W&*,2M!IJRcT-!cmKYcFHM!
!
^,59,!SU!673375,!8U!B,#$5!SVU!1t002&5?$*!O1!RcKKmT-!"#$!)F17?!9,37&5!,:!0#$!&33(5,9$:&/&$5/=!+&*(%!
0=)$!c! &%! %(::&/&$50! :,*! 0#$! &5/,*),*70&,5!,:!W)*! &50,!#$0$*,2,?,(%! +&*72! )7*0&/2$%M! rM! W&*,2M! FKRmT-! GImKY
GIFHM!
!
^(70$!'U!'07#2YO$55&?!BU!'0,&<$*!OU!4/#&597!1U!82,0,!VU!8*75b!6U!'7($*3755!ZU!E*$92!'U!.$32!XU!C?570&(%!
NU! 4,*2$=! 'U! N7/b! @U! "$55$*YN7/b! ^U! '0$&5375! N6U! s7?5$*! NU! í<$*27! ^! RGJJFT-! C33(5,?$5&/&0=! 759!
$::&/7/=!,:!&33(5,9$:&/&$5/=!+&*(%Y2&Q$!)7*0&/2$%!)%$(9,0=)$9!;&0#!0#$!1!)*,0$&5!,:!+$%&/(27*!%0,370&0&%!
+&*(%M!W&*,2M!PmcRcT-!cPPYcHHM!
!
X7&!'YwU!X$$!6Y'U!B#$5!OYBU!'#$5!@YBU!r&55!"YNU!^7,!'Y'U!s75?!6Yw!RGJJHT-!@*,9(/0&,5!759!)(*&:&/70&,5!,:!
&33(5,?$5&/! +&*(%Y2&Q$! )7*0&/2$%! :,*3$9! <=! 0#$! /#&3$*&/! &5:$/0&,(%! <(*%72! 9&%$7%$! +&*(%! %0*(/0(*72!
)*,0$&5U!*W@GOU!&5!&5%$/0!27*+7$M!@*,/$%%!E&,/#$3M!PK-!mIcYmIIM!!
!
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X75?$2!ZU!S9M!RGJJIT-!O759<,,Q!,:!B$22Y@$5$0*70&5?!@$)0&9$%M!E,/7!N70,5-!BNBD"7=2,*!è!8*75/&%M!
!
X7%&/! ..U! @7)7#79>,),(2,%! .U! $9%M! RcKKLT-! 6$9&/72! 7))2&/70&,5%! ,:! 2&),%,3$%M! V3%0$*973-! S2%$+&$*!
'/&$5/$!EMWM!
!
X&9$!.NU!$9M!RcKKGT-!BNB!#759<,,Q!,:!/#$3&%0*=!759!)#=%&/%M!4$;!w,*Q-!B#$3&/72!N(<<$*!@(<2&%#&5?!C5/M!
!
X(!wYXU!E$55$00!N@U!s&22%!rsU!1,*$2&/Q!NU!N705$*!X!RcKKmT-!V!2$(/&5$!0*&)2$0!*$)$70!%$_($5/$!RXzzTH!&5!)F

17?!
&%!&3),*0750!:,*!W)*!&5/,*),*70&,5!&50,!#(375!&33(5,9$:&/&$5/=!+&*(%!0=)$!c!)7*0&/2$%M!rM!W&*,2M!FKRccT-!
FLIPYFLIKM!
!
X=99&700!V! RGJJGT-! @*,/$%%! /#*,370,?*7)#=-! /(**$50! /,5%0*7&50%! 759! :(0(*$!,)0&,5%! :,*! 0#$!79%,*)0&+$!
*$/,+$*=!,:!<&,)*,9(/0%M!B(**M!A)&5M!E&,0$/#5,2M!cPRGT-!KmYcJPM!!
!
6732(Q!NU!1$/#0375!vU!^(0/#$*!6SU!17%&(57%!4U!17227?#$*! rU!^27?%<*(5!6!RGJJGT-!4$(*,)&2&5Yc!E&59%!
W7%/(27*!S59,0#$2&72!1*,;0#!87/0,*!cFmU!@27/$507!1*,;0#!87/0,*YGU!759!O$)7*&5!+&7!C0%!<c<G!.,37&5M!rM!
E&,2M!B#$3M!GII-!GHLcLYGHLGmM!
!
6,*&Q7;7!wU!1,0,!"U! '75,!^! RcKKKT-! X%!A+'*&!V%%$3<2=!,:!O(375! C33(5,9$:&/&$5/=!W&*(%! "=)$!c!17?!
@*,0$&5M!"#$!rM!E&,2M!B#$3M!GIH-!GIKKIYGLJJGM!
!
6,%3755!"!RcKLPT-!N7)&9!B,2,*&3$0*&/!7%%7=!:,*!/$22(27*!?*,;0#!759!%(*+&+72-!7))2&/70&,5!0,!)*,2&:$*70&,5!
759!/=0,0,a&/&0=!7%%7=M!rM!C33(5,2M!6$0#,9%!FmRcYGT-!mmYFPM!
!
6,(507&5!V!RGJJJT-!1$5$!0#$*7)=-!0#$!:&*%0!9$/79$M!"*$59%!E&,0$/#5,2M!cL-!ccKYcGLM!
!
4&0Q&$;&/b! rU! B#7,!sU! E$50%375! 1U! X&! rU! ^&3! 'wU! B#,&! 'wU! 1*(5&?! 1U! 1$2<7*9! OU! @,07%#!6rU! W,2%Q=! .r!
RGJJHT-! @*,9(/0&+$! &5:$/0&,5! ,:! )*&37*=!3(*&5$! 7%0*,/=0$%U! 2=3)#,/=0$%U! 759!37/*,)#7?$%! <=! #(375!
&33(5,9$:&/&$5/=!+&*(%!0=)$!c!&5!/(20(*$M!r!4$(*,+&*,2M!cJRFT-!HJJYHJLM!
!
4,79!NU!N,=!@!RGJJPT-!W&*(%Y2&Q$!)7*0&/2$%!7%!&33(5,?$5%M!"*$59%!6&/*,<&,2M!ccRKT-!HPLYHHHM!
!
@$7/$=!6U!s&2%,5! 'U! E7&*9!6VU!s7*9! W^! RGJJIT-! W$*%70&2$! NO.W! +&*(%Y2&Q$! )7*0&/2$%-! &5/,*),*70&,5! ,:!
750&?$5%!<=!?$5$0&/!3,9&:&/70&,5!759!/#$3&/72!/,5>(?70&,5M!E&,0$/#M!E&,$5?M!KLRmT-!KFLYKIIM!
!
@$9*,!XU!8$**$&*7!146!RGJcJT-!@(*&:&/70&,5!,:!7!B#&3$*&/!'&3&75!u!O(375!C33(5,9$:&/&$5/=!W&*(%YX&Q$!
475,)7*0&/2$!:*,3!OS^GKP!B$22!B(20(*$M!S'VB"!@*,/$$9&5?%!u!B$22%!759!B(20(*$!HRmT-!mGcYmGIM!
!
@$9*,! XU! ',7*$%! ''U! 8$**$&*7!146! RGJJLT-! @(*&:&/70&,5!,:! <&,575,)7*0&/2$%M! B#$3M! S5?M! "$/#5,2M! PcRFT-!
LcmYLGmM!
!
@$9*,! XU! ',7*$%! ''U! 8$**$&*7! 146! RGJccT-! "#$*372! 759! .$0$*?$50! ",2$*75/$! :,*! 7! B#&3$*&/!
E&,575,)7*0&/2$M!S'VB"!@*,/$$9&5?%!u!B$22(27*!',2(0&,5%!:,*!B2&5&/72!B#722$5?$%U!+%!:*$..M!
!
@$&a,0,! BU! ',(%7! 68�U! '&2+7! VBU! B7**,59,! 6r"U! V2+$%! @6! RGJJIT-! .,;5%0*$73! )*,/$%%&5?! ,:! 0*&)2$!
27=$*$9!*,07+&*(%!2&Q$!)7*0&/2$%M!rM!E&,0$/#5,2M!cGI-!HmGYHFcM!
!
@$*%%,5!NOU!B7,!'zU!B70$%!1U!w7,!8XU!^2$&5!6OU!N,+&5%QC!E!RcKKLT-!6,9&:&/70&,5%!,:!OCWYc!N$0*,+&*(%Y2&Q$!
@7*0&/2$%!0,!S5#75/$!'7:$0=!759!C33(5,?$5&/&0=M!E&,2,?&/72%!GFRHT-!GmmYGFmM!
!
@$0*=!OU!1,293755!BU!V%0!AU!X(Q$!s!RGJJPT-!"#$!(%$!,:!+&*(%Y2&Q$!)7*0&/2$%!:,*!?$5$!0*75%:$*M!B(**M!A)&5M!
6,2M!"#$*M!m-!mGHYmGLM!
!
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@*b=<=/&$5!"6U!@(>7*!4'U! '0$$2$! X6! RGJJHT-!V20$*570&+$!<&,%$)7*70&,5!,)$*70&,5%-! 2&:$!<$=,59!)7/Q$9Y
<$9!/#*,370,?*7)#=M!B(**M!A)&5M!E&,0$/#5,2M!cmRmT-!HFKYHILM!!
!
N,9*&?($%!"U!B7*+72#,!VU!N,297,!VU!B7**,59,!6rU!V2+$%!@6U!B*(b!@S! RGJJFT-!'/*$$5&5?!75&,5Y$a/#75?$!
/#*,370,?*7)#&/! 370*&/$%! :,*! &%,270&,5! ,:! ,5/,Y*$0*,+&*72! +$/0,*%M! rM! B#*,370,?*M! E! V572=0M! "$/#5,2M!
E&,3$9M!X&:$!'/&M!LPIRcYGT-!mKYFLM!
!
N,22759!.U!17(0#&$*!6U!.(?(7!r6U!8,(*5&$*!BU!.$2)$/#!XU!s70$2$0!EU!X$0,(*5$(*!AU!V*57(9!6U!r,2&+$0!6!
RGJJcT-! @(*&:&/70&,5! ,:! *$/,3<&5750! OE/! 750&?$5! $a)*$%%$9! &5! S%/#$*&/#&7! /,2&! 759! >+;G+(! :(.'&*+.-!
/,3)7*&%,5! ,:! %&b$Y$a/2(%&,5! /#*,370,?*7)#=! 759! (20*7/$50*&:(?70&,5M! rM! B#*,370,?*M! E! E&,3$9M! '/&M!
V))M!ImP-!mcYFmM!
!
N,375,!1U!6&/#$2&!@U!@7/&2&,!BU!1&,*975,!V!RGJJJT-!X70$%0!.$+$2,)3$50%!&5!1$5$!"*75%:$*!"$/#5,2,?=-!
V/#&$+$3$50%U!@$*%)$/0&+$%U!759!B,50*,+$*%&$%!,+$*!"#$*7)$(0&/!V))2&/70&,5%M!'0$3!B$22%!cLRcT-!cKYPKM!
!
N,;$!Vr!RGJJcT-!@*,<&5?!#=9*70&,5!759!0#$!%07<&2&0=!,:!)*,0$&5!%,2(0&,5%!ì!7!/,22,&9!%/&$5/$!7))*,7/#M!
E&,)#=%M!B#$3M!KPRGYPT-!KPYcJcM!
!
'7Q(*7?&! 'U! 1,0,! "U! '75,! ^U! 6,*&Q7;7! w! RGJJGT-! OCW! 0=)$! c! 17?! +&*(%Y2&Q$! )7*0&/2$! <(99&5?! :*,3!
%)#$*,)27%0%!,:!K(;;G(*&J1;$.!;$*$6+.+($M!@*,/M!4702M!V/79M!'/&M!Z'V!KK-!IKmFYIKFcM!
!
'/#7::$*!.WU!X7(::$5<(*?$*!.V!RGJJJT-!"7*?$0$9!'=50#$0&/!1$5$!.$2&+$*=!W$/0,*%M!B(**M!A)&5M!6,2M!"#$*M!
G-!cmmYcFcM!
!
'$?(*7!66U!17*5&$*!VU!^73$5!V!RGJJFT-!@(*&:&/70&,5!759!/#7*7/0$*&b70&,5!,:!*$0*,+&*(%!+$/0,*!)7*0&/2$%!
<=!*70$!b,572!(20*7/$50*&:(?70&,5M!rM!W&*,2M!6$0#,9%!cPPRcT-!LGYKcM!
!
'$?(*7!66U!^73$5!VU!X7+,&$!6YBU!17*5&$*!V!RGJJIT-!Sa)2,&0&5?!#$)7*&5Y<&59&5?!)*,)$*0&$%!,:!6,6XWY
<7%$9!*$0*,+&*72!+$/0,*%!:,*!7::&5&0=!/#*,370,?*7)#=M!rM!B#*,370,?*M!E!LHFRcYGT-!cGHYcPcM!
!
',Q$*!'U!"7Q7%#&37!'U!6&7,!O�U!4$(:$29!1U!^27?%<*(5!6!RcKKLT-!4$(*,)&2&5Yc!&%!$a)*$%%$9!<=!$59,0#$2&72!
759!0(3,*!/$22%!7%!75!&%,:,*3Y%)$/&:&/!*$/$)0,*!:,*!+7%/(27*!$59,0#$2&72!?*,;0#!:7/0,*M!B$22!KGRFT-!IPmYHmM!
!
',))&370#7! ^'U! V3&57<#7+&7! "6U! ^(2Q7*5&7! VNU! N(9b&5%Q&! sS! RGJJcT-! E&,9$?*797<2$! ),2=3$*&/!
575,)7*0&/2$%!7%!9*(?!9$2&+$*=!9$+&/$%M!rM!B,50*,2M!N$2$7%$!IJ-!cYGJM!
!
'0(<$5*7(/#! ^U! E7/#3755! VU! N(9,2)#! NU! X&2&$! O! RGJJJT-! @(*&:&/70&,5! ,:! 7! +&*72! /,70! )*,0$&5! <=! 75!
$5?&5$$*$9!),2=&,5&/!%$_($5/$M!rM!B#*,370,?*M!EM!E&,6$9M!'/&M!V))2M!IPI-!IIYLHM!
!
'(<*7375&75!'U!V207*7%!16U!B#$5!rU!O(?#$%!E'U!v#,(!sU!V207*7%!4S!RGJJmT-!@&2,0Y'/72$!V9$5,+&*(%!'$$9!
@*,9(/0&,5!0#*,(?#!B,5/(**$50!W&*(%!N$2$7%$!759!B,5/$50*70&,5!<=!O,22,;!8&<$*!8&20*70&,5M!E&,0$/#5,2M!
@*,?M!GcRPT-!LmcYLmKM!!
!
"7&*7!^U!^707,Q7!^U!4&&9,3$!"U!$9%M! RGJJmT-!4,5Y+&*72!?$5$!0#$*7)=!u!1$5$!9$%&?5!759!9$2&+$*=M!",Q=,-!
')*&5?$*YW$*27?M!
!
"$$%72(!"U!'(?7#7*7!^4U!^,037*7>(7!WNU!N(,%27#0&!S! RGJJKT-!BY$59!*(2$!)$)0&9$%!3$9&70$!5$(*,)&2&5YcY
9$)$59$50!/$22U!+7%/(27*U!759!0&%%($!)$5$0*70&,5M!@*,/M!4702M!V/79M!'/&M!Z'V!cJFRPLT-!cFcmIYcFcFGM!
!
"$22&5?#(&%$5!"XU!O73<(*?$*!VSU!8&%#$*!ENU!A%0$59,*)!NU!^(#5!Nr!RcKKKT-!X%!A+'*&!V%%$3<2=!,:!V2)#7+&*(%!
B,*$%!<=!Z%&5?!4(/2$,/7)%&9!@*,0$&5!Sa)*$%%$9!&5!M.;G$*+;G+(!;&/+M!rM!W&*,2M!IPRIT-!mPJKYmPcKM!
!



!
!

!

++4"

"$%/#$59,*:!BU!s7**&5?0,5!^O!r*U!'&$3755!.sU!6(b=/bQ7!4! RGJJGT-!B,3)7*&%,5!,:! 0#$!S8c!72)#7!759!
0#$! B6W! )*,3,0$*! :,*! $5?&5$$*&5?! %07<2$! 0(3,*! /$22! 2&5$%! (%&5?! *$/,3<&5750! 79$5,Y7%%,/&70$9! +&*(%M!
V50&/75/$*!N$%M!GGRFVT-!PPGmYPJM!
!
"#,37%! rSU! .&$0b?$5! Nr! RcKKcT-! ! @(*&:&/70&,5U! /#7*7/0$*&b70&,5! 759! %$*,2,?&/72! 9$0$/0&,5! ,:! +&*(%Y2&Q$!
)7*0&/2$%!7%%,/&70$9!;&0#!<75757!<(5/#=!0,)!9&%$7%$!&5!V(%0*72&7M!rM!1$5M!W&*,2M!IGRGT-!GcIYGGHM!
!
",<&5! 1rU! 47?7%#&37! ^U! 1,597! V! RcKKFT-! C33(5,2,?&/! 759! Z20*7%0*(/0(*72! B#7*7/0$*&b70&,5! ,:! OCW!
@%$(9,+&*&,5%!B,507&5&5?!17?!759!S5+!@*$/(*%,*!@*,0$&5%!S5?&5$$*$9!&5!C5%$/0!B$22%M!6$0#,9%!cJ-!GJLY
GcLM!
!
",Q(%#&?$!^U!6,*79),(*!.U!s7Q&07!"U!1$&%%2$*!6U!O7=7%#&<!4U!s759%! rN! RcKKIT-!B,3)7*&%,5!<$0;$$5!
/=0,3$?72,+&*(%!)*,3,0$*!759!$2,5?70&,5!:7/0,*Yc7!)*,3,0$*Y9*&+$5!/,5%0*(/0%!&5!0#$!$%07<2&%#3$50!,:!
/$22!2&5$%!$a)*$%%&5?!#$)70&0&%!B!+&*(%!/,*$!)*,0$&5M!rM!W&*,2M!6$0#,9%!FH-!IPYLJM!
!
",*/#&2&5!W@U!X(Q=75,+!V4!RGJJPT-!@$)0&9$!759!)*,0$&5!9*(?!9$2&+$*=!0,!759!&50,!0(3,*%-!/#722$5?$%!759!
%,2(0&,5%M!.*(?!.&%/,+$*=!",97=!LRFT-!GmKYGFFM!
!
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VLPs (virus-like particles) are promising delivery
vectors for molecular therapy, since they combine the
major advantages of viral vectors with significantly
fewer viral vector disadvantages. The present paper de-
scribes the molecular construction of chimaeric VLPs
based on minimal SIV (simian immunodeficiency virus)
and HIV1 components. A chimaeric protein was con-
structed by fusion of SIV matrix protein (p17) and HIV1
p6 protein, and we demonstrated that the chimaeric
proteins assemble as 80 nm nanoparticles containing
∼7700 chimaeric protein units. Chimaeric VLPs are
released from HEK-293T cells (human embryonic
kidney cells expressing the large T-antigen of simian
virus 40) and are fully encapsulated with lipid mem-
brane. Chimaeric VLPs are produced at 3.7-fold higher
levels when compared with SIV p17 VLPs owing to
duplication of a PTAP (Pro-Thr-Ala-Pro) domain previ-
ously shown as essential for virus particle release. The
chimaeric VLPs constructed in the present paper were
efficiently pseudotyped with vesicular-stomatitis-virus
glycoprotein, as shown by immunoprecipitation assays.

Introduction

As a consequence of the recent advances in genomics, func-
tional genomics and pharmacogenomics, new classes of bio-
therapeutic molecules have been generated, rendering pos-
sible the development of molecular-therapy approaches such
as gene therapy [1]. A prerequisite for effective molecular
therapy is the efficient delivery of biopharmaceuticals, such
as nucleic acids, proteins and peptides, to specific cells or
tissues [1,2]. Both viral and non-viral vectors have been used
to address multiple delivery requirements. At the present
stage of development, the leading viral vectors generally
give the most efficient delivery. Their main disadvantages
concern insert-size limitations [1,2], immunogenicity and

toxicity, which raise regulatory and safety concerns
regarding their therapeutical use and mass production
[2–4].

These concerns prompted the need to develop mole-
cular delivery vectors that, while showing high transfection
efficiency and high cell and tissue specificity, do not involve
viral genomes and are feasible to mass-produce. VLPs
(virus-like particles) are a particular type of non-viral
vectors with viral structural proteins that can self-assemble
into nanoparticles and thus appear similar to native viral
particles both from the structural and immunological
standpoint [5]. VLPs can be produced by heterologous
expression and can be engineered to present different signal
molecules at the particle internal and external surface. This
can be further explored to enhance the encapsulation of
therapeuticals, to target specific cells or tissues, or to sti-
mulate humoral or cytotoxic responses [4,6,7].

Over the last several years, structural proteins of many
viruses have demonstrated their capacity to self-assemble as
VLPs when expressed in eukaryotic or prokaryotic expres-
sion systems [5]. The standard for VLP production is based
on baculovirus and insect cells. However, it is important
to assure that vectors for molecular therapy do not
enhance an immunological response, for this will reduce
their therapeutic efficiency. Therefore it is wise to obtain

Key words: bionanoparticle, delivery vector, gene therapy, human and simian
immunodeficiency virus (HIV and SIV), molecular therapy, virus-like
particle.
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Table 1 Primers used in DNA amplifications

Primer Sequence (5′–3′)

p17F CGGGATCCCGAGATGGGCGCGAGAAACTC

p17R GGAAGATCTAGAGGAACCACCCCCACCACCGCCCGAGCC ACCGCCACCAGAGGAGTAATTTCCTCCTCTGCCGC

p17R′ CGGCTAGCCGCTAAGAAGCGTAGTCCGGAA CGTCGTACGGGTAGTAATTTCCTCCTCTGCCGC

p17(!PTAP)F GCAGCTGCAGCATCTAGCGGCAGAGGAGGAAATTACTCC

p17(!PTAP)R GCCGCTAGATGCTGCAGCTGCTCTGCTTGTTTTTGGCA TAATTTCTGC

p6F GGCGGTGGTGGGGGTGGTTCCTCTAGATCTTC CCTTCAGAGCAGACCAAGAGCCA

p6R GGAATTCCCTAAGAAGCGTAGTCCGGAAC GTCGTACGGGTATTGTGACGAGGGGTCGCTGC

p6(!PTAP)F GCAGCTGCAGCACCAGAAGAGAGCTTCAGGTTTGGG

p6(!PTAP)R GCTCTCTTCTGGTGCTGCAGCTGCCTCTGGTCTGCTCTGAA GGGAAGA

VLP constructs based on mammalian systems and produced
with minimal protein content [4].

In the present study chimaeric SIV (simian immunod-
eficiency virus)–HIV1 VLPs were developed as potential
molecular delivery/presentation vectors. Both HIV1 and SIV
Gag precursors are able to assemble as VLP without the re-
quirement of any other viral factors [8]. Gag is a polyprotein
composed of four major subunit proteins: matrix (p17),
which underlines the membrane as a thin protein shell;
capsid (p24), which makes up the particle conical core;
the nucleocapsid (p7), which assembles with viral genomic
RNA; and the proline-rich protein p6, which is distributed
within the particle core and binds to the viral accessory
protein Vpr (viral protein R) acting as carrier for Vpr
incorporation into virion particles [9–11].

In the present study a fusion protein SIV p17–HIV1 p6
was generated to construct engineered VLPs with increased
budding properties. In addition HIV1 p6 binding capabilities
and carrier functions was explored in order to incorporate
intracellular proteins into VLPs. The matrix protein (p17)
from either HIV1 or SIV forms the outer shell of the core of
virion particles, being directly associated with the lipid envel-
ope. The protein p17 is also implicated in a number of func-
tions during the virus life cycle [9,11,12] such as providing
the primary determinants for the membrane targeting and
envelope glycoprotein incorporation into virions [12,13]. In
contrast with controversial studies for the assembly of HIV1
matrix protein [14,15], the SIV p17 protein assembles into
nanoparticles without any other viral components [14,16].
HIV1 p6, although being a variable protein, contains two
highly conserved motifs: a proline-rich motif [PTAP(Pro-Thr-
Ala-Pro)-late domain], located at the N-terminus and playing
a critical role in virus release [17,18], and a second domain
(LXXLF), located at the protein C-terminus, which binds to
Vpr being essential for Vpr incorporation [19].

The chimaeric SIV p17–HIV1 p6 fusion protein con-
structed in the present paper explores the self-assembly
and carrier capabilities of SIV p17 and HIV1 p6 proteins res-

pectively. Since SIV p17 also contains a PTAP domain [20],
we expected higher production levels for the chimaeric
VLPs when compared with SIV p17 VLPs. Additionally,
envelope glycoproteins can be incorporated into the
chimaeric VLPs. The tropism of the constructed chimaeric
VLPs can thus be manipulated and the particles can be
engineered to incorporate specific proteins and used for
the specific delivery of biologicals.

Materials and methods

Expression vectors
The vectors encoding the VSV-G (vesicular-stomatitis-virus
glycoprotein) protein and for the Gag-Pol polyprotein were
pMD-G and HIV1 !env respectively [21].

The p17–p6 and p17 constructs were obtained by
PCR amplification using the primers described in Table 1,
and were cloned in the expression vector pMGZ1/Zeo
(zeocin selection marker) (InvivoGen) under the control
of the EF1 (human elongation factor 1) promoter. An HA
(haemagglutinin) tag sequence was introduced downstream
of the constructions in order to facilitate protein analysis.

Chimaeric SIV p17–HIV1 p6 resulted from amplification
using SIVmac (clone 1A11) and HIV1 (NL4-3) genomes as
templates, and the primers p17F, p17R, and p6F, p6R,
respectively (Table 1). The p17–p6 fusion was obtained from
the purified PCR products by overlap PCR using the outside
primers p17F and p6R. In the resulting DNA fragment, p17
and p6 DNA are linked through an 18-amino-acid peptide
linker (SSGGGGSGGGGGGSSRSS). Amplified DNA frag-
ments were purified from agarose gels, subcloned into pCR
2.1-TOPO® (Invitrogen) and digested with the restriction
enzymes BamHI and XbaI. Digested DNA was further
cloned by compatible ends into the plasmid pMGZ1/Zeo (In-
vivoGen), resulting in the expression vector pMGZ1-p17/p6.

The SIV p17 construct resulted from SIVmac (clone
1A11) amplification with the primers p17F and p17R′

(Table 1). After purification from agarose gel, the amplified
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DNA was digested with the restriction enzymes BamHI
and NheI and cloned by compatible ends into the plasmid
pMGZ1/Zeo (InvivoGen), generating the expression vec-
tor pMGZ1-p17.

Chimaeric p17–p6 mutants were produced by alanine-
scanning mutagenesis to substitute independently the
domain responsible for particle release (PTAP domain)
in p6 (p6M mutant) and in p17 (p17M mutant) as well as in
both proteins simultaneously [DM (double mutant)].
Mutants p17M and p6M were generated from SIVmac (clone
1A11) and HIV1 (NL4-3) DNA templates as described
above, but using the following sets of primers instead
(Table 1): [p17F and p17(!PTAP)R]/[p17(!PTAP)F and p6R]
for p17M mutant; [p17F and p6(!PTAP)R]/[p6(!PTAP)F
and p6R] for p6M mutant. DMs were generated by two
PCR amplifications using p6M mutant as DNA template, the
first PCR using the primers p17F and p17 (!PTAP)R and
the second using the primers p17(!PTAP)F and p6R. In all
cases, purified PCR products were overlapped using p17F
and p6R primers, resulting in the final PCR products, which
were cloned in pMG-Z1 (InvivoGen) as described above.

Cell culture and transfection
HEK-293T cells (human embryonic kidney-273 cells
expressing the large T-antigen of simian virus 40; NIH
AIDS Research and Reference Reagent Program), CHO
cells (Chinese-hamster ovary cells; A.T.C.C., Manassas,
VA, U.S.A.) and COS cells (African-green-monkey kidney
cells; A.T.C.C.) were grown in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 2 mM L-glutamine, 10%
(v/v) fetal-calf serum and penicillin (100 i.u./ml), strepto-
mycin (100 µg/ml) and fungisone (0.25 µg/ml), all obtained
from BioWhittaker. Cells were grown in six-well plates
at a density of 7.50 × 105 cells/well and transfected using
FuGENETM 6 reagent (Roche) with 1 µg of the correspond-
ing DNA according to the manufacturer’s instructions.
Transfected cell cultures were maintained for 48 h in a
humidified incubator at 37 ◦C with 5 % CO2.

Preparation of cell extracts and VLP recovery and
purification from culture media
At 48 h post-transfection, the cells were recovered, washed
with PBS buffer (136 mM NaCl, 2.5 mM KCl, 10 mM
Na2HPO4 and 1.8 mM KH2PO4, pH 7.4), and lysed with
100 µl of lysis buffer (50 mM Tris/HCl (pH 7.5), 150 mM
NaCl and 1% (w/v) Triton X-100). Protease inhibitors
(Roche) were added according to the manufacturer’s
instructions and the lysis mixture was incubated on
ice for 30 min. The cell extracts were then clarified by
centrifugation at 16000 g for 20 min at 4 ◦C.

To recover the VLPs released from the cells, the
culture medium was centrifuged for 5 min at 900 g and
VLPs were purified by ultracentrifugation at 130000 g for

2 h at 4 ◦C over a 20% (w/v) sucrose cushion. The pellet
containing VLPs was then resuspended in PBS buffer.

Equilibrium gradient ultracentrifugation
Clarified cell culture medium was layered over a 20–80%
(w/v) sucrose gradient and centrifugedx at 32000 rev./min
for 13 h at 4 ◦C by using a Beckman SW41 Ti rotor. A total of
20 fractions of 500 µl were collected from the bottom to the
top and the protein content was evaluated. Refractometer
measurements were performed in all collected fractions for
density determination. A calibration was performed using
standard globular proteins of known molecular mass and
sedimentation coefficient (s), resulting in a liner relationship
between s and the density (d): s (S) = (76 +− 2) × d (g/ml)–
(79 +− 3), r2 = 0.998 and the F-test significance is 9.6 × 10−4

for a 95% confidence interval. The proteins used as stand-
ards were: ovalbumin, molecular mass ∼43 kDa, s = 3.5 S;
BSA, molecular mass ∼67 kDa, s = 4.6 S; rabbit muscle
aldolase, molecular mass ∼158 kDa, s = 7.3 S; and horse
spleen apoferritin, molecular mass ∼440 kDa, s = 17.6 S.

Immunoblot assays
Expressed proteins in the cell extracts and VLP-containing
pellets were visualized by Western blotting, whereas samples
obtained from equilibrium gradient ultracentrifugation were
assayed by dot-blot analysis. The antibodies used were: HRP
(horseradish peroxidase)-conjugated anti-HA monoclonal
antibody 3F10 (Roche), anti-HA-mouse monoclonal
antibody clone P5D4 (Roche), anti-VSV-G and anti-HIV1
p24 monoclonal antibody (183-H12-5C), provided by the
National Institutes of Health AIDS Research and Reference
Reagent Program (Germantown, MD, U.S.A.), and the
secondary antibody HRP-conjugated anti-mouse IgG
(Pierce). The antibodies were diluted in 1% (w/v) non-fat
dried milk in PBS buffer containing 0.2% (v/v) Tween 20
and used appropriately: 1:5000 for anti-HA, anti-VSV-G and
secondary antibody; and 1:200 for anti-p24. For Western
blots, 5 µl of electrophoresis loading buffer [0.5 M Tris/HCl,
pH 6.8, 4.4% (w/v) SDS, 20% (v/v) glycerol, 2% (v/v)
2-mercaptoethanol and Bromophenol Blue] was added to
15 µl of protein samples. The mixture was boiled, and
loaded on to an SDS/12% PAGE gel followed by transfer to
nitrocellulose membranes (GE Lifesciences). For dot-blot
analysis, 100 µl of protein samples was directly spotted on
to nitrocellulose membranes and dried under vacuum.

The membranes were blocked at room temperature
(22 ◦C) for 60 min with 4% (w/v) non-fat dried milk in PBS-
Tween (0.2%, v/v) under gentle agitation. The membranes
were then incubated for 60 min at room temperature with
the appropriate antibody solution, washed with PBS-Tween
and the proteins were visualized using the ECL® reagent (GE
Lifesciences) according to the manufacturer’s instructions.
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The relative intensities of protein bands were analysed
using ImageMaster 1D Elite densitometric analysis program
(GE Lifesciences).

Immunofluorescence assay
HEK-293T and CHO cells were grown on coverslips, fixed
48 h after transfection and permeabilized with 4% (w/v) par-
aformaldehyde in PBS for 10 min at room temperature. Fixed
cells were washed with PBS, blocked with 3% (w/v) BSA
in PBS for 30 min at room temperature and washed three
times with ice-cold PBS. Fixed cells were incubated with
fluorescein-conjugated anti-HA monoclonal antibody 3F10
(Roche), washed and mounted on to glass coverslips. Im-
munofluorescence images were acquired with an Axioskop®

20 fluorescence microscope (Carl Zeiss).

Electron microscopy
Transfected cells expressing the p17/p6 protein were fixed
in situ with 3% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.3). Fixed cells were detached with a ‘rubber police-
man’. Cell pellets were embedded in agar and cut in small
pieces. These were post-fixed in 1% osmium tetroxide in
0.1 M cacodylate buffer (pH 7.3) and in 0.5% uranyl acetate
in 0.1 M acetic acid buffer (pH 5.0). The samples were dehyd-
rated in ethanol and embedded in Epon-Araldite. Thin
sections were made with a diamond knife, contrasted
with aq. 2% (w/v) uranyl acetate and lead citrate. For the
observation of VLP in the culture medium the centrifuged
pellet was resuspended with PBS and, for negative staining,
the particles were adsorbed for 1 min on Formvar/carbon-
coated grids and stained with aq. 0.5% uranyl acetate for
one additional minute. Excess stain was removed with filter
paper and the samples allowed to air-dry. The images were
obtained with a JEOL 100SX electron microscope.

Protease protection assay
Protease protection assays were performed as previously
described [14], although with minor modifications. Resus-
pended VLP pellets were separated in four aliquots and
digested with 1 µg/ml of proteinase K in the presence or
absence of Triton X-100 (1 %). The mixture was incubated
at 37 ◦C for 1 h, after which proteolysis was stopped by
adding protease inhibitors (Roche). The remaining proteins
were analysed by Western blot as described above.

Immunoprecipitation assay
Protein G–SepharoseTM beads (GE Lifesciences) were
saturated by incubation with DMEM for 4 h at 4 ◦C under
gentle agitation. The clarified culture media, obtained at
48 h post transfection of HEK-293T cells, was incubated
with anti-VSV-G, at a final dilution of 1:1000, for 3 h in
ice. Saturated Protein G–Sepharose beads were then added
and incubated overnight at 4 ◦C under agitation. The beads

were recovered by centrifugation (4000 g for 30 s at 4 ◦C)
and washed four times with 0.15 M NaCl and 0.05 M
Tris (pH 7.5). The final pellet was further resuspended in
electrophoresis loading buffer and boiled. Following bead
removal by centrifugation, the samples were loaded on to an
SDS/12% polyacrylamide gel and analysed by Western blot.

Results and discussion

Expression of chimaeric p17–p6 in mammalian cells
A chimaeric protein was constructed by N-terminal fusion
of the 17 kDa SIV matrix protein (p17) with the 6 kDa
HIV1 structural protein (p6). An 18-amino-acid linker was
inserted between both proteins in order to avoid protein
misfolding. An HA tag was also added at the C-terminus to
facilitate protein detection by immunoassays. This construct
was cloned under control of a strong promoter (elongation
factor 1) to over express the ∼23 kDa p17–p6 chimaeric
protein in animal cell lines.

Three different cell lines were evaluated for expression
of p17–p6 chimaera. HEK-293T cells, CHO cells and
African-green-monkey kidney (COS) cells were transiently
transfected with the pMGZ1-p17/p6 vector. At 48 h after
transfection, cell extracts were prepared, the culture me-
dium was clarified and its protein content partially purified
by ultracentrifugation over a 20% (w/v) sucrose cushion.
Figure 1(A) shows the immunoblot analysis of the proteins
expressed both intracellularly and extracellularly in the
three cell lines under evaluation. As shown in Figure 1(A),
all cell lines expressed the expected 23 kDa chimaeric
p17–p6 protein. The expression of the chimaeric p17–p6
protein was also confirmed by immunofluorescence assays
(Figure 1B). Although no significant differences in expression
levels can be observed for HEK-293T and CHO cells, only
HEK-293T cells were able to express the chimaeric protein
in the culture supernatant (Figure 1A). Such expression
difference may be a result of the cell-type-dependence of
budding machinery involving HIV1 p6 protein, as HEK-293T
cells are the only cells from human origin.

Most retroviruses are known to contain protein do-
mains, essential for the late step of the virus budding process,
which interact with the cellular machinery of infected cells
and are critical for viral particle release [10,17,20,22–25].
These domains, generally located within Gag protein, usually
contain one or more copies of the PTAP motif [23]. Such
domains were reported both in p17 (SIV) [14,16] and p6
(HIV1) [10,17,20,22–25]. Therefore, since the fusion of p17
and p6 proteins results in a chimaeric protein containing
two PTAP motifs, we hypothesized that the chimaeric fusion
protein p17–p6 would result in an increase in particle release
when compared with p17 VLPs. To assess our hypothesis,
a comparison of p17–p6 and SIV p17 expressions in
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Figure 1 Expression and assembly of the chimaeric protein p17–p6

(A) Western-blot analysis of COS, HEK-293T and CHO cell extracts and
concentrated culture medium over a 20% sucrose cushion. (B) Micrographs
(×400) of the immunofluorescence analysis of chimaeric p17–p6 protein
expressed in HEK-293T cells and CHO cells. (C) Comparison of the
expressions of p17 and p17–p6 in HEK-293T cell cultures. Intensity was
measured in arbitrary units. MW, molecular mass.

HEK-293T cells was performed. Cells were transiently
transfected with pMZG1-p17/p6 or pMZG1-p17 and the
expressed proteins were assayed both in cell extract and in
the culture media, as described above (Figure 1C). Although
both proteins are intracellularly expressed at similar levels, a
2-fold higher amount of chimaeric protein is recovered in the
culture media of expressing cells (Figure 1C). Considering
the importance of late domains in the efficient viral budding
from the cell surface, these results suggest the presence of
an additional late domain in the chimaeric p17–p6 protein.

Figure 2 Role of PTAP domains in p17–p6 chimaeric VLPs release

(A) Cell extracts from HEK-293T cells expressing non-mutated p17–p6, SIV
p17 (p17), p17M and p6M single mutants, and DM mutant. (B) Purified VLPs by
ultracentrifugation over a 20% (w/v) sucrose cushion of the culture medium of
HEK-293T cell cultures expressing the non-mutated p17–p6, SIV p17, 17M and
6M single mutants, and DM mutant. (C) Intensity ratio of the p17–p6 protein
detected in the culture medium and in cell extracts normalized to the amount
of non-mutated p17–p6 chimaeric protein. The proteins were visualized by
Western blots using HRP-conjugated anti-HA antibody (3F10).

The effect of both PTAP motifs in p17 and p6 proteins
for the chimaeric virus particle release from the cell was
further analysed using chimaeric SIV p17–HIV1 p6 mutants
p6M, p17M and DM. SIV p17 was used as the control.
As shown in Figure 2(A), all proteins were expressed
intracellularly at similar levels. The influence of PTAP
motifs on VLP release was also evaluated. In contrast
with the intracellular expression, a significant decrease in
intensity for the bands representing DM and p17 proteins
(Figure 2B) was observed for secreted proteins. We further
analysed the efficiency of chimaeric VLP production in the
supernatant by comparing the ratio of the p17–p6 chimaeric
proteins in the culture medium with those in cell extracts,
normalized to the intensity of the non-mutated p17–p6
protein (Figure 2C). The p6M and p17M mutants showed a
small effect on VLPs release (lower than 25%). In contrast,
a decrease of ∼60% in chimaeric VLP release was observed
for the DM mutant when compared with the non-mutated
p17–p6 chimaeric VLP. Mutations on both the p17 and
p6 PTAP motifs (mutant DM) showed a strong effect in
VLP release, but not complete elimination. The results
presented suggest that p6 protein may have another motif
acting during viral particle release. A different late domain
(YPLASL) located at the C-terminus of the HIV1 protein p6
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was recently described, which apparently also provides the
necessary late domain activity to allow virus budding [26].
The increased rate of particle release due to additional
motifs in chimaeric VLPs is also highlighted when comparing
with SIV p17 VLPs, as shown by the 3.7-fold increase in VLP
release obtained for chimaeric p17–p6 VLPs (Figure 2C).

Characterization of protein p17–p6 VLPs
To evaluate whether chimaeric p17–p6 proteins assemble as
VLPs, the cell culture medium of HEK-293T cells transfected
with p17–p6 was layered over a 20–80% (w/v) sucrose gradi-
ent. After centrifugation at 130000 g for 13 h at 4 ◦C, frac-
tions were collected from the bottom (fraction 1) to the top
(fraction 20). Sucrose-density-ultracentrifugation migration
of p17–p6 was compared with that of p17 and Gag-Pol VLPs,
which were used as controls in these experiments (Figure 3).
Immunoblot assays detected the presence of chimaeric p17–
p6 protein within fractions 10–15 (Figure 3A), matching an
average density of 1.14 g/ml. As expected, the p17 protein
is recovered in upper fractions (fractions 14–16, Figure 3B)
corresponding to lower densities (ρaverage = 1.13 g/ml) while
Gag-Pol polyprotein is in the lower fractions (10–11,
Figure 3C) with a higher average density (ρaverage = 1.17 g/ml).
These average densities calculated for the control
experiments (SIV p17 and HIV1 Gag-Pol) are similar to
the ones previously described for SIV p17 (ρ = 1.12 g/ml)
and HIV1 Gag-Pol (ρ = 1.15 g/ml) VLPs [14]. The results
presented in Figure 3 clearly show that the chimaeric p17–
p6 protein forms aggregates, possibly assembled as VLPs that
penetrate into sucrose gradients with intermediate density
values when compared with the lower-molecular-mass p17
and higher-molecular-mass Gag-Pol VLPs.

Considering that SIV p17 alone is known to assemble as
VLPs, being recovered after 20%-sucrose cushions [14,16],
electron microscopy was performed to evaluate whether
the chimaeric protein p17–p6 recovered in the pellet
material from sucrose-cushion purification was assembled
as VLPs as well (Figure 4). As shown in Figures 4(A) and 4(B),
spherical VLPs are present near the cells. VLPs were also
visualized in electron micrographs of the culture medium,
and in this case an electron-dense envelope surrounding
the VLPs, characteristic of lipid membranes, is observed
(Figure 4C). Because other viral structural proteins and viral
enzymes are absent, p17–p6 VLPs do not show an evident
electrical-dense core, as observed for the control Gag VLP
in Figure 4(D) [22]. This electron-microscopic analysis is
evidence that the chimaeric p17–p6 proteins assemble as
VLPs in HEK-293T cell cultures and enabled the estimation
of an average 80 nm particle diameter.

The data gathered by sucrose-density-gradient ultra-
centrifugation and electron microscopy were combined to
estimate the molecular mass of assembled VLPs. For this pur-

Figure 3 Immunoblot assays of culture medium of HEK-293T cell producing
p17 (A), p17–p6 (B) or Gag-Pol (C)

Culture media were layered on to 20–80% sucrose gradient and fractions
were collected from the bottom to the top. The proteins were analysed by
dot-blot using HRP-conjugated anti-HA antibody (A, B) or by Western blot
using anti-p24 followed by HRP-conjugated anti-mouse IgG.

pose the VLP density and diameter were used in the Sved-
berg equation for equilibrium-density-ultracentrifugation
analysis of spherical particles [27] (eqn 1):

s = M (1 − υ · ρ)

NA · 6 · π · η

(
3 · M · υ

4 · π · NA

)1/3 (1)

where M is the molecular mass of the VLPs, ρ and η are
the solution density and viscosity respectively, NA is the
Avogadro number, υ is the partial specific volume of
the VLPs (υ = V × M/NA) and V their volume. The value
of s for VLPs was estimated from the sucrose-density-
gradient ultracentrifugation data by using the sedimentation

C© 2007 Portland Press Ltd



Chimaeric bionanoparticles 41

Figure 4 Electron microscopy of p17–p6 and Gag-Pol VLPs

(A, B) Different views of representative VLPs produced by HEK-293T cells
transfected with pMGZ1-p17/p6. (C, D) The panels show representative
p17–p6 and Gag-Pol VLPs respectively obtained from ultracentrifuged
supernatant of transfected HEK-293T cells.

coefficient–density relationship obtained with known
protein standards (see the Materials and methods section).
Eqn (1) can be re-arranged and simplified to obtain an
expression to calculate the VLP molecular mass (eqn 2):

M = NA (6 · π · η · r · s + V · ρ) (2)

The molecular mass of the chimaeric p17–p6 VLPs was es-
timated as ∼1.86 × 108 Da, resulting from the self-assembly
of 7730 chimaeric p17–p6 proteins. Nevertheless, being a
rough estimation, the same methodology for the HIV1 Gag
VLPs used as the control in these studies results in 6700
Gag units being assembled in Gag VLPs. These results are
consistent with previously reported data for Gag VLPs
[28–31], therefore validating our estimations for chimaeric
p17–p6 VLPs.

To further characterize the chimaeric p17–p6 VLPs,
we examined the biochemical nature of the assembled VLP
surface to assess the existence of a lipidic membrane sur-
rounding the particles released. VLPs completely enveloped
by a lipid bilayer are resistant to protease digestion unless
delipidized with detergent. A protease protection assay
[14,29] was performed to evaluate whether VLPs released
from chimaeric p17–p6-expressing HEK-293T cells are
encased in the plasma membrane. VLPs purified over a
20% sucrose cushion were aliquoted and digested with
proteinase K in the presence or absence of 1% Triton
X-100 (Figure 5). As shown, chimaeric p17–p6 VLPs were
significantly degraded by proteinase K only in the presence
of Triton X-100; in contrast, minimal to no digestion was
observed when the detergent was absent (Figure 5). Even

Figure 5 Protease protection assay of chimaeric p17–p6 VLPs

Western blots obtained from four aliquots of purified VLP pellets after
incubation for 60 min at 37 ◦C with 1 µg/ml proteinase K in the presence
or absence of detergent. The Table at the bottom details the presence (+) or
absence (−) of components during the incubation.

though a slight signal decrease is observed for the sample
in lane 2, revealing possible particle degradation as the
result of imperfect or missing membranes evolving some
VLPs, the results presented in Figure 5 (lane 3) indicate that
chimaeric p17–p6 VLPs released from the HEK-293T cells
are enveloped by a lipid membrane, as further digestion for
longer periods (>2 h) resulted in the complete degradation
of the p17–p6 chimaera (results not shown). These results
lead to the conclusion that, as expected and similarly to
previously published results for other VLP architectures
and producing systems such as SIV p17 [14] and HIV1 Gag
[29], chimaeric p17–p6 VLPs released from the HEK-293T
cells are enveloped by a lipidic membrane.

In summary, the characterization performed shows
that chimaeric p17–p6 protein contains the necessary
motifs or domains for VLP budding. Expressed proteins
are assembled as ∼80 nm nanoparticles containing roughly
7700 chimaeric protein units, which are fully encapsulated
by lipid membrane upon release from the cells.

Incorporation of an exogenous protein at the VLP
surface (VLP pseudotyping)
The VSV-G is commonly used as an envelope glycoprotein to
pseudotype viral particles for transduction experiments in a
wide range of cell types that cannot normally be infected by
retroviruses [32–36]. We used the VSV-G envelope glyco-
protein to examine the capacity of the p17–p6 chimaeric
VLP to incorporate exogenous proteins at its surface. Thus,
to evaluate if the envelope proteins are present at the VLP
surface, we performed co-immunoprecipitation experi-
ments. HEK-293T cells were co-transfected with VSV-G-
and p17–p6-encoding vectors and, at 48 h post-transfection,
the culture medium was clarified and immunoprecipitated
with anti-VSV-G monoclonal antibody. The presence of
p17–p6 chimaeric protein was examined by Western-blot
analysis with anti-HA monoclonal antibody (Figure 6). As
shown in Figure 6, the chimaeric protein was retrieved
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Figure 6 Pseudotyping of p17–p6 VLPs

Western-blot analysis with anti-HA antibody of cell extracts and culture
medium of HEK-293T cell cultures transfected with p17–p6 and VSV-G
expression vectors. The Table beneath details the vectors used to transfect the
cells: (+) used and (−) not used. Lanes identified positive (+) for anti-VSV-G
were immunoprecipitated with this antibody as described in the Materials and
methods section; np, not performed.

when p17–p6 and VSV-G co-immunoprecipitated with anti-
VSV-G, suggesting the co-localization in the VLP. In contrast,
immunoprecipitation of p17–p6 culture medium with anti-
VSV-G did not show the presence of the chimaeric protein.
Thus the results suggest VSV-G incorporation in the VLP
structure and presentation outside the viral particle.

Conclusion

The ideal delivery vector for molecular and gene therapy is
the one that combines the advantages of non-viral and viral
vectors with minimal or none of their disadvantages. VLPs
are a particular type of vectors with potential applications
as delivery or as antigen presenting vectors in molecular-
therapy strategies.

We constructed VLPs based on minimal viral protein
content. Chimaeric VLPs were constructed by fusion of
SIV p17 matrix protein with HIV1 p6 protein. The chimae-
ric p17–p6 protein was shown to have the necessary
domains for particle budding and release, since removal
of these domains resulted in a ∼60 % decrease in VLP
release rate. Chimaeric VLPs constructed in the present
study reveal ∼3.7-fold higher release levels when compared
with SIV p17 VLPs. We also show that the chimaeric VLPs
developed in the present study are released as fully mem-
brane-encased and assembled as ∼80 nm nanoparticles
composed of ∼7700 p17–p6 protein units. Furthermore,
the VLPs produced can be pseudotyped by transient
expression of co-transfected cells. Regardless of the
apparent immune-stimulating effect of VSV-G-pseudotyped
VLPs [37], since p17–p6 chimaeric VLPs are produced in
mammalian cell cultures, low or no immune response is
expected from their use as delivery vectors.
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Background: Recent advances in genomics, functional ge-
nomics, and pharmacogenomics have generated new classes of
biotherapeutic molecules, rendering possible the development
of molecular therapy approaches such as gene therapy (Moun-
tain [2000], Trends Biotechnol. 18, 119–128). The ideal deliv-
ery vector for molecular and gene therapy is the one that com-
bines the advantages of non-viral and viral vectors with minimal
or none of their disadvantages. Virus-like particles (VLPs) are
a particular type of vectors with potential applications as de-
livery or as antigen-presenting vectors in molecular therapy
strategies. A VLP based on minimal viral protein content was
constructed by fusion of SIV p17 matrix protein with HIV-1 p6
protein (Costa et al. [2007], Biotechnol. Appl. Biochem.
doi:10.1042/BA20060208).

Methods: Particles produced in this study were character-
ized by western blot, ultracentrifugation, and fluorescence and
electronic microscopy. Degradation was evaluated using the
protease protection assay (Giddings et al. [1998], Virology 248,
108–116).

Results and Conclusions: The chimeric p17/p6 protein was
shown to have the necessary domains for particle budding and
release. We also show that the chimeric VLPs developed in the
present study are released from HEK 293T cells (HEK 293 cells
expressing the large T-antigen of SV40) as fully membrane en-
cased and assembled as 80-nm nanoparticles composed of about
7,700 p17/p6 protein units. Furthermore, the VLPs produced
can be pseudotyped by transient expression of co-transfected
cells; in this case VLPs were pseudotyped with glycoprotein G
from VSV (VSV-G) (Costa et al. [2007], Biotechnol. Appl.
Biochem. doi:10.1042/BA20060208). Since p17/p6 chimeric
VLPs are produced in mammalian cell cultures, low or no im-
mune response is expected from their use as delivery vectors,
although an apparent immune-stimulating effect may occur
when VSV-G-pseudotyped VLPs are used (Kuate et al. [2006],
Virology 351, 133–144).
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Objectives: Non-invasive molecular imaging is an important
technology to monitor disease-specific biological and molecu-
lar processes in vivo. In addition, it is being used to develop
new gene- and cell-based therapies. Strategies have been de-
veloped to combine and proportionally co-express an “imag-

ing” reporter gene with a transgene of interest. The expression
pattern of the gene of interest is indirectly localized and quan-
tified by the assessment of the marker gene. Therefore, there is
a need to stably deliver genes to a target cell. Several consid-
erations have to be taken into account to design lentivectors
(LVs) expressing multiple genes, e.g., expression levels, sub-
cellular localization of the protein, and enzymatic activity. Here,
we carried out a comparative study of several LVs that allow
the expression of multiple reporter genes, correspondingly GFP
(EGFP) and firefly luciferase (Fluc), in both cultured cells and
in vivo bioluminescence.

Methods: LV transfer plasmids were constructed with both
EGFP and FLuc alone or linked by internal ribosome entry site
(IRES), two different self-cleaving 2A sequences (F2A, T2A),
a 10-fold repeat of a 9-nucleotide cellular sequence with IRES
activity (9ntCI), and as a fusion protein (Fu). We also used a
bidirectional promoter (BiD) to drive expression of EGFP and
FLuc. Level of expression after transfection or LV transduction
was assayed using in vitro and in vivo approaches.

Results: Intense EGFP expression was obtained from all con-
structs. Western blot confirmed expression of both EGFP and
Fluc but showed a predominantly non-cleaved protein for F2A.
Transfection showed relatively similar EGFP levels by all con-
structs with Fu as lowest. Fluc activities were within the same
order of magnitude except for 9ntCI and BiD whose values were
more than 1 log lower. Transduction with LV showed similar
results except for low EGFP values in 9ntCI. In vivo measure-
ments showed highest Fluc activity values for T2A and Fluc,
followed by Fu. The values for 9ntCI and BiD were low.

Conclusions: Self-cleaving 2A sequences appear to be a
good choice for LV bicistronic constructs, but different se-
quences need to be tested to assure adequate cleavage.
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Caprine arthritis encephalitis virus (CAEV), like all
lentiviruses, can infect and replicate in dividing cells as well as
in terminally differentiated and non-dividing cells. Several fea-
tures of CAEV biology make this virus an attractive candidate
to develop into a gene transfer/therapy vector. Despite these ad-
vantages, however, efforts to develop CAEV-based delivery
systems have not been successful yet, because of the ineffi-
ciency in accumulation of genomic RNA in the cytoplasm and
the low packaging efficiency of the vector RNA. Building a
replication-defective (for both safety and efficacy) vector sys-
tem from the parental retrovirus (including lentivirus) necessi-
tates separating the cis- (for transfer vector) and trans- (for
packaging plasmids) acting sequences of the viral genome. Of
the cis-acting sequences, packaging signal mediates encapsida-
tion of the viral genome transcribed from the transfer vector
into newly forming viral particles. We constructed CAEV trans-
fer vectors containing optimal packaging signal for efficient en-
capsidation and an enhancer sequence of the strong viral pro-
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Purification of Bionanoparticles

The recent demand for nanoparticulate products such as viruses, plasmids, pro-
tein nanoparticles, and drug delivery systems have resulted in the requirement for
predictable and controllable production processes. Protein nanoparticles are an
attractive candidate for gene and molecular therapy due to their relatively easy
production and manipulation. These particles combine the advantages of both
viral and non-viral vectors while minimizing the disadvantages. However, their
successful application depends on the availability of selective and scalable meth-
odologies for product recovery and purification. Downstream processing of
nanoparticles depends on the production process, producer system, culture
media and on the structural nature of the assembled nanoparticle, i.e., mainly
size, shape and architecture. In this paper, the most common processes currently
used for the purification of nanoparticles, are reviewed.
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1 Introduction

The entire DNA sequencing of the human genome [1, 2] and
the identification and characterization of 50,000–100,000 hu-
man genes will lead to the understanding of several human
diseases in which normal and aberrant genes play important
roles [3]. These developments provide several opportunities to
interfere in disease processes by delivering proteins, pharmaco-
logical agents or genetic material to the target cells affected by
disease. This approach to targeting disease, designated molecu-
lar therapy, is likely to play an increasingly important role in
medicine throughout this century [3].

Gene therapy is a particular approach of molecular therapy
in which nucleic acids are delivered to control the genetic flow.
The first human gene therapy phase I trial was carried out in
1989 for the correction of ADA (adenosine deaminase) enzyme
in SCID (Severe Combined Immunodeficiency Disease) pa-
tients [4]. Since then, significant advances have been experi-
enced in the field of human gene therapy, driven by the
increased knowledge and understanding of the molecular
mechanisms of diseases, as well as by the advances in vector
design and technology to produce more effective, efficient and
safer delivery vectors [5]. Since 1989, more than one thousand
gene therapy clinical trials have been conducted worldwide for
the treatment of several diseases (www.wiley.co.uk/genether-

apy/clinical). Cancer is the main target with about 67 % of the
total approved clinical trials. Further targets of gene therapy
clinical trials include cardiovascular pathologies (9 %), mono-
genic diseases (8 %) and infectious diseases (6.6 %), among
others.

Molecular therapy requires the intracellular delivery of bio-
logically active compounds [6]. Due to their rapid elimination
from the circulation and widespread delivery to non-targeted
organs and tissues, these biologicals need to be administrated
in large quantities. This is often economically unfeasible and
may lead to several complications owing to product toxicity
[7]. In vivo delivery is also a complex process that involves the
passage through different biological barriers, which include
the cell membrane with their lipophilic nature that restricts
the direct intracellular delivery of these potential therapeutics
[6]. These bottlenecks have driven research to the development
of novel molecular delivery vectors and associated production
technologies, mainly aimed at improving safety and efficacy.

The first generation of molecular therapy vectors explored
the ability of viral systems to deliver mostly genetic informa-
tion into eukaryotic cells in order to regulate cellular functions
or to express therapeutic proteins [8, 9]. Even though viral vec-
tors are still the most popular delivery systems used in labora-
tory studies and clinical trials, there are several disadvantages
associated with such vectors, including possible adverse im-
mune responses and random insertion into the genome. The
advantages and disadvantages of the main delivery systems
used in molecular therapy are summarized in Tab. 1. Non-vir-
al delivery systems have several advantages over viral vectors.
Such systems, which include liposomes, DNA-protein and
polymeric complexes, can be constructed to be less immuno-
genic in order to enable repeated administrations, have no the-
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Table 1. Description of the main delivery systems used in molecular therapy: major advantages and disadvantages.

Delivery system Characteristics/Advantages Disadvantages

Non-viral vectors

Liposomes ! Improve vector association with specific cells as well as DNA
expression

! Increase specificity for gene delivery (targeting of cell types
containing specific receptors or recognition of certain
molecules over other cells)

! Long survival times in the circulation system and effective
target recognition in vivo

! Less hazardous in terms of antigen-specific immune responses

! Specific targeting

! Low transfection efficiency

! Only transient expression

Cationic polymers ! Provide protection to DNA from nuclease degradation during
gene delivery

! Facilitate DNA release into the cell (acting as a proton sponge
that destabilizes the endosomal compartment allowing DNA
release into the cytoplasm)

! Less toxic delivery agents

! Reduced toxicity (biodegradable nature of the molecules)

! Specific targeting

! Low transfection efficiency

! Only transient expression

Polymer nanoparticles ! Compartmentalization of therapeutic pDNA into a
nano-container suitable for blood circulation

! Release of therapeutic genes in response to external stimuli
(acting as environmentally responsive polyplexes)

! Less hazardous in terms of antigen-specific immune responses

! Low levels of gene expression

! Enhanced cytotoxicity by the presence of an
excess of positive charges (formation of positively
charged DNA condensates/aggregates)

Dendrimers ! Large number of controllable peripheral functionalities

! Surface, interior and core can be tailored to different sorts of
applications

! Safe and non-immunogenic

! Low efficiency of gene transfection

! Cytotoxicity and side effects (interaction between
the positively charged dendrimer and the
negatively charged cellular structure, especially
glycosaminoglycans)

Viral vectors

Oncovirus ! Broad cell tropism

! Stable gene expression due to viral genome integration into
cell chromosomes

! Only infect dividing cells

! Can accommodate large gene inserts

! Random insertion of viral genome, which may
possibly result in mutagenesis

! Retrovirus vector particles are rapidly degraded
by complement

! Possible recombination with human endogenous
retrovirus

! Only infect dividing cells

! Relatively low titers (106–107 pfu/mL)

Lentivirus ! Infect non-diving cells

! Can be pseudotyped with different envelopes, which enhance
their cell tropism and allow for easy purification, as they
become more stable and resistant

! Stable gene expression due to viral genome integration into
cell chromosomes

! Can accommodate large gene inserts

! Serum conversion to HIV-1 (in the case of
HIV-1-based vector)

! Possible recombination with human endogenous
retrovirus

! Biosafety problems with the production of large
quantities of the vector (in the case of
HIV-1-based vector)

! Relatively low titers (106–107 pfu/mL)

Table continues on the next page
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oretical limit to the size of the expression cassette, can be used
as a drug delivery system, and some can be produced from
chemically defined components [5, 10]. However, a number of
obstacles, e.g., lack of specific targeting, low transfection effi-
ciency and transient expression, have limited the application
of non-viral based vectors in molecular therapy approaches
[11], Tab. 1.

The ideal delivery vector is the one that combines the advan-
tages of both viral and non-viral vectors while minimizing all
of their disadvantages. Virus-like particles (VLPs) are bionano-
particles mainly composed by structural proteins of a virus,
but usually lacking the correspondent genetic material. They
are produced by the recombinant expression of the viral struc-
tural proteins, which self-assemble into nanostructures identi-
cal to the native viruses. As such, while being non-infectious,
VLPs have a similar structure and tropism to the natural virus
from which they are derived and demonstrate comparable cel-
lular uptake and intracellular trafficking [12]. VLPs are an at-
tractive candidate for prophylactic vaccination, genetic and
molecular therapies, since they are relatively easy to produce
and manipulate. However, their successful application depends
on the availability of selective and scalable methods for prod-
uct recovery and purification that integrate effectively with up-
stream production steps. This paper reviews the most common
downstream processing methods suitable for the purification
of VLPs.

One of the most striking features of VLPs is their extreme
diversification in terms of structure, architecture, and produc-
tion system. To date, VLPs have been produced for more than
thirty different viruses [13], in different types of engineering
production systems, including yeast, e.g., Saccharomyces cerevi-
siae and Pichia pastoris [14–24], bacteria, e.g., Escherichia coli
and Staphylococcus aureus [21, 25–32], insect cells, e.g., Droso-
phila Schneider-2 cells and Spodoptera frugiperda, High Five

[33–47], mammalian cells, e.g., HEK 293, Vero, HeLa, human
TE FLY A7, MA-104, MDCK, and BHK [48–61], insect larvae
[62], plants, e.g., banana (Musa spp.) and pHB117 binary
vector [63, 64], and crustaceous, e.g., crayfish and shrimp
[65–67]. Despite the different structures, architectures and
production systems, the methodologies used in the purifica-
tion of VLPs only vary around a few operations, as outlined in
Fig. 1.
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Delivery system Characteristics/Advantages Disadvantages

Adenovirus ! Very high titers (1012 pfu/mL)

! Transiently high levels of gene expression

! Low pathogenicity for humans

! Efficient nuclear entry mechanism

! Infect non-diving cells

! Strong immune responses

! Restricted tropism

! Not suitable for long term expression due to the
lack of integration into the host

Adeno-associated virus ! Long-term and efficient transgene expression

! Broad cell tropism (including non-dividing cells and
hematopoietic stem cells)

! High titers (1010 pfu/mL)

! Non-pathogenic and non-toxic

! Lack of specific integration of recombinant AAV
vectors, which may cause cell mutagenesis

! AAV requires a helper adeno- or a herpes virus

! Relatively restricted packaging capacity

! Difficult to obtain high titer stocks of pure virus
(helper virus free)

Retrovirus
(Herpes simplex virus)

! Ability to transduce non-dividing cells

! Lifelong latent infection

! Easy production of large quantities of pure vector stocks

! Large or multiple transgenes can be readily accommodated
within the vector

! Host immune response, inflammatory and toxic
reactions in patients

Figure 1. Common methodologies used in downstream process-
ing to purify bionanoparticles based on centrifugation/precipita-
tion processes, membrane operations and chromatography puri-
fications.
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2 Protein Nanoparticle Purification
Processes

Downstream processing of VLPs depends on their production
process, and most importantly on the producer system, culture
media and VLP architecture. Similar to other biologicals for
molecular therapy [68], the purification of VLPs has specific
concerns that are related to the structural nature of the as-
sembled nanoparticles, mainly size, shape and architecture.
Producer cell-line derived impurities, as well as some produc-
ing media additives such as serum, need to be removed to
meet the quality approval standards of the regulatory agencies.

The general rules of thumb for the establishment of purifica-
tion processes of recombinant proteins may be applied in the
downstream processing of VLPs. In particular, the initial op-
eration, aimed at the removal of the most abundant impurities
or contaminants, should be selected from those having higher
volumetric capacity and throughput, while the final purifica-
tion steps, aimed at the removal of structurally similar mole-
cules or assemblies, should be selected from the high selective
unit operations with lower volumetric capacity and through-
put, Fig. 2. Typically, the initial steps are aimed at the separa-
tion of culture media from producing cells, product concentra-
tion and conditioning, Fig. 1. Microfiltration and diafiltration
are the operations generally selected for this stage. The purifi-
cation stage of the process (see Figs. 1 and 2) involves highly
selective operations, traditionally ultracentrifugation and more
recently chromatography, in order to remove all impurities
and purify the assembled VLPs to high purity standards. The
final stage of the process (polishing stage) is aimed at the pol-
ishing and further concentration of the product. At this stage,
the operations must be selected to enable an additional tight

control over misassembled particles and particles with similar
sizes although with different final architectures.

As for all biomolecules, the selection of downstream pro-
cessing operations to purify nanoparticles is highly dependent
on the properties and nature of the nanoparticles themselves,
their stability, and their production process. For instance, de-
pending on the type of the native virus, e.g., adenovirus, retro-
virus, etc., VLPs can be released to the culture media of the
producing cell culture or remain soluble or compartmentalized
inside the producer cell lines. While the released particles can
be easily separated from the producer cells by a simple low-
speed centrifugation, the recovery of non-released particles is
preceded by a cell lysis process.

While similar choices are usually made when comparing the
recovery of excreted versus non-excreted proteins, the release
of nanoparticles by the producer cell lines confers additional
concerns regarding product properties and stability. Regarding
the overall properties, released nanoparticles are involved in a
lipid bilayer that renders the outermost surface of the particles
negatively charged. Since it is the surface that is presented, and
thus targeted, in most of the purification operations, it is very
difficult to distinguish such nanoparticles from impurities
containing similar outer surfaces, of which cellular vesicles are
the most relevant example. The lipidic bilayer of the released
nanoparticles is also very labile and overall, the particles be-
come very sensible to shear, osmotic pressure, temperature,
pH and ionic strength variations. The degradation of nano-
particles may be inherent to the majority of the purification
operations, resulting in the generation of impurities with simi-
lar characteristics as the product, and thus, is another critical
issue to consider when designing nanoparticles purification
processes.

Despite the different methods available to re-
cover crude samples with the desired nanoparti-
cles, and the different production systems, the
methodologies used in the purification of VLPs
only vary around a few operations, mostly based
on centrifugation/precipitation processes, mem-
brane operations and chromatography purifica-
tions, Fig. 2. The criteria used for the selection of
the appropriate methods for viral concentration
and purification include capability for processing
large volumes of viral preparations with high yield,
preservation of stability of the particle produced,
ease of process scale-up, low cost operations, and
the final quality standards [68, 69].

2.1 Precipitation-Based Methods

As in protein purification, precipitation is an effi-
cient and simple method to purify nanoparticles,
Tab. 2. The precipitation mechanism can be inter-
preted, as for protein solutions at least on a quali-
tative basis, on the basis of the theory of Derjaguin,
Landau, Verweey and Overbeek (DLVO) [70],
which defines the stability of dispersions. This
DLVO theory views the stability of a dispersion of
particles as being determined by the simple alge-
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Figure 2. Rules of thumb and objectives of the different stages of the bionano-
particle purification processes. The sequence of unit operations should follow
decreasing capacity and throughput and increasing selectivity. Unit operation
with higher volumetric capacity and throughput should be selected for operation
closer to the bioreactors at the initial steps of the purification process, while at
the final purification steps, the criteria should involve the selection of a highly se-
lective unit operation with lower volumetric capacity and throughput.
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braic sum of the potential energies leading to repulsion, which
are electrostatic in nature and associated with the diffuse dou-
ble layer that surrounds charged particles or surfaces in ionic
solutions, and the potential energies leading to attraction aris-
ing from van der Waals forces (hydrophobic interactions). Ac-
cording to the DLVO theory, nanoparticles are maintained in
solution while the total repulsive potential is higher than the
total attractive potential. In this DLVO theory, the net balance
of attractive and repulsive potential energies is dependent on
the surface potentials, the dielectric constant and ionic
strength of the medium, and the strength of the van der Waals
forces. The dispersion stability is normally associated with the
presence of a surface layer of adsorbed ions that can be desta-
bilized by the addition of neutral salts, by changing the di-
electric constant, by modifying the surface potential of the
particles, and/or by changing the balance of charged versus hy-
drophobic regions. Whilst the detailed quantitative application
of DLVO theory has been criticized, presenting several limita-
tions regarding its application to protein solutions, the theory
offers a simple descriptive approach to the understanding of
particle-particle interactions, and their effect on dispersion sta-
bility.

Both salts and polymers, Tab. 2, can be used as precipitating
agents to promote the precipitation of the nanoparticles while
keeping most of the impurities solubilized in solution. Salting-
out type precipitation of nanoparticles is achieved by adding
ammonium sulfate at concentrations of 1.5–4 M. While the
mechanism is similar to the salting-out of proteins, the precip-
itation of nanoparticles explores the higher hydrophobic char-
acter of the proteins assembled into nanoparticles as compared
with the individualized protein molecules. Therefore, nanopar-

ticle precipitation is achieved with lower concentrations of am-
monium sulfate, typically below 2.5 M, Tab. 2.

Precipitation through volume exclusion effects using PEG
and other polymers has also been used in the purification of
protein nanoparticles, Tab. 2. While in the case of protein pre-
cipitation, the increasing effectiveness of PEG as the size of the
polymer increases has been documented, systematic studies for
protein nanoparticle precipitation are scarce, with no clear
tendency being observed, Tab. 2. In addition, and similar to
the addition of salts, protein nanoparticles precipitate at lower
polymer concentration compared with non-assembled protein
molecules, typically in the range of 4–10 % (w/v).

While purification factors can be maximized through opti-
mizing the precipitation conditions, mostly regarding precipi-
tating agent concentration, temperature, and reaction time
[49], purification through precipitation is not a selective op-
eration. The co-precipitation of impurities or polymers along
with the protein nanoparticles, and loss of their native activity
(possibly due to changes in osmotic pressure) limits the use of
these methods [74].

2.2 Centrifugation-Based Methods

The use of centrifugation based methods for protein nanopar-
ticle purification has its origin in virology studies, where native
viruses and viral particles were purified on the basis of their
size and density. These protocols, based on ultracentrifugation
and density gradient methods, were the first to be adapted for
integration in protein nanoparticle purification for therapeutic
use. In these processes, the separation is achieved based on the
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Table 2. Precipitation methods and respective precipitation agent concentrations used in the purification of virus-like particles.

Precipitation Method
Concentration of Precipitation
Agent

Bionanoparticle Produced Reference

Acid precipitation (phosphoric acid)
– ! Dengue virus type 2 envelope protein as a fusion

with hepatitis B surface antigen
15

Ammonium sulfate precipitation

! 2.8 M ! IBDV – infectious bursal disease virus – VP2-His6 62

! 2.8 M ! Turkey coronavirus 71

! 1.15–1.61 % ! Viral coat protein VP1-Glu 30

! 2.3 M ! HBc-His6 (Hepatitis B virus core protein) 21

PEG precipitation
! 4 % (w/v) PEG 6000–7000 ! Extra chromosomal inheritance of the killer, neutral,

and sensitive phenotypes of strains of S. cerevisiae
20

PEG and sodium chloride
precipitation

! 8 % (w/v) PEG 8000

! 0.02 M NaCl

! Cowpea chlorotic mottle virus (CCMMV) 72

! 10 % (w/v) PEG 6000

! 0.6 M NaCl

! Mycovirus OMIV 73

! 10 % (w/v) PEG 8000

! 2.3 % (w/v) NaCl

! Rotaviruses 54

PEG precipitation (6000–9000) – ! Hepatitis B virus surface antigen – HBsAg 45
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specific buoyancy density difference of each component
present in the mixture to be purified. Caesium chloride
[20, 24, 37–41, 43, 45, 47, 57, 72, 73, 75–78] or sulfate [71], sac-
charose [36, 42, 45, 59, 61, 63, 71, 72], and potassium or so-
dium bromide [45, 67], are the agents most commonly used to
generate the density gradients, even though other media such
as colloidal silica Percoll [54], Nycodenz [64], and iodixanol
[79], have also been successfully used to purify viral particles.

Although they are widely used, ultracentrifugation methods
are time-consuming, difficult to scale up, and recoveries are
very small, mainly due to particle degradation occurring upon
pressure forces or osmotic shock [52]. In addition, co-purifica-
tion of contaminants derived from the culture media and
packing cell line, such as membrane cell vesicles released to the
culture medium, may also occur [52, 56]. Moreover, the prepa-
ration of density gradients requires technical expertise, is time-
consuming, and has several practical disadvantages regarding
the manipulation of the density gradient agents. In most cases,
the recovery yields are very small, at about 1.6–4.4 % [21],
mostly due to the high sensitivity of protein nanoparticle as-
semblies to osmotic pressure. In fact, the viscous and hyperos-
motic nature of the commonly used density gradient generat-
ing agents, e.g., saccharose and caesium chloride, together
with the high shear forces generated in the centrifugation force
field, contribute to the disruption of integrity and functional-
ity of assembled protein nanoparticles. Even though iso-osmo-
tic media, such as colloidal silica Percoll [54], Nycodenz [64],
and iodoxanol [79] have been successfully used to address
these disadvantages, with evidence of preservation of the integ-
rity and functionality of the viral particle, the use of ultracen-
trifugation-based methods for the large-scale purification of
protein nanoparticles is still limited. Nevertheless, ultracentri-
fugation is a very effective analytical tool to characterize as-
sembled nanoparticles enabling the estimation of nanoparticle
size, architecture, mass, density [61] and/or diffusivity.

2.3 Membrane Separation Methods

Membrane separation processes are frequently used in the bio-
technology industry to separate the components of a fluid
stream on the basis of the hydrodynamic radius difference.
Membranes with a wide range of pore diameters are commer-
cially available making membrane separations very versatile
operations that can be used for media clarification, product
concentration, buffer exchange, and sterile filtration. Mem-
brane operations are particularly suitable for protein nanopar-
ticles purification. The number of published nanoparticle pur-
ification processes using membrane operations is increasing,
with membranes being used for different objectives. Tab. 3
summarizes some examples of viral nanoparticle purification
processes using membrane operations.

Membranes with nominal pore sizes of 0.02–10 lm are used
in microfiltration operations, typically to clarify the product
stream by removing insoluble particulate materials. Typically
producing cells and cell fragments are retained in the mem-
brane while the product goes across the membrane being re-
covered in the permeate stream [23, 51, 79, 81, 82]. In contrast
to centrifugation, microfiltration generates a particle-free har-

vest solution that requires no additional clarification before
subsequent purification [81].

On the other hand, the use of membranes with low nominal
pore sizes, typically on the nanometer scale, enables product
concentration. Such ultrafiltration membranes are usually
rated by the nominal molecular weight cut-off, which is the
molecular weight of the globular protein that is 90 % retained
by the membrane. Ultrafiltration membranes are selected to
ensure rejection of the product of interest while permeating
the impurities. Therefore, the product is concentrated inside
the membrane and recovered in the retentate stream. Ultrafil-
tration membranes can also be used for buffer exchange by
adding buffer to the membrane feeding reservoir (diafiltra-
tion).

Even though suitable for protein nanoparticles recovery, the
major disadvantage of membrane separations concerns mem-
brane fowling. According to the Hagen-Poiseuille equation, at
the same transmembrane pressure difference, the permeate
flux depends mostly on the membrane nominal pore size and
viscosity of the streams, with higher fluxes being achieved for
larger pores and lower viscosities. As such, larger concentra-
tion factors are achieved with membranes of smaller pore sizes.
However, higher concentration factors are associated with
higher viscosities resulting in lower permeate fluxes. In addi-
tion, the concentration polarization on the membrane also in-
creases with increasing retentate concentration, also leading to
lower fluxes.

The selection of membrane nominal pore size is also depen-
dent on the nature and composition of the feed streams. Im-
purities and contaminates with hydrodynamic radii similar to
the product are co-purified and co-concentrated with it,
mostly due to the non-selectivity of the membranes. In addi-
tion and particularly regarding viral nanoparticles as recently
shown by Grzenia et al. [83], membrane operation perfor-
mance is affected by the media composition. In that work
[83], the authors observed a decrease of the permeate fluxes
upon switching cell growth media to serum-free media. Even
though no clear explanation was advanced for this observa-
tion, it is advised to develop cell culture and membrane purifi-
cation in parallel [83].

Upon selection of membranes with nominal pore sizes simi-
lar to those of the product, some degree of fractionation can
be achieved and purification of viral particles correctly as-
sembled from misassembled particles, protein aggregates, dis-
rupted particles, membrane protein aggregation, and cell vesi-
cles [58, 83].

Despite the disadvantages, some of which were pointed out
above, the use of membrane processes is gaining increasing im-
portance in viral nanoparticle production processes. Mem-
branes have been used in microfiltration strategies for media
clarification, for particle concentration in ultrafiltration strate-
gies, with possible fractionation, and for buffer exchange in
diafiltration strategies. Membrane processes can be easily
scaled-up and used in cGMP manufacturing processes [84].
An additional advantage of membrane processes is their ability
for process integration. As shown by Subramanian et al. [84], a
closed membrane system was successfully scaled-up for the
purification of adenoviral particles. In this system, which was
effective in recovering, purifying, and concentrating both in-
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tracellular and extracellular viruses by integrating cell lysis in
the membrane module, 80 % particle recovery was achieved
with 15- to 20-fold concentration factors in a processing time
of less than 2 h [84].

2.4 Chromatographic Methods

Chromatography has become a very popular methodology in
downstream processing since it facilitates high recovery rates
and high purity products. Moreover is easy to scale up and of-
fers a good platform for large scale production [82]. This
methodology has also been applied in the purification of most
nanoparticulate material for gene therapy vectors, Tab. 3.

The chromatographic systems used in the purification of
VLPs and other nanoparticulate materials must take into ac-
count their large diameters, i.e., usually from 80–120 nm. Spe-
cial resins have to be chosen to overcome the low binding effi-
ciencies and capacities of traditional resins, mostly due to
surface adsorption and pore exclusion effects [69, 91, 92]. In
fact, most of the currently available chromatographic matrices,
having pores within 30–80 nm diameters, were designed to
maximize the adsorption of protein macromolecules rather
than viruses [69]. As such, the adsorption of nanoparticulate
materials will be restricted to the bead surface area while most
contaminating proteins have access to the area inside the
pores, leading to poor selectivities, low resolution, and very
low yields of the adsorbents [21, 23, 69, 91].
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Table 3. Different pore sizes and membrane types employed in membrane processes used to purify virus-like particles.

Bionanoparticle Produced Observations Reference

Adenovirus type 5

! 300 kDa membrane Biomax/Millipore

Used in the concentration of the clarified supernatant
of the producer cells

77

Adenovirus type 5 particles

! 0.2 lm polyethersulfone membrane/Millipore

! 100 kDa MWCO Ultra-15 filter unit/Millipore

Used to remove contaminant cellular proteins and to concentrate samples
before ultracentrifugation, and after ultracentrifugation to remove CsCl

57

Chimeric infectious bursal disease virus-like particles

! 300 kDa flow cell ultrafiltration unit/Amicon

Used as a initial purification step before chromatography to remove low
weight contaminants

37

Double-layered rotavirus-like particles

! 300 kDa MWCO Nanosep/Pall Life Sciences

Used after a CsCl gradient ultracentrifugation to remove salts before
characterization by HPLC

43

HBc – Hepatitis B virus core protein ! Miniultrasette 300 kDa cut-off membrane/Pall Filtron

Used to concentrate samples before chromatography
21

HBsAg – Hepatitis B virus surface antigen
! XM-300/Amicon

Used in the concentration of supernatants as initial step
45

HIV-1 retrovirus-like particles

! 300-kDa tangential flow ultrafiltration membrane

Used for sample concentration and buffer exchange before affinity
chromatography

51

Huma Influenza A virus A/PR/8/34 (H1N1)

! 750 kDa MidGee/Xampler/GE Healthcare

Used as a concentration step for influenza virus before further purification
by chromatography

74

MoMLV-VSV-G pseudotyped

! HT TuffrynR polysulfone membrane (0.45/0.2 lm) capsule filtration/Pall
Gelman Sciences

! 300 kDa MWCO Omega polyethersulfone membrane disc filter/Pall
Gelman Sciences

Sequential microfiltration and ultra/diafiltration processes are used for
clarification, concentration, and partial purification of retroviral particles
from crude supernatants

79
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In order to circumvent all the problems found with conven-
tional chromatography supports, novel chromatography ap-
proaches, aimed at optimizing adsorptive conditions to maxi-
mize the binding capacity and product recovery, are been
developed.

Membranes and monoliths are gaining particular relevance
as alternatives to porous supports. Monoliths are continuous
beds consisting of a single piece of highly porous material,
characterized by an interconnecting network of channels of up

to 4 lm diameter, which can be prepared in a variety of shapes
and dimensions using relatively straightforward polymeriza-
tion chemistry, and that can be derivatized with traditional
chromatography ligands [93, 94]. As a consequence of the
macroporous structure of these materials, mass transport is
mainly based on convection, which overcomes pore diffusional
issues encountered in classical porous beads. The large porosi-
ty of the support leads to higher nanoparticles that have access
to the ligands located inside the monolith channels [69]. The
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Table 4. Different resins used in interaction and size-exclusion chromatography for purification of virus-like particles and respective % re-
covery rates.

Process Resin Bionanoparticle Produced Recovery Reference

Anion Chromatography CL6B resin

(GE Healthcare)
! Inactivated HIV-1 particles

> 90 % 85

DEAE Sepharose FF

(GE Healthcare)

! Recombinant hepatitis B surface antigen (HBsAg) 80 % 86

! Retroviral particles 50 % 52

Mustang Q anion-exchange coin

(Pall Corporation)
! rAAV8 – Adeno-associated virus type 8

90 % 56

POROS 50HQ

(Applied Biosystems)

! Chimeric cowpea mosaic virus (CPMV) particles 79 % 87

! Viral coat protein VP1-Glu – 30

Q Sepharose XL

(GE Healthcare)

! AAV and AAV2 particles – 53

! Adenovirus type 5 50–74 % 88

Source 15Q

(GE Healthcare)
! Adenovirus type 5

– 77

Streamline Q XL

(GE Healthcare)
! Replication-defective adenovirus derived from

adenovirus type 5

32 % 76

Cation Chromatography Fractogel EMD SO3 M

(Merck)
! Hepatitis C virus core protein (HCcAg)

50–90 % 18

Mustang S cation-exchange coin

(Pall Corporation)
! rAAV8 – Adeno-associated virus type 8

25–58 % 56

P11 cationic phosphocellulose

(Whatman)
! Human papillomavirus (HPV) HPV16 L1 protein

– 22

POROS 50HS

(Applied Biosystems)

! AAV and AAV2 particles 74 % 53

! Human Papillomavirus (HPV) major capsid
protein L1

10 % 23

Metal Affinity NTA resin

(Qiagen)
! Infectious Bursal Disease Virus capsid protein,

rVP2

– 42

Ni2+ immobilized resin

(Invitrogen)
! Chimeric infectious bursal disease virus-like

particles

– 37

Ni-NTA resin

(Qiagen)

! HBc – Hepatitis B virus core protein 5.6 % 21

! IBDV – infectious bursal disease virus (rVP2H) 6.73 % 29

! IBDV – infectious bursal disease virus (rVP2H) 40–55 % 62

Table continues on the next page
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low pressure drop that characterizes monolith operation is an
additional advantage, which enables the use of high flow rates,
and thus, leads to higher throughputs as compared with tradi-
tional bead matrixes.

Membrane absorbers are also being developed for nanopar-
ticulate material purification [69]. Similar to monolithic col-
umns, adsorptive membranes reflect technological advances
on liquid-chromatography based on favorable hydrodynamics.
The interaction between the target molecules and the active
sites on the membrane occurs in convective flow-through
pores, and thus, membrane units also maintain high efficien-
cies at high flow rates as well as when they are used with large
molecules with low diffusivities.

Tentacle supports offer the possibility of increased virus
binding capacities. The advantage of using these supports is
that they have sterically accessible ligands available for virus
capture due to the presence of an inert and flexible spacer arm
that separates the ligand from the resin surface. Therefore,

large particles can attain access to otherwise sterically inacces-
sible binding sites. In addition, since they are no longer exclu-
sively based on the surface of the chromatographic bead, larger
amounts of ligands are available for binding [82, 95].

Even with the disadvantages of traditional supports, chro-
matography has been widely used for nanoparticle purifica-
tion. As summarized in Tab. 4, most interaction chromatogra-
phy modes, e.g., ion-exchange chromatography, immobilized
metal affinity chromatography and hydrophobic interaction
chromatography, as well as size exclusion chromatography are
suitable for the purification of VLPs.

3 Conclusions

Several literature studies have outlined the practical strategies
for the production and purification of bionanoparticles. The
small size of viral genomes, the ease with which they can be

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim http://www.cet-journal.com

Process Resin Bionanoparticle Produced Recovery Reference

Size-Exclusion Chromatography Sephacryl S 1000

(GE Healthcare)

! Triple layered rotavirus like particles – 89

! HPV16 L1 protein – Human papillomavirus
(HPV) – 22

! Turkey coronavirus – 71

Sephacryl S 200
(GE Healthcare) ! Full-length RNA-free hepatitis B core particles – 90

Sephacryl S 500 media

(GE Healthcare)
! Replication-defective adenovirus derived from

adenovirus type 5
– 76

Sephacryl S 55 column

(GE Healthcare)
! HIV-1 retrovirus-like particles – 51

Sephadex G-25

(GE Healthcare)
! Adenoviral particles – 88

Sepharose 4 FF absorbent

(GE Healthcare)
! Recombinant hepatitis B virus surface antigen

(r-HBsAg)
– 86

Sepharose CL-4B gel

(GE Healthcare)

! Dengue virus type 2 envelope protein as a fusion
with hepatitis B surface antigen

! MoMLV-VSV-G pseudotyped

– 15

79,82

Sepharose CL-6B column

(GE Healthcare)
! Hepatitis C virus core protein (HCcAg) – 18

Superdex 200 Hi-Load

(GE Healthcare)
! Recombinant rhesus rotavirus (RRV) VP7 –

rotavirus outer capsid glycoprotein
– 44

Superdex 200 prep grade

(GE Healthcare)
! Viral coat protein VP1-Glu – 30

Superdex 200

(GE Healthcare)
! HIV-1 and virus-like particles produced in serum

free medium
– 36

Ultrahydrogel 2000

(Waters)
! Double-layered rotavirus-like particles – 43
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manipulated, and the simplicity of the purification process
make these protein cages an attractive alternative as transgenic
systems for the displaying of antigenic proteins.

The wide clinical application of these vectors for gene ther-
apy will depend on the availability of efficient large-scale man-
ufacturing procedures. Significant advances in the downstream
processing of viral vectors have been made in the recent years.
Various selective chromatography matrices have been identi-
fied and new chromatography technologies, better suited for
virus purification purposes, are being developed with very
promising results.

There is not a unique and perfect purification method that
covers all of the broad range of nanoparticulate products with
biotechnological and/or biomedical interest. Current research-
ers, laboratories and industries have to deal with the mecha-
nism of choosing the best approach to purification of the
bionanoparticles of interest. The most suitable downstream
process has to take into account the product type, size and
production source, as well as the final recovery yield.

Further advances in alternative downstream processing tech-
nologies are likely to be based on the development of new ma-
terials, e.g., smarter polymers and new ligands, product engi-
neering and new approaches to process integration aimed at
tighter coupling of upstream and downstream processing.
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Abstract  
Protein nanoparticles, such as virus-like particles (VLPs), are becoming the most attractive 
candidate for prophylactic vaccination, genetic and molecular therapies, since they can be 
engineered in order to encapsulate therapeutics, to target specific cells or tissues, and/or to 
stimulate humoral or cytotoxic responses [1-3].  
Nevertheless their successful application depends on a larger number of factors, in which their 
stability plays one of the most important roles. Moreover these bionanoparticles have to 
guaranty delivery of the therapeutical agent to the target cell overcoming different biological 
barriers in vivo [2].  
In this communication we studied the thermal stability and detergent tolerance of the viral 
bionanoparticles produced in our laboratory, based on a minimal construction by fusion of the 
SIV (Simian Immunodeficiency Virus) p17 matrix protein with the HIV-1 (Human 
Immunodeficiency Virus Type 1) p6 protein [4]. 
The lipid membrane surrounding these VLPs confers them stability against proteolysis and may 
contribute for the thermal stability of the bionanoparticles. Stability studies have shown that 
bionanoparticles are stable at 37ºC for 96 hours. Also the matrix core has shown to be highly 
stable even at detergent concentrations as high as 20% of Triton X-100. 
 
 
Materials and Methods 
Analysis of the presence of a lipid membrane (protease protection assay) 
Ressuspended VLP pellets from 20% sucrose ultracentrifugation cushions were digested with 
1µg/ml of proteinase K in the presence or absence of Triton X-100 (1%). The mixture was 
incubated at 37ºC for 1 hour after which proteolysis was stopped by adding protease inhibitors. 
The remaining proteins were analyzed by western blot using Anti-Hemagglutinin (HA) HRP 
antibody. 
 
Temperature Assays  
Samples of concentrated particles were kept at different temperatures (-20ºC, 4ºC, 22ºC [room 
temperature], and 37ºC) for 48 and 96 hours. 
Samples kept at -20ºC were thawed immediately before sample analysis. 
Afterwards samples were submitted to an ultracentrifugation on top of a 20% sucrose cushion 
for degraded particles removal. Results were analyzed by western blot using Anti-HA HRP 
antibody.  
 
Detergent Assays 
Concentrated particle samples were incubated for 1 hour at 37ºC with different Triton X-100 
concentrations (0, 0.5, 1, 5, 10, and 20%). Samples were then ultracentrifugated on top of a 20% 
sucrose cushion for removal of degraded particles. Results were analyzed by western blot using 
Anti-HA HRP antibody. 
 
 
 
 



Results and Discussions 
As described for different VLPs expressed in mammalian cells, the p17/p6 bionanoparticles are 
released to the culture medium [4] and can be recovered surrounded by a lipid membrane (Fig. 
1). This feature confers to these particles protection against proteases degradation (Fig. 1), 
temperature shocks (Fig. 2), and also allows tropism manipulation. 
We evaluated the thermal stability of these VLPs which were found to be stable for 96 hours at 
the different temperatures tested (Fig. 2).  
We have also evaluated the stability of the nanoparticles in the presence of detergent (Fig. 3). 
Although the lipid membrane may be removed at low detergent concentration [4] p17/p6 VLPs 
are stable when incubated even at high detergent concentrations (20% of Triton X-100). The 
small degradation observed between the untreated and the treated samples may be associated to 
malformed particles present in the initial sample. 
 
In conclusion, the assembled p17/p6 nanoparticles are stable to detergent degradation and 
exposure to high temperatures for 96 hours. We may assume that these particles are suitable to 
use as delivery vectors.  
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Figure Captions 
 
Figure 1 – Protease protection assay to demonstrate the presence of a lipid membrane 
surrounding the p17/p6 matrix core of the bionanoparticle formed. Also presented a schematic 
representation of the bionanoparticles formed. Ext. – Cellular Extract; A – Untreated sample; B 
– Sample treated with 1% Triton X-100; C – Sample treated with Proteinase K 1µg/ml; D – 
Sample treated with 1% Triton X-100 and Proteinase K 1µg/ml. 
 
 
Figure 2 – Western blot analysis of purified samples of bionanoparticles at different times (48 
and 96 hours) for different temperatures (-20ºC, 4ºC, 22ºC [room temperature], and 37ºC). As 
shown, the p17/p6 nanoparticles stay stable at all temperatures tested for at least 96 hours.  
 
 
Figure 3 – Western blot analysis of purified samples of bionanoparticles for different detergent 
concentrations (0, 0.5, 1, 5, 10, and 20% of Triton X-100). As can be seen, although the lipid 
membrane is removed at low detergent concentration the matrix core seems to stays intact even 
when incubated at high detergent concentrations. 
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