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DISINTEGRATABLE CORE / SHELL SILICA into safe and effective therapeutics , not the least of which 
PARTICLES FOR ENCAPSULATING AND being the efficient delivery of native , functional protein or 

RELEASING BIOACTIVE enzyme in an active conformation to the necessary site of 
MACROMOLECULES action which still remains a challenge today . For example , in 

5 physiological conditions , proteins and peptides tend to 
PRIORITY undergo degradation by proteolytic enzymes or , in the case 

of the higher molecular weight proteins , may be recognized 
This application claims priority to International Applica by neutralizing antibodies . Moreover , such molecules can 

tion No. PCT / EP2015 / 063198 filed Jun . 12 , 2015 and to exhibit low solubility or poor stability , leading to short shelf 
European Application No. 14305905.3 filed Jun . 13 , 2014 ; 10 lives . As a result , macromolecule - based therapeutic strate 
the entire contents of each are incorporated herein by gies often quickly lose their effectiveness or require frequent 
reference . dosing . These factors impact not only cost of therapy , but 

also patient acceptance and compliance , thus affecting their 
FIELD OF THE INVENTION therapeutic usefulness . To overcome these problems , suit 

15 able delivery systems must be able to shield and protect the 
The present invention relates to disintegratable core / shell bioactive molecules in order to preserve their functional 

silica particles , a method for producing the same , and uses nature , reducing the need for repetitive injections and allow 
thereof . ing the reach of organs without compromising the biological 

The present invention also relates to the encapsulation and activity of the protein . 
release of a single or multiple biomolecules using a disin- 20 Thus , protein / enzyme stabilization is of great interest to a 
tegratable silica shell . The new method allows the delivery variety of applications including medical diagnostics , bio 
of enzyme , proteins , oligonucleotides , and other biomol catalysis , and protein delivery . For example , protein or 
ecules with the protection of the fragile biomolecules and enzyme based medical diagnostic kits that exhibit prolonged 
their total release upon a stimulus which triggers the disin shelflife could improve performance and significantly 
tegration of the shell . 25 reduce costs . 

The present invention further relates to methods and For protein delivery applications , the protein carriers or 
compositions for use in the administration of biologically stabilizers have to meet stringent requirements . The ideal 
active macromolecules for prophylactic , therapeutic or cos protein carriers have to be not only non - toxic and non 
metic applications . immunogenic , but also must be able to protect labile proteins 

30 against natural deterioration . Moreover , in reality , the larger 
BACKGROUND OF THE INVENTION protein carriers ( i.e. greater than 5-7 um ) are often rapidly 

cleared from blood by capillary filtration primarily in the 
The direct delivery of specific proteins to live cells lungs . The smaller carriers ( i.e. less than 200 nm ) , although 

promises a tremendous impact in biological and medical free to circulate through capillaries , still face attacks from 
applications , from restoring the function of interest , produc- 35 the immune system , thus being removed from blood rapidly 
ing highly specific molecules in situ , to regulating gene by phagocytosis . Therefore , those carriers that are capable of 
expression without any genomic alteration leading to a generating long - term blood circulation of proteins and drugs 
reprogramming of the cell behavior . Innovations in biotech can provide numerous advantages such as enhancing the 
nology and nanomedicine have led to a significant increase efficiency of drug controlled - release , providing site specific 
in the number of protein- and peptide - based therapeutics and 40 protein delivery , as well as reducing the need for repetitive 
other macromolecular drugs . Furthermore , recent advances injections . 
in genomic and proteomic technologies are expected to Currently , protein stabilization has mainly been achieved 
continue to expand the pipeline of macromolecular curative by : 1 ) micro- and nano - encapsulation ( i.e. within liposomes , 
candidates . As another example , several diseases are caused polymeric or inorganic structures ) ; 2 ) bioconjugation ( i.e. 
by the lack or low expression of important enzymes , pro- 45 covalently linking proteins with water - soluble polymers or 
teins , and other biomolecules . The delivery of fragile , toxic simply crosslinking proteins to form stable particle com 
and cell impermeable biomolecules or pharmaceutics pres plexes ) ; or 3 ) genetic modification ( i.e. genetically altering 
ent a serious obstacle to having an effective therapy . Drug the protein sequence to make it more stable ) . However , the 
delivery relates to administering a bio - active molecules or encapsulation strategy that utilizes lipid - based micelles 
pharmaceutical compounds to achieve a therapeutic effect in 50 often suffers problems such as poor solution stability ( espe 
humans or animals . In case of bio - active molecules such as cially under extreme temperatures and pH ) and difficulty in 
protein or enzyme , a major complication in the use of this being freeze - dried . In addition , the size distribution of these 
type of drugs is the difficulty of delivering the necessary site micelles is also very broad . The polymer - based encapsula 
of action . tion strategy , although significantly improving the freeze 

In this respect , it requires delivery system which is able to 55 drying capability , has very poor solution stability since only 
protect the bio - active molecules or pharmaceutical com physical interactions are present between polymers and 
pound , large number of deliverable materials but also able to proteins . On the other hand , by using polyethylene glycol or 
be functionalized further if required . oxide ( PEG or PEO ) modified liposomes ( i.e. stealth lipo 

Innovations in biotechnology have led to a significant somes ) or biodegradable / non - degradable particles ( stealth 
increase in the number of protein and peptide therapeutics 60 particles ) , the protein stability can be significantly enhanced . 
and other macromolecular drugs . Further , recent advances in However , the sizes of these carriers are still too large ( i.e. in 
genomic and proteomic technologies are expected to con microns ) for more efficient , accurate and intracellular deliv 
tinue to increase the pipeline of macromolecular therapeutic ery purposes . The bioconjugation of protein molecules with 
candidates . different water - soluble polymers such as PEGs and PEOs 

Nevertheless , working with macromolecules typically 65 may also enhance the stability of proteins . However , this 
poses a number of challenges , that drug developers must approach is very labor intensive , and , in some cases , the 
overcome in order to successfully develop these compounds process can denature the proteins resulting in significant 
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activity loss . Through proper genetic modification , the shelf FIG . 13 represents viability of C6 Glioma cells after 24 h 
stability of proteins can be improved dramatically . Unfor incubation with disintegratable silica core / shell nanopar 
tunately , in most cases , the protein activity or specificity has ticles encapsulating TRAIL according to the invention or 
also dropped very substantially . disintegratable silica core / shell nanoparticles encapsulating 
At present , there is therefore a need for the development 5 CyC according to the invention . 

of nanoencapsulated enzymes and other nanoencapsulated FIG . 14 provides characterization data of the material of 
bioactive macromolecules having improved stability , Example 1 and release kinetics . ( A ) SEM image of synthe 
improved in vivo delivery characteristics , and the ability to sized CyC @ BS - NPs , ( B ) HR - TEM pictures of intact 
withstand harsh environmental conditions and preserve their CyC @ BS - NPs and ( CD ) cryo - TEM of the same particles 
active conformation . 10 after treating them with a solution of NaBH4 for 1 hour and 

3 hours , respectively . ( E ) UV - Vis spectra of the supernatants 
BRIEF DESCRIPTION OF THE DRAWING recovered after treating Cyc @ BS - NPs with glutathione , in 

water solution . The signal monitored is due to the main 
The patent or application file contains at least one drawing electronic transition of the released cytochrome C. In the 

executed as a photograph and / or in color . Copies of this 15 inset , release profile over time at fixed wavelength ( X = 410 
nm ) . patent or patent application with photographs and color FIG . 15 represents transmission electron micrographs of drawings will be provided by the Office upon request and internalized particles inside the cells . C6 Glioma cells were payment of the necessary fee . incubated for 4 and 24 hours with 0.1 mg / mL particle 

FIG . 1 represents a schematic illustration of an exemplary 20 dispersion ( CyC @ BS - NPs and CyC @ NonBS - NPs respec 
structure of the disintegratable hybrid organo - silica core / tively ) and cultured for additional 24 hours after changing 
shell nanocapsules according to the invention , showing the the culture media . Panel A shows schematic representation 
presence of responsively cleavable linkers within the mate of the nanoparticles internalization and their fate into the 
rial's framework . cell . Images B , D , F disintegratable particles , C and E 
FIG . 2 represents examples of possible responsively 25 non - disintegratable nanomaterials . 

cleavable linkers to be incorporated into the silica frame FIG . 16 ( A ) Confocal micrographs taken after 24 h 
work of the shell . incubation with the particles ( concentration 0.05 mg / mL ) 
FIG . 3 represents SEM image of disintegratable silica showing the localization of the particles in C6 Glioma cells . 

core / shell nanoparticles encapsulating Cyc according to the Co - localization experiments with LysoTracker® Red DND 
invention ( example 1 ) . 30 99 revealed the sublocalization of particles in lysosome area 
FIG . 4 represents SEM image of disintegratable silica ( overlap coefficient 0.87 ) . Green color is indicating signal 

core / shell nanoparticles encapsulating Cyc with different from EGFP , red corresponds to lysosome , yellow circle 
ratio of cleavable linker . pointing the non co - localized area of released EGFP with 
FIG . 5 represents SEM image of non - disintegratable silica lysosome . Scale bars = 10 um . ( B ) Top view of 3D confocal 

core / shell nanoparticles encapsulating Cyc . 35 microscopy image of f - actin ( red , main areas indicated by 
FIG . 6 represents UV - Vis spectra of protein solution and plain circles / ovals ) and nucleus stained ( blue , areas indi 

disintegratable silica core / shell nanoparticles encapsulating cated with dotted circles / ovals ) C6 cells uptaking EGFP 
CyC according to the invention dispersed in water . containing particles ( light grey ) . Excitation wavelengths are 
FIG . 7 represents UV - Vis spectra of supernatant of same 405 , 488 , 594 , and 633 nm for DAPI , EGFP , LysoTracker® 

concentration of disintegratable silica core / shell nanopar- 40 Red DND - 99 , and Alexa Fluor® 647 Phalloidin , respec 
ticles encapsulating CyC according to the invention in water tively . ( C ) summary of cell viability tests . 
after stirring for 24 h with and without cleaving agent FIG . 17 HR - TEM pictures of CyC @ BS - NP of Example 1 . 
( NaBH4 or Glutathione ) . The supernatant clearly indicated FIG . 18 Disintegratable ( A , B ) vs Non - disintegratable 
that the shell was disintegrated and release protein from the ( CD ) Cytochrome C particles . The morphology of the 
system . 45 material is retained . 
FIG . 8 represents UV - Vis spectra of supernatant of same FIG . 19 UV - Vis spectra of the supernatants recovered 

concentration of disintegratable silica core / shell nanopar after treating 0.5 mg / ml CyC @ BS - NPs and an identical 
ticles encapsulating CyC according to the invention and concentration of CyC @ NonBS - NPs with glutathione ( 5 
non - disintegratable silica core / shell nanoparticles encapsu mM ) for 24 h . 
lating CyC in water after stirring for 24 h with breaking 50 FIG . 20 SEM pictures of CyC @ BS - NP ( A ) , EGFP @ BS 
agent ( Glutathione ) . NP ( B ) , Onconase @ BS - NP ( C ) , TRAIL @ BS - NP ( D ) . 
FIG . 9 represents an EDX analysis of the disintegratable FIG . 21 Confocal microscopy images showing the kinet 

silica core / shell nanoparticles encapsulating CyC according ics of internalization and distribution EGFP - encapsulated 
to the invention before and after disintegrating the shell . disintegratable silica shells in C6 Glioma cells . The cells 
FIG . 10 represents a confocal microscopy image of Hela 55 were incubated with the modified particles for different 

cells with internalized disintegratable silica core / shell nano incubation times : 1 , 4 , and 24 hours ( concentration 0.05 mg 
particles encapsulating CyC according to the invention in 1 ml of culture media ) followed by 10x washing treatment 
( orange colour ( indicated on black & white photograph with using PBS buffer and cellular fixation using 4 % PFA solu 
dotted circles / ovals ) , signal is coming from emission of cy5 tion . Green corresponds to EGFP . Excitation wavelength is 
on the surface of the disintegratable shell ) . Plain line circles / 60 488 nm for EGFP . Emissions were recorded in the range of 
ovals indicate blue color on the photograph . EGFP emission band . Scale bars = 5 Dm . 
FIG . 11 represents SEM image of disintegratable silica FIG . 22 Confocal microscopy images showing the kinet 

core / shell nanoparticles encapsulating TRAIL according to ics of biodegradation and distribution EGFP - encapsulated 
the invention . disintegratable silica shells in C6 Glioma cells . The cells 
FIG . 12 represents SEM image of disintegratable silica 65 were incubated with the modified particles for 4 hours 

core / shell nanoparticles encapsulating DNA according to the ( concentration 0.2 mg / ml ) followed by 10x treatment using 
invention . PBS buffer . Imaging experiments were done directly after 
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incubation , after 1 day , after 2 days , and after 3 days . Blue As used herein , the term “ alkyl ” , refers to straight and 
color ( areas indicated by dotted circles / ovals on black & branched alkyl groups . An analogous convention applies to 
white photograph ) is indicating signal from Hoechst 33342 other generic terms such as “ alkenyl ” , “ alkyny? " and the 
stains cells ' nucleus and green ( light grey spots on black & like . In certain embodiments , as used herein , " lower alkyl ” 
white photograph ) corresponds to EGFP . Excitation wave 5 is used to indicate those alkyl groups ( substituted , unsub 
lengths = 405 and 488 nm for Hoechst 33342 and EGFP , stituted , branched or unbranched ) having about 1-6 carbon 
respectively . Emissions were recorded with a Hoechst 33342 atoms . Illustrative alkyl groups include , but are not limited 
emission filter and an EGFP emission filter , respectively . to , for example , methyl , ethyl , n - propyl , isopropyl , allyl , 
Scale bars = 5 Em . n - butyl , sec - butyl , isobutyl , tert - butyl , n - pentyl , sec - pentyl , FIG . 23 Trypan blue cell mortality test performed after 24 10 isopentyl , tert - pentyl , n - hexyl , sec - hexyl , moieties and the hours of incubation for C6 glioma cells . Left ) Control like , which again , may bear one or more substituents . sample ( pure cell culture ) , which shows the dye does not Alkenyl groups include , but are not limited to , for example , stain healthy cells ; right ) sample treated with 0.15 mg / ml 
TRAIL @ BS - NP . Dead cells are visualized in blue after ethenyl , propenyl , butenyl , 1 - methyl - 2 - buten - 1 - yl , and the 
interaction with trypan blue . like . Representative alkynyl groups include , but are not 
FIG . 24 schematically illustrates the process of encapsu limited to , ethynyl , 2 - propynyl ( propargyl ) , 1 - propynyl and 

lation of bioactive macromolecule or bioactive macromol the like . The term “ C1 - alkylenyl ” , as used herein , refers to 
ecule clusters according to an exemplary embodiment of the a linear or branched saturated divalent radical consisting 
invention . solely of carbon and hydrogen atoms , having from one to x 

Table 3 Zeta potential value of nanoparticles encapsulat- 20 carbon atoms , having a free valence at both ends of the 
ing CyC , TRAIL and DNA according to the invention radical . Likewise , the term “ C1 - zheteroalkylenyl ” , as used 
dispersed in PBS buffer . herein , refers to a linear or branched saturated divalent 

Table 4. Cell viability test Cl - alkylenyl radical as defined above , comprising at least 
one heteroatom selected from O , N , or S , and having a free 

Definitions 25 valence at both ends of the radical . When the C1 - zalky 
lenyl or C1 - theteroalkylenyl is optionally substituted , at least 

To facilitate an understanding of the present invention , a one of the H atoms may be replaced by a substituent such as 
number of terms and phrases are defined below : halogen or OR where R may represent C1-6alkyl . 
As used herein other than the claims , the terms “ a , ” “ an , ” The term " ethenylenyl ” , as used herein , refers to the 

“ the , " and / or " said ” means one or more . As used herein in 30 divalent radical CH = CH — When the ethylenyl is 
the claim ( s ) , when used in conjunction with the words optionally substituted , one or both the H atoms may be 
" comprise , " " comprises ” and / or “ comprising , " the words replaced by a substituent such as halogen or - OR where R 
“ a , ” “ an , ” “ the , " and / or " said ” may mean one or more than may represent C1-6alkyl . 
one . As used herein and in the claims , the terms “ having , " In general , the term “ aromatic moiety ” or “ aryl ” , as used 
“ has , " " is , " " have , ” “ including , ” “ includes , " and / or 35 herein , refers to stable substituted or unsubstituted unsatu 
“ include ” has the same meaning as “ comprising , " " com rated mono- or polycyclic hydrocarbon moieties having 
prises , ” and “ comprise . ” As used herein and in the claims preferably 3-14 carbon atoms , comprising at least one ring 
“ another ” may mean at least a second or more . As used satisfying the Hackle rule for aromaticity . Examples of 
herein and in the claims , “ about ” refers to any inherent aromatic moieties include , but are not limited to , phenyl , 
measurement error or a rounding of digits for a value ( e.g. , 40 indanyl , indenyl , naphthyl , phenanthryl and anthracyl . 
a measured value , calculated value such as a ratio ) , and thus The term “ halogen ” as used herein refers to an atom 
the term “ about ” may be used with any value and / or range . selected from fluorine , chlorine , bromine and iodine . 

The phrase “ a combination thereof ” “ a mixture thereof " As used herein , the term “ independently ” refers to the fact 
and such like following a listing , the use of “ and / or ” as part that the substituents , atoms or moieties to which these terms 
of a listing , a listing in a table , the use of “ etc ” as part of a 45 refer , are selected from the list of variables independently 
listing , the phrase " such as , " and / or a listing within brackets from each other ( i.e. , they may be identical or the same ) . 
with “ e.g. , " or i.e. , refers to any combination ( e.g. , any As used herein , the term “ about " can refer to a variation 
sub - set ) of a set of listed components , and combinations of + 5 % , + 10 % , + 20 % , or + 25 % , of the value specified . For 
and / or mixtures of related species and / or embodiments example , " about 50 ” percent can in some embodiments 
described herein though not directly placed in such a listing 50 carry a variation from 45 to 55 percent . For integer ranges , 
are also contemplated . Such related and / or like genera ( s ) , the term “ about ” can include one or two integers greater than 
sub - genera ( s ) , specie ( s ) , and / or embodiment ( s ) described and / or less than a recited integer . Unless indicated otherwise 
herein are contemplated both in the form of an individual herein , the term “ about ” is intended to include values , e.g. , 
component that may be claimed , as well as a mixture and / or weight percents , proximate to the recited range that are 
a combination that may be described in the claims as “ at 55 equivalent in terms of the functionality of the individual 
least one selected from , ” “ a mixture thereof ” and / or “ a ingredient , the composition , or the embodiment . 
combination thereof . " As used herein , the term “ and / or ” means any one of the 

In general , the term “ substituted ” whether preceded by the items , any combination of the items , or all of the items with 
term " optionally ” or not , and substituents contained in which this term is associated . 
formulae of this invention , refer to the replacement of 60 As will be understood by the skilled artisan , all numbers , 
hydrogen radicals in a given structure with the radical of a including those expressing quantities of ingredients , prop 
specified substituent . When more than one position in any erties such as molecular weight , reaction conditions , and so 
given structure may be substituted with more than one forth , are approximations and are understood as being 
substituent selected from a specified group , the substituent optionally modified in all instances by the term “ about . ” 
may be either the same or different at every position . As used 65 These values can vary depending upon the desired properties 
herein , the term “ substituted ” is contemplated to include all sought to be obtained by those skilled in the art utilizing the 
permissible substituents of organic compounds . teachings of the descriptions herein . It is also understood 
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that such values inherently contain variability necessarily “ treatment ” includes medical , therapeutic , and / or prophy 
resulting from the standard deviations found in their respec lactic administration , as appropriate . The term “ responsively 
tive testing measurements . disintegratable ” , when referring to the shell of the nanocap 
As will be understood by one skilled in the art , for any and sule system according to the invention , refers to the property 

all purposes , particularly in terms of providing a written 5 of a material or particle that undergoes degradation ( i.e. , 
description , all ranges recited herein also encompass any and breakdown of the structural integrity of the material or all possible subranges and combinations of subranges particle ) triggered by a particular signal . The signal can be , 
thereof , as well as the individual values making up the range , for example , a change in pH ( either an increase or decrease ) , particularly integer values . A recited range ( e.g. , weight a change in redox potential , the presence of reduction or percents or carbon groups ) includes each specific value , 10 oxidation presence of UV , visible or near infrared integer , decimal , or identity within the range . Any listed light , ultrasounds , electromagnetic radiation , an enzymatic range can be easily recognized as sufficiently describing and 
enabling the same range being broken down into at least cleavage , a change in temperature , etc. The term “ respon 
equal halves , thirds , quarters , fifths , or tenths . As a non sively cleavable ” , when referring to a chemical bond , poly 
limiting example , each range discussed herein can be readily 15 mer fragment or linking group , refers to a covalent bond , 
broken down into a lower third , middle third and upper third , polymer fragment or linking group that is cleaved upon 
etc. application of one of the aforementioned particular signals . 
As will also be understood by one skilled in the art , all Generally speaking , the presence of a responsively cleavable 

language such as “ up to , ” “ at least , ” “ greater than , ” “ less bond , polymer fragment or linker moiety within a hybrid 
than , ” “ more than , ” “ or more , " and the like , include the 20 organosilica nanocapsule shell of the invention , confers to 
number recited and such terms refer to ranges that can be the nanocapsule shell its disintegratable properties ( the 
subsequently broken down into subranges as discussed property of structurally breaking down upon application of 
above . In the same manner , all ratios recited herein also a specific signal / stimulus , akin to “ self - destructive ” behav 
include all subratios falling within the broader ratio . Accord ior ) . As used herein , the term “ surfactant ” refers to any 
ingly , specific values recited for radicals , substituents , and 25 compound that , when dissolved in a liquid , reduces surface 
ranges , are for illustration only ; they do not exclude other tension of the liquid , which reduces interfacial tension 
defined values or other values within defined ranges for between two liquids or which reduces surface tension 
radicals and substituents . between a liquid and a solid . More typically the term 
One skilled in the art will also readily recognize that “ surfactant ” is used herein to refer to a compound that , when 

where members are grouped together in a common manner , 30 dissolved in water , reduces the surface tension of water . 
such as in a Markush group , the invention encompasses not Advantageously , surfactants suitable in the context of the 
only the entire group listed as a whole , but each member of present invention are not capable of forming stable lipo 
the group individually and all possible subgroups of the somes . Preferably , the surfactant has a packing parameter 
main group . Additionally , for all purposes , the invention ( P ) outside the range 12 to 1. Preferably , the surfactant is not 
encompasses not only the main group , but also the main 35 a phospholipid . As used herein , the term “ hybrid organo 
group absent one or more of the group members . The silica framework material ” , “ organosilica framework mate 
invention therefore envisages the explicit exclusion of any rial ” or “ organosilica framework ” refers to an organosilica 
one or more of members of a recited group . Accordingly , matrix in which a ( XSi ) R - L - R2 ( SiX2 ) -type responsively 
provisos may apply to any of the disclosed categories or cleavable linker is inserted . 
embodiments whereby any one or more of the recited 40 As used herein , the term “ linker ” refers to a responsively 
elements , species , or embodiments , may be excluded from cleavable moiety RI - L - R2_ * inserted into the 
such categories or embodiments , for example , as used in an hybrid organosilica framework by reaction of a ( X ) , SI 
explicit negative limitation . R - L - R2_Si ( X ) ; precursor , by sol - gel chemistry ( hydro 
An " effective amount ” refers to an amount effective to lysis or condensation ) , with the linker being bound to the 

treat a disease , disorder , and / or condition , or to bring about 45 framework via two or more Si atoms in the framework . In 
a recited effect . For example , an amount effective can be an other words , at least one X on each occurrence of Si on the 
amount effective to reduce the progression or severity of the precursor is hydrolyzed to lead to formation of the meta 
condition or symptoms being treated . Determination of a loxide framework . 
therapeutically effective amount is well within the capacity As used herein , the term " cleavable ” refers both to the 
of persons skilled in the art . The term " effective amount ” is 50 reversible / biodegradable nature of the * R ? —L — R2_ * 
intended to include an amount of a compound described linker , as defined herein , triggering the decomposition / dis 
herein , or an amount of a combination of compounds integration of the bulk hybrid organosilica framework mate 
described herein , e.g. , that is effective to treat or prevent a rial . 
disease or disorder , or to treat the symptoms of the disease As such , the linker may contain a dynamic covalent bond . 
or disorder , in a host . Thus , an “ effective amount ” generally 55 As used herein , the term “ dynamic covalent bond ” refers 
means an amount that provides the desired effect . to any covalent chemical bond possessing the capacity to be 

The terms " treating ” , “ treat ” and “ treatment ” include ( i ) formed and broken under equilibrium control . In this sense , 
preventing a disease , pathologic or medical condition from they can be intended as " reversible ” covalent bonds . [ 1 ] 
occurring ( e.g. , prophylaxis ) ; ( ii ) inhibiting the disease , As used herein , a “ bioactive macromolecule ” refers to a 
pathologic or medical condition or arresting its develop- 60 macromolecular biomolecule in an undenatured state , which 
ment ; ( iii ) relieving the disease , pathologic or medical still shows a conformation suited to carry on its supposed 
condition ; and / or ( iv ) diminishing symptoms associated biological activity . Advantageously , “ bioactive ” means that 
with the disease , pathologic or medical condition . Thus , the the macromolecular biomolecule remains in a folded posi 
terms “ treat ” , “ treatment ” , and “ treating ” extend to prophy tion and retains an active conformation . In other words , the 
laxis and include prevent , prevention , preventing , lowering , 65 macromolecular biomolecule is in biologically active form 
stopping or reversing the progression or severity of the ( i.e. , in an active conformation to carry out its biological 
condition or symptoms being treated . As such , the term function ) . 

. 
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As used herein , a " biomolecule ” refers to a molecule ( e.g. , acid substitution , an amino acid modification , and / or a 
a compound ) comprising of one or more chemical moiety ( s ) fusion protein , etc. , wherein the altered sequence functions 
[ “ specie ( s ) , ” “ group ( s ) , " " functionality ( s ) , ” “ functional as an enzyme . As used herein , the term “ derived ” refers to 
group ( s ) " ) typically synthesized in living organisms , includ a biomolecule's ( e.g. , an enzyme ) progenitor source , though 
ing but not limited to , polynucleotides ( RNA and DNA ) , 5 the biomolecule may comprise a wild - type and / or a func 
which are long polymers composed of 13 or more nucleotide tional equivalent of the original source biomolecule , and 
monomers ; polypeptides , which are short polymers of amino thus the term " derived ” encompasses both wild - type and 
acids ; proteins ; and polysaccharides , which are often linear functional equivalents . For example , a coding sequence for 
bonded polymeric carbohydrate structures , or a combination a Homo sapiens enzyme may be mutated and recombinantly 
thereof . Examples of a macromolecule includes , an enzyme , 10 expressed in bacteria , and the bacteria comprising the 
an antibody , a receptor , a transport protein , structural pro enzyme processed into a biomolecular composition for use , 
tein , a prion , an antibiological proteinaceous molecule ( e.g. , but the enzyme , whether isolated and / or comprising other 
an antimicrobial proteinaceous molecule , an antifungal pro bacterial cellular material ( s ) , comprises an enzyme 
teinaceous molecule ) , or a combination thereof . " derived ” from Homo sapiens . In another example , a wild 
As used herein a “ proteinaceous molecule , ” proteinaceous 15 type enzyme isolated from an endogenous biological source , 

composition , " and / or " peptidic agent " comprises a polymer such as , for example , a Pseudomonas putida lipase isolated 
formed from an amino acid , such as a peptide ( i.e. , about 3 from Pseudomonas putida , comprises an enzyme " derived ” 
to about 100 amino acids ) , a polypeptide ( i.e. , about 101 or from Pseudomonas putida . In some cases , a biomolecule 
more amino acids , such as about 50,000 or more amino may comprise a hybrid of various sequences , such as a 
acids ) , and / or a protein . As used herein a “ protein ” com- 20 fusion of a mammalian lipase and a non - mammalian lipase , 
prises a proteinaceous molecule comprising a contiguous and such a biomolecule may be considered derived from 
molecular sequence of three amino acids or greater in length , both sources . Other types of biomolecule ( s ) ( e.g. , a 
matching the length of a biologically produced proteina ribozyme , a transport protein , etc. ) may be derived , isolated , 
ceous molecule encoded by the genome of an organism . produced , in a wild - type or a functional equivalent form . In 
Examples of a proteinaceous molecule include an enzyme , 25 other aspects , a biomolecule may be derived from a non 
an antibody , a receptor , a transport protein , a structural biological source , such as the case of a proteinaceous and / or 
protein , or a combination thereof . Examples of a peptide a nucleotide sequence engineered by the hand of man . For 
( e.g. , an inhibitory peptide , an antifungal peptide ) of about example , a nucleotide sequence encoding a synthetic peptide 
3 to about 100 amino acids ( e.g. , about 3 to about 15 amino sequence from a peptide library may be recombinantly 
acids ) . A peptidic agent and / or proteinaceous molecule may 30 produced , and may thus " derived ” from the originating 
comprise a mixture of such peptide ( s ) ( e.g. , an aliquot of a peptide library . 
peptide library ) , polypeptide ( s ) and / or protein ( s ) , and may Advantageously , the selection of a biomolecule for use 
also include materials such as any associated abilizer ( s ) , will depend on the property to be conferred to a nanocapsule 
carrier ( s ) , and / or inactive peptide ( s ) , polypeptide ( s ) , and / or according to the invention . In exemplary embodiments , a 
protein ( s ) . 35 biomolecule may comprise an enzyme , to confer a property 

In some embodiments , a proteinaceous molecule com such as as enzymatic activity to a material formulation ( e.g. , 
prises an enzyme . A proteinaceous molecule that functions a surface treatment , a filler , a biomolecular composition ) . As 
as an enzyme , whether identical to the wild - type amino acid used herein , the term “ enzyme ” refers to a molecule that 
sequence encoded by an isolated gene , a functional equiva possesses the ability to accelerate a chemical reaction , and 
lent of such a sequence , or a combination thereof , may be 40 comprises one or more chemical moiety ( s ) typically synthe 
used . As used herein , a “ wild - type enzyme ” refers to an sized in living organisms , including but not limited to , an 
amino acid sequence that functions as an enzyme and amino acid , a nucleotide , a polysaccharide , a simple sugar , 
matches the sequence encoded by an isolated gene from a a lipid , or a combination thereof . 
natural source . As used herein , a “ functional equivalent " to An enzyme catalyzes a chemical reaction by converting 
the wild - type enzyme generally comprises a proteinaceous 45 substrate ( s ) [ " reactant ( s ) ] into product ( s ) via an enzyme 
molecule comprising a sequence and / or a structural analog substrate complex . The enzyme's catalytic site ( “ active 
of a wild - type enzyme's sequence and / or structure and site " ) , which typically comprises approximately ten amino 
functions as an enzyme . The functional equivalent enzyme acid residues , solvates the reactant ( s ) to form an enzyme 
may possess similar or the same enzymatic properties , such substrate complex . Subsequent dissociation of the enzyme 
as catalyzing chemical reactions of the wild - type enzyme's 50 substrate complex forms product ( s ) and free enzyme upon 
EC classification ; and / or may possess other enzymatic prop conversion . The conformation of the active site is similar to 
erties , such as catalyzing the chemical reactions of an the conformation of the reactant's transition state that forms 
enzyme related to the wild - type enzyme by sequence and / or as the reaction proceeds from reactant ( s ) to product ( s ) ( or 
structure . An enzyme encompasses its functional equivalents vice versa ) . The progression from reactant ( s ) to a transition 
that catalyze the reaction catalyzed by the wild - type form of 55 state is favored by non - covalent stabilization within the 
the enzyme ( e.g. , the reaction used for EC Classification ) . active site via hydrogen bonding and / or electrostatic inter 
For example , the term “ lipase ” encompasses any functional action ( s ) . The binding energy between the enzyme active 
equivalent of a lipase ( i.e. , in the claims , “ lipase ” encom site and the bound intermediate molecule accounts for the 
passes such functional equivalents , “ human lipase ” encom loss of activation entropy as a consequence of reduced 
passes functional equivalents of a wild - type human lipase , 60 translational and rotational motion ( s ) . The three dimensional 
etc. ) that retains lipase activity ( e.g. , catalyzes the reaction : conformation of the enzyme active site promotes the binding 
triacylglycerol + H2O = diacylglycerol + a carboxylate ) , though conformation between the enzyme and the intermediate state 
the activity may be altered ( e.g. , increased reaction rates , of the reaction . Enzymes lower the activation energy pro 
decreased reaction rates , altered substrate preference , etc. ) . portional to the binding energy of the forward and reverse 
Examples of a functional equivalent of a wild - type enzyme 65 reactions . According to exemplary embodiments of the 
are described herein , and include mutations to a wild - type present invention , nanoencapsulated enzyme systems pre 
enzyme sequence , such as a sequence truncation , an amino pared according to the method of the invention allows to 
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maintain the enzyme or enzyme cluster in a natural confine peptide ) which is exogenously expressed ( mRNA or protein 
ment so that the three dimensional conformation of the level ) using recombinant DNA technology . 
enzyme active site and the enzyme activity are preserved . Examples of proteins which may be recombinantly 
An enzyme may function in synthesis and / or degradation , expressed include but are not limited to prokaryotic proteins , 

a catabolic reaction and / or an anabolic reaction , and other 5 eukaryotic proteins ( e.g. , mammalian , plant ) , chimeric pro 
types of reversible reactions . For example , an enzyme teins , viral proteins and peptides . Specific examples include , 
normally described as an esterase may function as an ester but are not limited to , antibodies , hormones , growth factors , 
synthetase depending upon the concentration of the proteases , extra - cellualr matrix proteins ( e.g. , collagen ) , 
substrate ( s ) ( “ reactants ” ) and / or the product ( s ) , such as an enzymes , the infectious bursal disease virus viral protein 
excess of hydrolyzed esters , typically considered the product 10 VPII , Human interferon beta , Human clotting factor , Human 
of an esterase reaction , relative to unhydrolyzed esters , factor X , Human lysosomal enzyme , Human glucocerebro 
typically considered the substrate of the esterase reaction . In sidase , human alpha galactosidase , and Acetyl Choline 
another example , a lipase may function as a lipid synthetase esterase and high mannose proteins [ e.g. , Human Cox - 2 , 
due to a relative abundance of free fatty acid ( s ) and alcohol Human EGF , Human uterine tissue plasminogen activator 
moiety ( s ) to catalyze the synthesis of a fatty acid ester . Any 15 ( TPA ) , Human DNase I , recombinant gp120 , Human tissue 
reaction that an enzyme may be capable of is contemplated , plasminogen activator , Human thyroglobulin ( HTG ) , Human 
such as , for example , a transesterification , an interesterifi CD4 and Human plasminogen ) ] . 
cation , and / or an intraesterification , and the like , being It will be appreciated that other biomolecules can be 
conducted by an esterase . delivered using the teachings of the present invention such 

In the context of a biomolecule or macromolecule , 20 as oligonucleotides which are involved in gene silencing 
" active " or " bioactive ” refers to the effect of a biomolecule ( e.g. , antisense , dsRNA , ribozyme , DNAzyme and the 
or macromolecule ( such as conferring and / or altering a likes ) . 
property ) of a nanoencapsulation system according to the As used herein , the expression “ consists essentially of ” or 
invention . For example , in the case of an enzyme , as used " consisting essentially of ” means that additional compo 
herein , the term “ bioactive ” or “ active ” refers to the ability 25 nents than those that are recited can be present , provided that 
of the enzyme to accelerate a chemical reaction differenti the additional components , or the amounts of additional 
ating such activity from a like ability of a composition , an components , provided that the basic and novel characteris 
article , a method , etc. that does not comprise an enzyme to tics of the invention are not materially affected . For example , 
accelerate a chemical reaction . as used herein , the term “ consisting essentially of ” , with 

In exemplary embodiments , an enzyme may comprise a 30 respect to the components of a nanoencapsulated bioactive 
simple enzyme , a complex enzyme , or a combination macromolecule or bioactive macromolecule cluster compo 
thereof . As used herein , a “ simple enzyme ” comprises an sition , means the composition contains the recited compo 
enzyme wherein a chemical property of one or more nents , and may contain additional components provided that 
moiety ( s ) found in its amino acid sequence produces enzy the additional components do not alter the encapsulated 
matic activity . As used herein , a “ complex enzyme ” com- 35 bioactive macromolecule or bioactive macromolecule clus 
prises an enzyme whose catalytic activity functions when an ter's ability to carry out its intended biological function upon 
apo - enzyme combines with a prosthetic group , a co - factor , disintegration of the silica capsule shell . For example , as 
or a combination thereof . An “ apo - enzyme ” comprises a used herein , the term “ consisting essentially of ” , with 
proteinaceous molecule and may be relatively catalytically respect to the components of a nanoencapsulated bioactive 
inactive without a prosthetic group and / or a co - factor . As 40 macromolecule or bioactive macromolecule cluster compo 
used herein , a “ prosthetic group ” or “ co - enzyme ” comprises sition , excludes surfactants capable of forming stable lipo 
a non - proteinaceous molecule that may be attached to the somes ( typically surfactants whose packing parameter is 
apo - enzyme to produce a catalytically active complex between 1/2 to 1 , like for example phospholipids ( such as 
enzyme . As used herein , a “ holo - enzyme ” comprises a lecithin ) ) within hollow core of the nanocapsule . 
complex enzyme comprising an apo - enzyme and a co- 45 
enzyme . As used herein , a “ co - factor ” comprises a molecule DETAILED DESCRIPTION OF CERTAIN 
that acts in combination with the apo - enzyme to produce a PREFERRED EMBODIMENTS OF THE 
catalytically active complex enzyme . In some aspects , a INVENTION 
prosthetic group comprises one or more bound metal atoms , 
a vitamin derivative , or a combination thereof . Examples of 50 The present invention encompasses methods and compo 
a metal atom that may be used in a prosthetic group and / or sitions for the administration of biologically active macro 
a co - factor include Ca , Cd , Co , Cu , Fe , Mg , Mn , Ni , Zn , or molecules which can be used for diagnostic , cosmetic , 
a combination thereof . Usually the metal atom comprises an prophylactic or therapeutic purposes . 
ion , such as Ca2 + , Cd2 + , Co2 + , Cu2 + , Fe + 2 , Mg2 + , Mn2 + , In this context , there is provided herein novel core / shell 
Ni2 + , Zn * ?, or a combination thereof . As used herein , a 55 hybrid organosilica materials , for example in the form of 
“ metalloenzyme ” comprises a complex enzyme comprising nanoparticles / nanocapsules , whose shell framework con 
an apo - enzyme and a prosthetic group , wherein the pros tains Si adjacent sites covalently bound via a responsively 
thetic group comprises a metal atom . As known herein , a cleavable linker . 
“ metal activated enzyme ” comprises a complex enzyme 1 ) General Description of Core / Shell Hybrid Organosilica 
comprising an apo - enzyme and a co - factor , wherein the 60 Materials of the Invention 
co - factor comprises a metal atom . In one aspect , there is provided a nanoencapsulated bio 
As used herein the phrase “ systemically delivering ” refers active macromolecule or bioactive macromolecule cluster , 

to providing organs ( internal or external ) of the body via the consisting essentially of : 
blood circulation . ( a ) a disintegratable nanocapsule having a core / shell 
As used herein the phrase “ recombinant biomolecule " 65 structure , wherein the shell of said nanocapsule is made 

refers to a polynucleotide , an oligonucleotide , a polypeptide of hybrid organosilica material comprising a three 
or a peptide ( such as a peptide fragment of a larger poly dimensional framework of Si – O bonds , wherein at 
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least a subset of Si atoms in the material's framework starting material ( X ) 3Si - R ? —L - R2_Si ( X ) ; used to syn 
are connected to at least another Si atom in the frame thesize the hybrid organosilica material nanocapsule accord 
work through a linker having the following structure : ing to the invention . This % doping also reflects the contents 

of responsively cleavable covalent bond L in the hybrid * _R — L - R2_ * ; 5 organosilica shell . The higher the % doping , the higher the 
wherein : content of linker L in the hybrid organosilica material , and 

each occurrence of * denotes a point of attachment to a Si the greater the ability of the resulting hybrid organosilica 
atom in the material's framework ; nanocapsule to undergo complete structural breakdown , 

L represents a responsively cleavable covalent bond , and suitable for the intended applications . 
R and R2 independently represent an optionally substi- 10 Advantageously , the subset of silicon atoms in the nano 

tuted C1-20alkylenyl moiety , an optionally substituted capsule shell material's framework that are connected to the 
C1-20heteroalkylenyl moiety , an optionally substituted linker * R1 - L - R2- * , may range anywhere from 30 % to 
ethylenyl moiety , C = C or an optionally substituted 100 % of the silicon atoms present in the hybrid organosilica 
phenyl moiety , wherein the C1-20alkylenyl , C1-20het material . For example , the subset of silicon atoms in the 
eroalkylenyl or ethylenyl moiety may bear one or more 15 material's framework that are connected to the linker 
substituents selected from halogen or OR where R * -R1 - L - R2- * , may range from 30 % to 100 % , from 30 % to 
may represent H or C1-6alkyl , and the phenyl moiety 90 % , from 30 % to 80 % , from 30 % to 70 % , from 30 % to 
may bear one or more substituents independently 60 % ; from 30 % to 50 % , from 30 % to 40 % , of the silicon 
selected from halogen , C1-6alkyl , — NO2 , CN , iso atoms present in the hybrid organosilica material of the 
cyano , ORP , N ( R ) wherein each occurrence of 20 invention . The final % doping of the hybrid organosilica 
RP independently represents H or C1-6alkyl ; and material will depend on the respective molar ratios of 

( b ) a bioactive macromolecule or bioactive macromol starting materials ( X ) Si - RI - L - R2 — Si ( X ) ; and Si ( X4 ) 
ecule cluster encapsulated within said nanocapsule . used in the synthesis of the material ( cf. section dealing with 

Advantageously , the bioactive macromolecule or bioac synthetic process , later in the present document ) . When no 
tive macromolecule cluster encapsulated within the nano- 25 Si ( X4 ) 4 is used in the preparation of the material , a doping 
capsule is in active conformation ( i.e. , in a biologically of 100 % will be reached ( i.e. , only ( X ) 2Si - R1 - L - R2 — Si 
active form ) . ( X ) ; is used as silicon source ) . 

Advantageously , the bioactive macromolecule or bioac Advantageously , for a slower and more controlled desin 
tive macromolecule cluster encapsulated within the nano tagrability / degradability of the hybrid organosilica material , 
capsule is in undenatured state . 30 the subset of silicon atoms in the material's framework that 

Advantageously , the bioactive macromolecule or bioac are connected to the linker * R1 - L - R2- * , may be in the 
tive macromolecule cluster encapsulated within the nano lower % range ; for example from 30 % to 35 % , from 30 % to 
capsule remains in a folded position and retains an active -0 % , from 30 % to 45 % , from 30 % to 509 of the silicon 
conformation . atoms present in the hybrid organosilica material of the 

Advantageously , the nanocapsule having a core / shell 35 nanocapsule shell . Advantageously , the subset of silicon 
structure encapsulating the bioactive macromolecule or bio atoms in the material's framework that are connected to the 
active macromolecule cluster encapsulated within , does not linker * R1 - L - R2- * , may range from 30 % to 40 % , pref 
encapsulate a micellar phase in its inner core . Advanta erably about 30 % . 
geously , it does not encapsulate a phospholipid bilayer Advantageously , for a faster desintagrability / degradabil 
micellar phase . 40 ity of the hybrid organosilica material of the nanocapsule 

Advantageously , the nanocapsule having a core / shell shell , the subset of silicon atoms in the material's framework 
structure encapsulating the bioactive macromolecule or bio that are connected to the linker * R1 - L - R2- * , may be in the 
active macromolecule cluster encapsulated within , does not higher % range ; for example from 55 % to 60 % , from 55 % 
encapsulate surfactants in its inner core . In particular , it does to 65 % , from 55 % to 70 % , from 55 % to 75 % , from 55 % to 
not encapsulate surfactants capable of forming stable lipo- 45 80 % , from 55 % to 85 % , from 55 % to 90 % , from 55 % to 
somes , such as surfactants whose packing parameter ( P ) is 95 % , from 55 % to 100 % , of the silicon atoms present in the 
between 1/2 to 1 , where P is defined as : hybrid organosilica material of the nanocapsule shell . 

Advantageously , in the linker * _R - L - R2_ " , each 
P = v ( a - 1 ) , where occurrence of Rl and R2 may be identical . 

v represents the volume of the hydrocarbon portion of the 50 Advantageously , in the linker * _R1–1 - R2_ * , R1 and 
surfactant molecule R ? may be any organic radical from any commercially 

a represents the effective area of the polar head group available silylated derivative suitable for sol - gel chemistry . 
1 represents the length of the hydrocarbon chain of the For example , R ' and R may independently represent 

surfactant molecule ( e.g. , the length of the lipid tail CH , CH 3— - ( CH2 ) 2- , ( CH2 ) 2- , ( CH2 ) 4 , or phe 
when the surfactant is a phospholipid ) . 55 nyl . 

Advantageously , the nanocapsule having a core / shell Advantageously , R1 and R2 may be identical and may 
structure does not encapsulate a phospholipid together with each represent CH , – ( CH2 ) 2- , ( CH ) 3— , , 
the bio active macromolecule or bioactive macromolecule ( CH ) 44 , or phenyl . 
cluster , for example lecithin . Advantageously , the substituent ( s ) on Rl and R ? may be 

Advantageously , the amount of linker L within the hybrid 60 suitably selected to facilitate the cleavage of the respon 
organosilica material may be selected to effected a desired sively cleavable linker L when an external signal / stimulus is 
disintegration speed of the nanocapsule . This will be applied ( e.g. , a change in pH ( either an increase or decrease ) , 
referred as the “ % doping ” of the hybrid organosilica a change in redox potential , the presence of reduction or 
material . For example , the hybrid organosilica material may oxidation agent , the presence of UV light or near infrared 
be “ at least 30 % doped ” . As used herein , “ x ” in the expres- 65 light , an enzymatic cleavage , a change in temperature , etc. ) . 
sion “ x % doped ” is calculated based on the % of metal For example , the substituent ( s ) on R1 and R ? may be selected 
centers in the organosilica material that comes from the based on their electron - withdrawing or — donating proper 
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ties , to facilitate the cleavage of the linker moiety . For phenyl moiety . Advantageously , Rº may bear a substituent 
example , for illustrative purposes , when L may be an imine that allows further functionalization of the hybrid organo 
bond and R , and / or R , may be a phenyl group , the phenyl silica nanocapsule shell , or posses a functionality that 
group may bear a nitro group to make the imine bond more imparts desired characteristics . For example , the substitu 
reactive ( i.e. , more responsive to cleavage upon application 5 ents on the phenyl , alkyl , alkenyl , alkynyl , heteroalkyl , 
of a suitable stimulus ) . heteroalkenyl and heteroalkynyl moieties may be indepen One advantageous aspect of this invention resides in the dently selected from halogen , —NO2 , —CN , isocyano , C1-6 simple , yet compelling , underlying concept : namely a pre alkoxy , an oxirane / epoxyde moiety , -N ( R ) , wherein each cursor having one the following structures : occurrence of R is independently selected from H or 

( X ) 3Si – R ? —L - R2 — Si ( X ) 3 ; C1-6alkyl . Organic / inorganic hybrid Si - based framework 
wherein L , R ' , and R2 are as defined above , is chemically materials are well - known in the literature , as well as meth 
inserted within the framework of the hybrid organosilica ods for their preparation . ( See for example , J. Pyun , S. Jia , 
nanocapsule shell via sol - gel chemistry . In the above , X may T. Kowalewski , G. D. Patterson , K. Matyjaszewski , Mac 
represent a hydrolysable or nonhydrolyzable group , pro- 15 romolecules , 2003 , 36 , 5094-5104 ; [ 3 ] C. Sanchez , B. 
vided that on each occurrence of Si , at least one occurrence Julian , P. Belleville , M. Popall , J. mater . Chem . 2005 , 15 , 
of X represents a hydrolysable group . 3559-3592 ; [ 4 ] S. R. Hall , S. S. Davis , S. Mann , Langmuir , 
When X represents a hydrolysable group , it may be 2000 , 16 , 1454-1456 [ 5 ] ; Inagaki , S .; Guan , S .; Ohsuna , T .; 

selected from a C1-6 alkoxy , C1-6 acyloxy , halogen or Terasaki , O. Nature 2002 , 416 , 304-307 [ 6 ] ; Asefa , T .; 
amino moiety . Advantageously , when X represents a hydro- 20 MacLachlan , M. J .; Coombs , N .; Ozin , G. A. Nature 1999 , 
lysable group , X may represent C1 , OMe , OEt , — OiPr 402 , 867-871 . [ 7 ] These methods may be readily adapted to 

OtBu . the present hybrid organosilica nanocapsule shell , by using 
When X represents a nonhydrolyzable group , it may be a ( X ) 2SiR ? —L - R2_Si ( X ) ; precursor as defined above 

selected from an optionally substituted C1-20 alkyl , C2-20 and herein , in the sol - gel synthetic process . 
alkenyl or C2-20 alkynyl moiety , an optionally substituted 25 Advantageously , the hybrid organosilica nanocapsule 
C1-20 heteroalkyl , C2-20 heteroalkynyl or C2-20 het shell may be in the form of nanoparticles . For example , the 
eroalkynyl moiety , or an optionally substituted phenyl moi hybrid organosilica nanocapsule shell according to the 
ety , wherein the substituents on the phenyl , alkyl , alkenyl , invention may have a diameter from 1 to 999 nanometers , 
alkynyl , heteroalkyl , heteroalkenyl and heteroalkynyl moi preferably from 1 to 500 nm , more preferably from 1 to 250 
eties may be independently selected from halogen , -NO2 , 30 nm and most particularly from 1 to 100 nm . Advantageously , 
CN , isocyano , C1-6 alkoxy , an oxirane / epoxyde moiety , the hybrid organosilica nanocapsule shell according to the 
-N ( R ) 2 wherein each occurrence of R is independently invention may have a diameter from 25 to 500 nm , prefer 

selected from H or C1-6 alkyl . ably from 25 to 200 nm , preferably from 40 to 90 nm , 
Advantageously , when X represents a nonhydrolyzable preferably from 40 to 80 nm . 

group , X may represent C1-6 alkyl or C2-6 alkenyl ; pref- 35 Advantageously , the hybrid organosilica nanocapsule 
erably - Me , Et or — CH = CH2 ; most preferably Me shell may be in the form of nanoparticles dispersed in a 

-Et . solvent . The solvent may be that used in the synthesis of the 
The insertion of the responsively cleavable linker within material . 

the framework of the hybrid organosilica nanocapsule shell In yet another aspect , the present invention relates to the 
is performed during the synthesis of the hybrid organosilica 40 preparation of nanoparticulate systems for administering , 
nanocapsule shell itself , no additional step is required , if not among others , biologically active macromolecules . 
the preparation of the required ( X ) , Si – R ? —L - R — Si ( X ) In the present invention , the term " nanoparticles ” or 
precursor , which may also be carried out in situ . It is then “ nanocapsules ” refers to stable structures having homog 
important to choose the correct ( X ) 3M - R - L - R2 - M2 ( X ) ; enous , reproducible and modulable characteristics that can 
precursor in order to obtain the desired self - destructive 45 be perfectly differentiated from self - assembled systems . 
behavior in the final operational environment . Advantageously , the nanoparticles of the system of the 

Advantageously , the hybrid organosilica nanocapsule invention have an average particle size of less than 1 mm , 
shell may be a hybrid material . The hybrid organic / inorganic i.e. , they have an average size of between 1 and 999 nm , 
nature of the shell is naturally conferred by the presence of preferably of between 25 and 200 nm , most preferably 
the organic moiety * _R ? —L — R2_ * However , other 50 between 40 and 80 nm . The average particle size is mainly 
organic moieties may be introduced in the hybrid organo influenced by the composition and the conditions for particle 
silica nanocapsule shell by conventional sol - gel chemistry formation . 
methods known in the art . For example , the use of a The term “ average size ” is understood as the average 
R_Si ( R4 ) ; precursor , wherein R is a nonhydrolyzable diameter of the nanoparticle population of the invention . The 
organic moiety bound to Si via a carbon atom , and each 55 average size of these systems can be measured using stan 
occurrence of R * is independently a hydrolysable group . By dard methods known by the person skilled in the art . 
" nonhydrolyzable organic moiety ” is meant an organic moi In addition , the nanoparticles may have an electric charge 
ety that is not cleaved from the metal Si during the sol - gel ( measured by means of the Z potential ) , the magnitude of 
process leading to the hybrid organosilica nanocapsule shell . which advantageously have negative values , which denotes 
Conversely , by “ hydrolyzable group ” is meant a radical that 60 that the outer surface of the particles is ade of silica and that 
is hydrolyzed ( cleaved from the metal Si ) during the sol - gel the encapsulated bioactive macromolecules or macromol 
process leading to the hybrid organosilica nanocapsule shell . ecule clusters do not protrude on the surface of the nano 
Typically , R4 may be a C1-6 alkoxy , C1-6 acyloxy , halogen capsule . In a particular embodiment of the invention , the 
or amino group . R3 may be an optionally substituted C1-20 nanoparticles have a negative charge ranging between -9.0 
alkyl , C2-20 alkenyl or C2-20 alkynyl moiety , an optionally 65 and 30.0 mV , preferably between -9.0 and -20.0 mV . 
substituted C1-20 heteroalkyl , C2-20 heteroalkynyl or The zeta potential of the particle of the systems of the 
C2-20 heteroalkynyl moiety , or an optionally substituted invention can be measured using standard methods known 

or 
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by the person skilled in the art which are described , for etc. .... The following Table 1 gives examples of cleavage / 
example , in the experimental part of the present specifica degradation triggering means for each of the aforementioned 
tion . types of responsively cleavable linkers : 

Advantageously , the bioactive macromolecule may be 
selected from the group consisting of proteins , enzymes , TABLE 1 
oligonucleotides , antibodies , peptides , PNA , DNA , RNA , L Exemplary Triggers and gene fragments . 

Proteins : fluorescence protein family such as GFP , RFP ; Reducing agents ( e.g. , NaBH4 , dithiothreitol 
Cytotoxic proteins such as : TRAIL / APO - 2L , Onconase , ( DTT ) , glutathione ) 

Diselenide Reducing agents ( e.g. thiols , metal complexes ) Ricin , Parasporin ; Therapeutic proteins : Insulin Family , Ester pH , enzymatic cleavage ( e.g. esterase ) [ 8 ] 
Angiopoietin family , Coagulation factor proteins , Dystro Amide Enzymatic cleavage ( e.g. amidase ) [ 9 ] 

Imine phin , HIV antigen , Hepatitis C antigen . pH 
Acetal / ketal ?? Enzymes : RNAase , Hyaluronidase , Lysosomal enzyme Anhydride pH 

acid alpha - glucosidase , Galactosidase , Glucocerebrosidase , Urea / thiourea Enzymatic cleavage ( e.g. urease ) [ 10 ] 
Streptokinase , Urokinase , Altepase , Thymidine kinase , cyto Hydrazone 

Oxyme pH 
sine deaminase Boronic acid ( complexed pH , sugars 

Oligonucleotides : DNA ( Deoxyribonucleic acid ) , RNA with diols ) 
( Ribo Nucleic acid ) , PNA ( Peptide Nucleic acid ) , LNA Boronic esters pH , reducing agents ( e.g. , LiAlH4 ) 
( Locked Nucleic Acid ) 

Proteins for cosmetic : Botulinum toxin protein family , 2 ) Synthetic Overview : 
Elastin , Collagen , Keratin , Calcitonin , Silk proteins , In yet another aspect , there is provided a method for 

Antibodies : Trastuzumab , Bevacizumab , Cetuximab , producing a new class of nanocomposite materials so called 
Mylotarg , Alemtuzumab , Rituximab , Brentuximab disintegratable hybrid organosilica core / shell nanocapsules . 
Other macromolecules : Sugars , polypeptide , 25 This new class of materials includes organometaloxide Advantageously , L may be any moiety that contains a framework systems in whose framework a precursor having 

responsively cleavable covalent bond , which can be cleaved one of the following structures : 
upon exposure to a determined stimulus . Advantageously , L 
may represent a responsively cleavable covalent bond ( X ) 3Si – R — L - R2_Si ( X ) 3 ; 
selected from : 30 wherein L , R ' , and R² are as defined above , has been 

chemically inserted via conventional sol - gel chemistry . 
Thus , in one aspect , there is provided a method of 

preparing nanoencapsulated bio active macromolecules by 
covalently introducing a preselected precursor ( general 

35 structure ( X ) , Si – R ? —L - R2 — Si ( X ) 3 ) with a responsively 
Disulfide Diselenide Anhydride cleavable linker , as defined herein , in the framework of the 

material itself . As such , the resulting core / shell nanocapsules 
present controlled self - destructive behavior in the environ 
ment where it is intended to perform its activity . The 

40 controlled self - destructive behavior is a property that pro 
vides numerous avenues of important applications for such 
core / shell systems , ranging from medical to cosmetics . 
The practitioner has a well - established literature of orga 

nometaloxide materials chemistry to draw upon , in combi 
45 nation with the information contained herein , for guidance 

on synthetic strategies , protecting groups , and other mate Acetal / ketal Urea Thiourea rials and methods useful for the synthesis of the disintegrat 
able materials of this invention . 
General Synthetic Methods Hydrazone Oxyme Advantageously , the method may comprise steps of : 

a ) Producing a water - in - oil emulsion from ( i ) a solution of 
a suitable surfactant and alcohol in a suitable organic 
solvent , and ( ii ) an aqueous solution of a bioactive 
macromolecule or bioactive macromolecule clusters , a Boronic acid silane precursor Si ( X4 ) 4 and a selected precursor hav derivatives 
ing the structure ( X ) 2Si - R ? —L - R2 — Si ( X ) 3 ; 

b ) Stirring the water - in - oil emulsion obtained in step a ) 
Preferably , L may represent a responsively cleavable under alkaline conditions ; thereby coating the bio 

covalent bond selected from disulfide , diselenides , imine , active macromolecule or bioactive macromolecule 
amide , ester , urea , or thiourea . clusters with an organosilica sol - gel mixture obtained Advantageously , the cleavage / degradation of the linker by hydrolysis - condensation of silicon alkoxide ; and 

R1 - L?R ? may be triggered by any suitable means . c ) Adding a suitable organic solvent , thereby precipitating 
For example , it may be a change in pH ( either an increase the nanoencapsulated bio active macromolecules or 
or a decrease ) , a change in redox potential , the presence of bioactive macromolecule clusters : 
reduction or oxidation agent , application of UV , visible or 65 wherein : 
near infrared light , ultrasounds , electromagnetic radiation , a each occurrence of X and X4 independently represents a 
change in temperature , enzymatic cleavage , DNA binding , hydrolysable or nonhydrolyzable group , provided that 
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on each occurrence of Si of the precursor ( X ) 3 Si macromolecule or bioactive macromolecule clusters and get 
R ? —L - R2_Si ( X ) 3 , at least one occurrence of X rep eventually coated with the hybrid organosilica shell in step 
resents a hydrolysable group , and at least two occur b ) . The micelles formed in step a ) essentially form a “ nano 
rences of X4 in the the precursor Si ( X4 ) 4 independently capsule precursor ” , which forms a spherical wall / template 
represent a hydrolysable group ; wherein ( i ) when X or on the inner surface of which the disintegratable organo 
X4 represents a nonhydrolyzable group , it may be silica shell forms in step b ) . Thus , at the end of the process 
selected from an optionally substituted C1-20alkyl , ( after step c ) , the surfactant micelles are dispersed , leaving 
C2-20alkenyl or C2-20alkynyl moiety , an optionally instead a disintegratable organosilica shell fully encapsulat 
substituted C1-20heteroalkyl , C2-20heteroalkynyl or ing the bioactive macromolecule or bioactive macromol C2-20heteroalkynyl moiety , or an optionally substi- 10 ecule clusters . See FIG . 24 . 
tuted phenyl moiety , wherein the substituents on the phenyl , alkyl , alkenyl , alkynyl , heteroalkyl , heteroalk Advantageously , the aqueous medium used in step a ) to 
enyl and heteroalkynyl moieties may be independently prepare the aqueous solution of a bioactive macromolecule 
selected from halogen , —NO2 , CN , isocyano , or bioactive macromolecule clusters may be any suitable 
C1-6alkoxy , an oxirane / epoxyde moiety , N ( R ) , 15 aqueous medium in which the bioactive macromolecule or 
wherein each occurrence of R is independently selected bioactive macromolecule clusters remain in a folded posi 
from H or C1-6alkyl ; and ( ii ) when X or X4 represents tion , in an undenatured state , and retains an active confor 
a hydrolysable group , it may be selected from a mation . 
C1-6alkoxy , C1-6acyloxy , halogen or amino moiety ; Advantageously , a minimum of 30 % molar ratio ( based L represents a responsively cleavable covalent bond ; and 20 on the silicon centers ) of ( X ) 2Si - R ? —L - R2_Si ( X ) ; to R1 and R2 independently represent an optionally substi 70 % of Si ( X4 ) , precursor may be used . Because ( X ) 3 Si tuted C1-20alkylenyl moiety , an optionally substituted R ? —L - R2 — Si ( X ) z is bivalent ( i.e. , because this precursor C1-20heteroalkylenyl moiety , an optionally substituted 
ethylenyl moiety , C = C contains two metal atoms per cleavable bond L ) , the ratio or an optionally substituted phenyl moiety , wherein the C1-20alkyleny1 , C1-20het- 25 0.15 eq ( X ) 3Si – R ? —L - R2 - Si ( X ) 3 / 0.70 eq Si ( X4 ) , means 
eroalkylenyl or ethylenyl moiety may bear one or more that the Si atoms from ( X ) 2Si - R ? —L - R2_Si ( X ) 3 will 
substituents selected from halogen or OR where R represent 30 % of the metal centers in the resulting hybrid 
may represent H or C1-6alkyl , and the phenyl moiety organosilica nanocapsule shell material ( i.e. , 30 % doping ) . 
may bear one or more substituents independently For a doping of 100 % , ( X ) 2Si - R ' - L - R2_Si ( X ) , may be 
selected from halogen , C1-6alkyl , -NO2 , CN , iso- 30 used as the only source of silicon ( i.e. , no Si ( X4 ) 4 is used ) . 
cyano , ORP , -N ( R ) , wherein each occurrence of For exemplary ratios of equivalents ( X ) Si - R ' - L - R2 - Si 
RP independently represents H or C1-6alkyl . ( X ) 3 / Si ( X4 ) 4 to reach a variety of % doping 230 % , see Table 

1A . Advantageously , in step c ) , the nanoencapsulated bioac 
tive macromolecules or bioactive macromolecule clusters The following Table 1A describes exemplary ratios of 
that precipitates out are encapsulated in disintegratable 35 equivalents ( X ) Si - R ? —L - R2_Si ( X ) z / Si ( X4 ) , to reach 
hybrid organosilica core / shell nanoparticles according to the the desired % doping ( which is at least 30 % ) : 

TABLE IA 

Si ( X4 ) 4 ( X ) 3Si – R ? —L — R_S ( X ) ; ( X ) 3Si – R ? —L — R2_Si ( X ) 3 % doping 
0.70 eq . 
0.60 eq . 
0.50 eq . 
0.40 eq . 
0.30 eq . 
0.20 eq . 
0.10 eq . 

0.30 eq . 
0.40 eq . 
0.50 eq .. 
0.60 eq . $ 
0.70 eq . I. 
0.80 eq . I 
0.90 eq ... 

1 eq . I 

0.15 eq . II 
0.20 e . 
0.25 eq . I. 
0.30 eq ... 
0.35 eq ... 
0.40 eq . $ 1 . 
0.45 eq . I. 
0.5 eq . $$ 

30 % 
40 % 
50 % 
60 % 
70 % 
80 % 
90 % 
100 % 

fequiyalents expressed in terms of silicon atoms introduced by the bivalent starting material ( X ) 3Si – R ? 
L - R — Si ( X ) 3 in the final hybrid organosilica material making up the nanocapsule shell . 
#tequivalents expressed in terms of responsively cleavable bond L introduced by the bivalent starting material ( X ) 3Si – R -L - R ? —Si ( X ) 3 in the final hybrid organosilica material making up the nanocapsule 
shell . 

present invention , wherein the bioactive macromolecule ( s ) The reaction conditions may be modulated , depending on 
within the nanocapsule is / are in an active conformation ( i.e. , the eq . ratios ( X ) , Si – R ' - L - R2_Si ( X ) z / Si ( X4 ) 4 used . 
in a biologically active form ) . Advantageously , the bioactive 55 From the general knowledge in the field of organometalox 
macromolecule or bioactive macromolecule cluster encap ide chemistry , the practitioner will readily know how to 
sulated within the nanocapsule is in undenatured state . adjust suitable reaction conditions , for example the type of 
Advantageously , the bioactive macromolecule or bioactive solvent used to effect the reaction depending on the respec 
macromolecule cluster encapsulated within the nanocapsule tive solubilities of the selected ( X ) 3SiR - L - R2_Si ( X ) ; 
remains in a folded position and retains an active confor- 60 and Si ( X4 ) 4 . 
mation . In an effort to avoid unnecessary repetitions , and for 

Advantageously , the nanocapsule does not encapsulate a concision purposes , every single variant and embodiments 
micellar phase in its inner core . Advantageously , it does not described above in section 1 ) with respect to variables Ri , 
encapsulate a phospholipid bilayer micellar phase . R2 , L , X , the precursor ( X ) ; Si R ? —L - R2 — SiX ) 3 ; % dop 

Without wishing to be bound by any particular theory , it 65 ing ; as well as the linkers * _R — L —- R2 are applicable 
is proposed that in step a ) , the surfactant forms micelles , mutatis mutandis to the synthetic method described imme 
which act as “ nanoreactors ” encapsulating the bioactive diately above . 
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It will be appreciated that the exemplary responsively group ; in other word , at least one occurrence of X4 may by 
cleavable linkers described herein are for purposes of illus substituted with a substituent bearing an organic functional 
trating and are not in any way meant to limit the scope of the group , such that it allows further functionalization . Using 
present invention . Other responsively cleavable linkers the alkoxysilane , it is possible to form a silica framework out 
based on the same concept may also be used . The reader will 5 of alkoxysilyl groups while disposing organic functional 

groups on the surfaces of the materials . It is further possible know how to adapt the teachings described herein , and the to give suitable properties to the disintegratable core / shell Examples for suitable synthetic approaches for these other silica particles by chemically modifying the organic func 
linkers . tional group with other organic molecules or the like . 

Advantageously , in step b ) a pH adjusting agent may be Functionalized organosilane chemistry is well known , and 
used to modulate the pH to the desired value . As the the reader may refer to the following citations for illustrative 
pH - adjusting agent , there can be mentioned , for example , synthetic guidance that may be readily adapted in the 
acids such as sulfuric acid , hydrochloric acid and the like ; context of the present invention . [ 2 ] 
and alkalis such as sodium hydroxide , ammonia and the like . Advantageously , the surfactant may be a cationic surfac 
Advantageously , in the case of disintegratable hybrid tant , an anionic surfactant , a non - ionic surfactant ; preferably 
organosilica nanocapsules according to the present inven a nonionic surfactant such as a surfactant that has a hydro 
tion , the pH of the reaction system may be preferably philic polyethylene oxide chain and an aromatic or linear 
adjusted to 0 to 5 , most preferably 1 to 5 , when an acid agent hydrocarbon liphophilic , diblock or triblock copolymer from 
is used , and to 8 to 14 , most preferably , 8 to 13 , when an polyethylene oxide and polypropylene oxide , preferably a 
alkaline agent is used . nonionic surfactant such as Triton® , Brij® , Pluronic® . 

The resulting nanocapsule systems are hence able to Advantageously , the surfactant is such that it is not 
respond to a specific trigger ( e.g. , chemical , physical or capable of forming stable liposomes . Preferably , the surfac 
enzymatic stimulation ) , by undergoing a structural break tant may have a packing parameter ( P ) outside the range 1/2 
down . This property leads to an improved material with to 1. Advantageously , phospholipids , such as lecithin , are 
bioactive macromolecule stabilization / protection ability , excluded as surfactants useable in the context of the present 
which confers the nanocapsule systems with great potential invention . 
for a variety of applications including medical diagnostics , Because certain silane precursors Si ( X4 ) 4 like TEOS are 
bioremediation , environmental clean - up , biocatalysis , and not soluble in water alone , a co - solvent , preferably ethanol , 
protein delivery , to name a few . Indeed , the unusual behavior may be added . Other solvent such as methanol or DMF can 
of the nanocapsule systems according to the invention be used . Advantageously , the solvent system comprises an 
confers them an enhanced biodegradability , reducing larger alcohol , such as methanol , ethanol , propanol , isopropanol , 
particles into smaller , more easily hydrolysable , and conse n - butanol , tert - butanol , hexanol and the like . Advanta 
quently less harmful fragments . This in turn reduces the geously , the solvent system comprises hexanol due to its 
persistence phenomenon of the materials in their working medium size aliphatic chain and thus its amphiphilic nature . 
environment , consequently reducing accumulation risks , The thickness of the core / shell silica nanocapsules may be 
and purification / removal costs . In addition , their enhanced controlled by varying the type , the quantity and concentra 
disintegratability allows for controlled release of their con tion of silica precursor and organosilica precursor , by con 
tents ( bioactive macromolecule ) at the desired site of deliv trolling reaction temperature , and by adjusting the reaction 
ery . time . 

Advantageously , Si ( X4 ) , may represent any Si source The mixing ratio of the silica precursors Si ( X4 ) 4 and 
suitable for carrying out sol - gel organosilica framework ( X ) 3Si - RP L - R2 — Si ( X ) z to the surfactant is not particu 
synthesis , for example , colloidal silica , sodium silicate , larly limited , but a molar ratio of 3 : 1 is preferred . 
silicon alkoxides , tetramethylammonium silicate and tetra Advantageously , the linker may comprise a disulfide bond 
ethylorthosilicate ( TEOS ) and the like . Advantageously , S - S— ) , a peptide bond , imine bond 
M ( X4 ) 4 may represent a tetraalkoxysilanes such as tetram N = CH- ) , as responsively cleavable bond or moiety . 
ethoxysilane , tetraethoxysilane and tetrapropoxysilane , Advantageously , the precursor having the structure 
preferably tetraethoxysilane ( TEOS ) . ( X ) 2Si - RI L - R2 - Si ( X ) ; may be produced in situ . For 

Advantageously , the silane precursor Si ( X4 ) 4 may pref example , a general synthetic approach for in situ generation 
erably contain an alkoxysilane having an organic functional of the precursor is depicted in Scheme 1 below : 
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TABLE 2 Exemplary synthetic conditions for preparing core / shell hybrid organosilica nanocapsules according to the invention 

Exemplary Sol - gel conditions 

Responsively cleavable linker 

Exemplary strategy 

Exemplary starting materials 

L = —SS 

Commercially available linker . 

( EtO ) 3Si 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) 
( X ) 3Si – R ? —L — R2_Si ( X ) z 

23 

Si ( OET ) 3 

L = —Se Se 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , DMF , etc. ) ( X ) 3M - R — L — R2 – M2 ( X ) 3 

Synthesis of a 

diselenide functionalized with 2 functional groups ( e.g. double bonds ) reactable with a silane source ( e.g. 
HSI ( OET ) 3 ) . 

US 10.821,082 B2 

Se 

+ HS? ( OET ) 3 

24 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) ( X ) zSi R — L - R2_Si ( X ) 3 

L = -C ( O ) O- Synthesis of an ester 

functionalized with 2 functional groups ( e.g. double bonds ) 
reactable with a silane source ( e.g. 

HSI ( OET ) 3 ) . 

OH + 

+ HSi ( OET ) 3 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) ( X ) 2Si — R —L — R2 Si ( X ) 3 

L = -C ( = O ) NH— Bis - carboxylic acid molecule 

derivatized with a silane source ( e.g. 

APTES ) . 

OH + ( EtO ) 3Si . 

NH2 ( 2 eq . ) 

HO 



TABLE 2 - continued 
Exemplary synthetic conditions for preparing core / shell hybrid organosilica nanocapsules according to the invention 

Exemplary Sol - gel conditions 

Responsively cleavable linker 

Exemplary strategy 

Exemplary starting materials 

L = —NSCH 

( EtO ) 3Si 

NH2 + ( EtO ) zSi . 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) ( X ) , Si – R ? —L 

R2_Si ( X ) 3 

Condensation of an aldehyde ( e.g. 
4- ( triethoxysilyl ) butanal ) 

and an amino - derivatized silane ( APTES ) . 

25 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) ( X ) 3Si — R ? —L - R2 - S? ( X ) 3 

L = -Acetal / ketal Synthesis of acetals functionalized 

with 2 functional groups ( e.g. double bonds ) reactable with a 
silane source ( e.g. HSi ( OEt ) 3 ) . 

X 

+ HS? ( OET ) 3 

L = -Anhydride 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) 
( X ) 3Si – R ? —L — R2_Si ( X ) 3 

Synthesis of an anhydride functionalized with 2 functional groups ( e.g. double bonds ) reactable with a 
silane source ( e.g. HS? ( OEt ) 3 ) . 

+ HSi ( OET ) 3 

( EtO ) Si 

NCO + ( EtO ) 3Si . 

NH2 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) ( X ) 2Si - R ? —L — R ? —Si ( X ) ; 

L = -Urea / thiourea Condensation of an isocyanate ( e.g. 3 

( Triethoxysilyl ) -propylisocyanate ) and an amino - derivatized silane ( e.g. APTES ) . 
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H2N . 

NH2 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , DMF , etc. ) ( X ) 3Si - R —L — R_S? ( X ) 3 

L = —N — N = CH— Functionalization of an hydrazone 
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( triethoxysilyl ) -propyl chloride ) . 

0 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) ( X ) 2Si — R — L - R2 - Si ( X ) 3 

N 

( ETO ) 3Si . 

CI 

+ NH OH 

+ 

26 

B ( OH ) 2 

L = -Boronic acid derivatives 

Suitable surfactant , TEOS , auxiliary solvent ( e.g. , EtOH , 
DMF , etc. ) 
( X ) 2Si - R ? —L — R2_S? ( X ) 3 

Complexation with a tetraalcohol ( i.e 
pentaerithritol ) of a boronic acid possessing with 2 functional 

groups 

( e.g. double bonds ) reactable 

with a silane source ( e.g. HS? ( OET ) 3 ) . 
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( 2 eq . ) + HSi ( OET ) 3 
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3 ) Compositions and Uses 
Scheme 1 : Exemplary synthesis of a pH responsive linker The core / shell silica nanocapsules of the invention are 

useful for any application where controlled release of a NH2 bioactive macromolecule is desired . The core / shell silica 
5 nanocapsules of the invention are particularly adapted for 

EtoSi uses of this type of materials where the self - destructive 
behavior that characterizes the core / shell silica nanocapsules 
of the invention provides an advantage , and for applications 
where preservation of the biological activity of the biomac 

10 romolecule is needed . 
In particular , in contrast to conventional organometalox 

ide framework materials known in the art , the core / shell 
-Si - OEt EtOH silica nanocapsules of the invention have the unexpected 

property of completely losing their structural integrity ( dis 
15 integration ) upon application of a suitable stimuli . Owing to 

OEt their disintegratable properties , the core / shell silica nano 
capsules of the invention prove much more efficient in EtoSi -Si - OEt releasing and delivering macromolecules that they encapsu 
late ( e.g. , therapeutically and / or cosmetically active macro 

20 molecular principles ) . In other words , release of the mac 
Advantageously , the surface of the core / shell silica nano romolecules trapped / encapsulated in the core / shell silica 

capsules according to the invention may be functionalized nanocapsules occurs much more efficiently than with con 
with a surface agent , for example by using a function ventional organometaloxides known in the art . For biomedi 
group - containing trialkoxysilane , such as a PEG group cal applications ( e.g. , when the framework metal is Si ) , this 
linked to a trialkoxysilane . Likewise , marking of the core / 25 means less bio - accumulation , better elimination , and less 
shell silica nanocapsules ( for example for medical purposes ) toxicity . 
may be achieved by condensation of a marker - containing Accordingly , there is provided compositions comprising a 
trialkoxysilane . The marker may be selected from a contrast nanoencapsulated bioactive macromolecule according to the 
agent , a tracer , a radioactive marker , any commercial dye , invention and any compound and / or additive suitable for any 
such as a fluorescent marker or a phosphorescent marker , a 30 one or more of the material's intended use describe above . 

For example , there is provided a pharmaceutical compo magnetic resonance imaging agent or a positron emission 
tomography agent , such as pyrene , rhodamine , IR783 , Gd sition comprising nanoencapsulated bioactive macromol 
EDTA or 64Cu - EDTA . The marker may be a fluorescent ecule according to the invention , and a pharmaceutically 
molecule selected from rhodamines , fluorescein , luciferase , acceptable carrier , adjuvant or vehicle . In exemplary 
pyrene - containing markers , aminopyrrolidino - 7 - nitrobenzo 35 embodiments , these compositions optionally further com 
furazan , or indocyanine green ( ICG ) for NIR emission . prise one or more additional therapeutic agents . 

In another example , there is provided a cosmetic compo As used herein , the term “ surface agent ” refers to a sition comprising nanoencapsulated bioactive macromol molecule that partly or totally covers the outer surface of the 
silica shell , allowing the surface properties of the material to 40 able carrier , adjuvant or vehicle . In certain embodiments , ecule according to the invention , and a cosmetically accept 
be modified , for example : these compositions optionally further comprise one or more modifying its biodistribution , for example to avoid its additional cosmetically useful agents . 

recognition by the reticulo - endothelial system ( “ fur In another aspect , there is provided a nanoencapsulated 
tiveness ” ) , and / or bioactive macromolecule or bioactive macromolecule clus 

giving it advantageous bioadhesion properties during oral , 45 ter according to the invention , for use as medicament . 
ocular or nasal administration , and / or In another aspect , there is provided a nanoencapsulated 

enabling it to specifically target certain sick organs / bioactive macromolecule or bioactive macromolecule clus 
tissues , etc. ter according to the invention , in a cosmetic composition . 

According to the invention , several surface agents may be In another aspect , there is provided a nanoencapsulated 
used to combine the abovementioned properties . For 50 bioactive macromolecule or bioactive macromolecule clus 
example , a surface agent combining at least two of the ter according to the invention , for delivering a cosmetically 
abovementioned properties may be used . For example , the bioactive macromolecule to the skin . In exemplary embodi 
organic surface agent may be chosen from : ments , the cosmetically bioactive macromolecule is colla 

an oligosaccharide , for instance cyclodextrins , gen , keratin , elastin , calcitonin or silk proteins . 
In another aspect , there is provided a method for systemi a polysaccharide , for instance chitosan , dextran , fucoidan , cally delivering a bioactive macromolecule , in a biologically alginate , pectin , amylose , starch , cellulose or xylan , active form , to a subject in need thereof , the method com 

a glycosaminoglycan , for instance hyaluronic acid or prising , administering to the subject a therapeutically effec 
heparin , tive amount of a nanoencapsulated bioactive macromolecule 

a polymer , for instance polyethylene glycol ( PEG ) , poly- 60 or bioactive macromolecule cluster according to the inven 
vinyl alcohol or polyethyleneimine , or a polypeptide , tion . In exemplary embodiments , the bioactive macromol 

a surface active agent , such as pluronic or lecithin , ecule is selected from the group consisting of a hormone , a 
vitamins , such as biotin , growth factor , a protease , an extra - cellular matrix protein , an 

enzyme , an infectious viral protein , an antisense oligonucle coenzymes , such as lipoic acid , 65 otide , a dsRNA , a ribozyme and a DNAzyme . In exemplary antibodies or antibody fragments , embodiments , the bioactive macromolecule is an enzyme 
amino acids or peptides . and said biological activity is a catalytic activity . In exem 

55 



cess . 

US 10,821,082 B2 
29 30 

plary embodiments , the bioactive macromolecule is a hor adapted to the practice of this invention in its various 
mone and said biological activity is a ligand binding activity . embodiments and the equivalents thereof . 

In another aspect , there is provided a unit dosage form for 
local delivery of a bioactive macromolecule to a tissue of a EXEMPLIFICATION 
subject , the unit dosage form comprising , a therapeutically 5 
effective amount of a nanoencapsulated bioactive macro The core / shell particles of this invention and their prepa 
molecule or bioactive macromolecule cluster according to ration can be understood further by the examples that 
the invention . In exemplary embodiments , the macromol illustrate some of the processes by which these particles are 
ecule is selected from the group consisting of a hormone , a prepared or used . It will be appreciated , however , that these 
growth factor , a protease , an extra - cellular matrix protein , an 10 examples do not limit the invention . Variations of the 
enzyme , an infectious viral protein , an antisense oligonucle invention , now known or further developed , are considered 
otide , a dsRNA , a ribozyme and a DNAzyme . to fall within the scope of the present invention as described 

herein and as hereinafter claimed . In another aspect , there is provided a method for treating 
a disease in a subject - in - need thereof , the method compris- 15 hybrid silica shell as responsively disintegratable protective The present invention will now be exemplified using 
ing administering to the subject a . therapeutically effective shell for certain proteins but it will be understood this is not amount of a nanoencapsulated bioactive macromolecule or meant to limit the invention . 
bioactive macromolecule cluster according to the invention , The tested core - shell system will be tested in their trig thereby treating the disease in the subject . gered shell disintegratability , and evidence of the breakdown 

In another aspect , there is provided a delivery system for 20 of the shell will be given by demonstrating the structural / 
enhancing the circulation time of a bioactive macromolecule morphological transformations occurring in the responsively 
of therapeutic interest in vivo , said system comprising a disintegratable shell during the triggered disintegration pro 
nanoencapsulated bioactive macromolecule or bioactive 
macromolecule cluster according to the invention ; wherein In the Examples that follow , in the nomenclature 
the thickness of the nanocapsule shell is being adaptable to 25 “ XX @ BS - NP ” , “ XX ” represents the name / identity of the 
deliver the encapsulated bioactive macromolecule of thera bioactive macromolecule , “ BS ” signifies “ breakable shell ” 
peutic interest into in vivo circulation at a controlled rate of or “ disintegratable shell ” within the meaning of the present 
release . invention and " NP " signifies “ nanoparticles ” . Likewise , in 

In another aspect , there is provided a nanoencapsulation the nomenclature “ XX @ nonBS - NP ” , “ XX ” represents the 
system and nanocapsules , and a method of using these 30 name / identity of the bioactive macromolecule , “ nonBS ” 
encapsulation systems to enhance protein / enzyme reactivity . signifies “ non - breakable shell ” or “ non - disintegratable 

In another aspect , there is provided the use of disintegrat shell ” ( i.e. , silica shell without responsively cleavable linker 
able silica core / shell nanocapsules according to the inven according to the invention incorporated within the Si - based 

framework , and " NP " signifies " nanoparticles " . tion to protect proteins and enzymes from inactivation in a 
variety of harsh environments such as extreme pH . Example 1 - Construction of Disintegratable Silica In another aspect , there is provided a method of using Shell for Encapsulation of Cytochrome C Protein disintegratable silica core / shell nanocapsules according to from Equine Heart ( CyC @ BS - NP ) 
the invention as controlled - release agents or carriers for 
macromolecular drug , protein , and vaccine delivery . 40 Synthesis 
The disintegratable hybrid organosilica core / shell mate Triton X - 100 ( 1.77 mL ) and n - hexanol ( 1.8 mL ) were 

rials according to the invention therefore can find applica dissolved in Cyclohexane ( 7.5 mL ) . Separately , 300 uL of a 
tions in in vitro and in vivo diagnostics , therapy , in cosmet 2.5 mg / mL aqueous solution of Cytochrome C from equine 
ics , in drug delivery , and in any other application where a heart were mixed with 40 uL of tetraethyl orthosilicate 
release can be envisaged . 45 ( TEOS ) and 60 uL of bis [ 3- ( triethoxysilyl ) propyl ] disulfide . 

Other advantages may also emerge to those skilled in the After shaking , this mixture was added to the previous 
art upon reading the examples below , with reference to the organic mixture . Finally , 50 uL of 30 % Ammonia aqueous 
attached figures , which are provided as nonlimiting illustra solution were added and the water - oil emulsion was stirred 
tions . overnight at room temperature . 

After that , 20 mL of pure acetone were added in order to 
EQUIVALENTS precipitate the Cyc @ BS - NP particles and the material was 

recovered by means of centrifugation , washing with ethanol 
3 times . The representative examples that follow are intended to 

help illustrate the invention , and are not intended to , nor If not otherwise needed , the particles were stored as a 
should they be construed to , limit the scope of the invention . 55 dispersion in water at 4 ° C. 
Indeed , various modifications of the invention and many Variation of Disulfide Bridge Content 

It is possible to carry out the same synthetic procedure by further embodiments thereof , in addition to those shown and changing the ratio between TEOS and bis [ 3- ( triethoxysilyl ) described herein , will become apparent to those skilled in 
the art from the full contents of this document , including the 60 uL / ?L , to get particles containing a different percentage of propyl ] disulfide to different values , i.e. 70/30 , 50/50 , 40/60 
examples which follow and the references to the scientific disulfide bridges . SEM characterization showed the different 
and patent literature cited herein . It should further be appre ratios did not affect the sizes and shapes of the final particles 
ciated that the contents of those cited references are incor obtained in the different conditions . 
porated herein by reference to help illustrate the state of the Chemical Biodegradability Test and Simulation of Protein 
art . 65 Delivery 

The following examples contain important additional Reduction of the S / S bond was performed with Sodium 
information , exemplification and guidance that can be Borohydride ( NaBH_ ) , being an efficient and irreversible 
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reducing agent , not forming residual by - products , which If not otherwise needed , the particles were stored as a 
may interfere in the evaluation of the efficacy of the reduc dispersion in water at 4 ° C. 
tion . NaBH4 ( 2 mg ) was added to 1 mL of a 0.5 mg / mL Chemical Biodegradability Test and Simulation of Protein 
dispersion in water of the CyC @ BS - NP nanoparticles . The Delivery 
mixture was stirred overnight at room temperature . After 5 Chemical biodegradability of the shell was performed 
that , the sample was centrifuged and the supernatant was with Glutathione mimicking the process inside of the living 
recovered to be analyzed through UV - Vis spectroscopy , to cell . Glutathione ( 5 mM ) was added to 1 mL of a 0.5 mg / mL 
check out the presence of the delivered protein . dispersion in water of the Cyc @ NonBS - NP nanoparticles . 

Reduction of the SS bond was also performed with The mixture was stirred overnight at room temperature . 
Glutathione mimicking the process inside of the living cell . 10 After that , the sample was centrifuged and the supernatant 
Glutathione ( 5 mM ) was added to 1 mL of a 0.5 mg / mL was recovered to be analyzed through UV - Vis spectroscopy , 
dispersion in water of the Cyc @ BS - NP nanoparticles . The to check out the presence of the delivered protein . 
mixture was stirred overnight at room te Cellular Uptake and Cytotoxicity Study 
that , the sample was centrifuged and the supernatant was Cell viability was measured by an automatic cell counter 
recovered to be analyzed through UV - Vis spectroscopy , to 15 CASY ( Roche Innovatis AG , Bielefeld , Germany ) . 50,000 
check out the presence of the delivered protein . C6 Glioma cells were grown in 2 ml of culture media inside 

Cellular Uptake Study : 6 well plates at 37 ° C. , 5 % CO2 environment for 24 hours . 
Approximately 50,000 HeLa cells were grown on 24 well Culture media were removed and replaced by dispersion 

plates overnight . The media were removed and replaced containing 0.2 mg / ml of Cyc @ NonBS - NP , followed by cell 
with 0.05 mg / ml of cy5 functionalized CyC @ BS - NP dis- 20 incubation . After 24 hours of incubation , the culture media 
persion . The cells were incubated for 24 hours at 37 ° C. were removed to an eppendorf tube and 0.5 ml of trypsin 
under a 5 % CO2 atmosphere . After the incubation , the media were added . In order to detach the cell from the surface of 
were removed and the cells were gently washed with PBS the plate , cells were incubated for the next 5 minutes . 
twice . Cells were fixed with 4 % para formaldehyde ( PFA ) Subsequently , 1.5 ml of new culture media were added to 
and , subsequently , the cell nuclei were stained with DAPI 25 neutralize trypsin . Cell suspension together with first solu 
( 4 ' , 6 - Diamidino - 2 - Phenylindole ) and the F - actins were tion collected were removed into 10 ml eppendorf tube and 
stained by Alexa Fluor® 568 Phalloidin . After staining , cells centrifuged at 1000 rpm for 5 minutes . Supernatant were 
were washed once with PBS and then with water . Cells were removed and cell palates were suspended into 1 ml of new 
removed from the well and mounted onto the rectangular culture media . 100 ul of the cell suspension was dissolved in 
glass cover for confocal microscopy experiments . 30 10 ml of CASYton solution and measurement was per 
Cellular Uptake and Cytotoxicity Study formed . 

Cell viability was measured by an automatic cell counter 
CASY ( Roche Innovatis AG , Bielefeld , Germany ) . 50,000 Example 3 Construction of Disintegratable Silica 
C6 Glioma cells were grown in 2 ml of culture media inside Shell for Encapsulation of Cytotoxic TRAIL 
6 well plates at 37 ° C. , 5 % CO2 environment for 24 hours . 35 ( APO2 Ligand ) Protein ( TRAIL @ BS - NP ) 
Culture media were removed and replaced by dispersion 
containing 0.2 mg / ml of Cyc @ BS - NP , followed by cell Synthesis 
incubation . After 24 hours of incubation , the culture media Triton X - 100 ( 1.77 mL ) and n - hexanol ( 1.8 mL ) were 
were removed to an eppendorf tube and 0.5 ml of trypsin dissolved in Cyclohexane ( 7.5 mL ) . Separately , 100 uL of a 
were added . In order to detach the cell from the surface of 40 0.5 mg / mL aqueous solution of Human TRAIL ( APO2 
the plate , cells were incubated for the next 5 minutes . Ligand ) were mixed with 40 uL of tetraethyl orthosilicate 
Subsequently , 1.5 ml of new culture media were added to ( TEOS ) and 60 uL of bis [ 3- ( triethoxysilyl ) propyl ] disulfide . 
neutralize trypsin . Cell suspension together with first solu After shaking , this mixture was added to the previous 
tion collected were removed into 10 ml eppendorf tube and organic mixture . Finally , 50 uL of 30 % Ammonia aqueous 
centrifuged at 1000 rpm for 5 minutes . Supernatant were 45 solution were added and the water - oil emulsion was stirred 
removed and cell palates were suspended into 1 ml of new overnight at room temperature . After that , 20 mL of pure 
culture media . 100 ul of the cell suspension was dissolved in acetone were added in order to precipitate the TRAIL @ BS 
10 ml of CASYton solution and measurement was per NP particles and the material was recovered by means of 
formed . centrifugation , washing with ethanol 3 times . 

If not otherwise needed , the particles were stored as a 
Example 2 – Construction of NON - Disintegratable dispersion in water at 4 ° C. 
Silica Shell for Encapsulation of Cytochrome C Cellular Uptake and Cytotoxicity Study 
Protein from Equine Heart ( CyC @ NonBS - NP ) Cell viability was measured by an automatic cell counter 

CASY ( Roche Innovatis AG , Bielefeld , Germany ) . 50,000 
Synthesis 55 C6 Glioma cells were grown in 2 ml of culture media inside 

Triton X - 100 ( 1.77 mL ) and n - hexanol ( 1.8 mL ) were 6 well plates at 37 ° C. , 5 % CO2 environment for 24 hours . 
dissolved in Cyclohexane ( 7.5 mL ) . Separately , 300 uL of a Culture media were removed and replaced by dispersion 
2.5 mg / mL aqueous solution of Cytochrome C from equine containing 0.2 mg / ml of TRAIL @ BS - NP , followed by cell 
heart were mixed with 100 uL of tetraethyl orthosilicate incubation . After 24 hours of incubation , the culture media 
( TEOS ) . After shaking , this mixture was added to the 60 were removed to an eppendorf tube and 0.5 ml of trypsin 
previous organic mixture . Finally , 50 uL of 30 % Ammonia were added . In order to detach the cell from the surface of 
aqueous solution were added and the water - oil emulsion was the plate , cells were incubated for the next 5 minutes . 
stirred overnight at room temperature . Subsequently , 1.5 ml of new culture media were added to 

After that , 20 mL of pure acetone were added in order to neutralize trypsin . Cell suspension together with first solu 
precipitate the Cyc @ NonBS - NP particles and the material 65 tion collected were removed into 10 ml eppendorf tube and 
was recovered by means of centrifugation , washing with centrifuged at 1000 rpm for 5 minutes . Supernatant were 
ethanol 3 times . removed and cell palates were suspended into 1 ml of new 
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culture media . 100 ul of the cell suspension was dissolved in monitor the disintegration of the capsules , due to the reduc 
10 ml of CASYton solution and measurement was per tion of the disulfide groups . In an analogous manner we have 
formed . prepared and analyzed non - breakable particles , lacking the 

S S moieties , but containing the same protein . They show 
Example 4 Construction of Disintegratable Silica 5 very similar structure ( FIG . 18 ) but do not display any 
Shell for Encapsulation of DNA Oligonucleotide disintegration in the same reducing agent solution . 

To evaluate the release kinetics of Cytochrome C from the 
Synthesis disintegratable nanocapsules , upon their disintegration , the 

Triton X - 100 ( 1.77 mL ) and n - hexanol ( 1.8 mL ) were particles were dispersed in water and incubated with gluta 
dissolved in Cyclohexane ( 7.5 mL ) . Separately , 200 uL of a 10 thione ( 5 mM , mimicking a concentration present in living 
300 UM aqueous solution of Cy3 - DNA oligonucleotide cells ) . Analysis of the supernatant with UV - Vis spectros 
( 5 ' - AACAGTGAAGGAAAG - 3 ' ) were mixed with 40 uL of copy , revealed the absorption of the Cytochrome C released 
tetraethyl orthosilicate ( TEOS ) and 60 uL of bis [ 3- ( triethox from the disintegrated particles . The results summarized in 
ysilyl ) propyl ] disulfide . After shaking , this mixture was plot FIG . 14E , show that at time 0 ( before adding gluta 
added to the previous organic mixture . Finally , 50 uL of 30 % 15 thione ) there is no signal of the protein in solution . Upon 
Ammonia aqueous solution were added and the water - oil addition of glutathione , already after 1 hour , a detectable 
emulsion was stirred overnight at room temperature . absorption appeared at around 400 nm . The signal then 

After that , 20 mL of pure acetone were added in order to increased over time , as the cytochrome C is leaving the 
precipitate the DNA @ BS - NP particles and the material was disintegrated capsules and dissolve in water . After 24 hours 
recovered by means of centrifugation , washing with ethanol 20 the signal reaches a plateau suggesting that the escape takes 
3 times . place in one day and almost all the proteins are now in 

If not otherwise needed , the particles were stored as a solution . As a control experiment we have compared the 
dispersion in water at 4 ° C. release from the non disintegratable capsules , using the 

same amount of cytochrome C ( CyC @ NonBS - NPs ) observ 
Example 5 — Preparation of Disintegratable Silica 25 ing no protein in solution even after 48 hours ( FIG . 19 ) . 

Shell for Encapsulation of RNAse From the absorption feature we have also calculated the 
number of proteins per particle , about 31 , and their almost 

Synthesis quantitative ( > 90 % ) release from the broken capsules . 
Synthesis of the disintegratable nanospheres was carried To exploit the use of these carriers in living cells , and 

out following the same protocol already described for 30 therefore their possible application for protein delivery , we 
Cytochrome C and TRAIL . In this case , 300 uL of a 1.66 incubated the CyC @ NPs with C6 Glioma cells . 
mg / mL solution of Onconase ( 20 mM Tris buffer with 0.25 The disintegratable and non - disintegratable particles have 
M NaCl ) was used , together with TEOS ( 40 ÎL ) and been tracked using TEM measurements on fixed cells and 
bis [ 3- ( triethoxysilyl ) propyl ] disulfide ( 60 L ) . the effect of the reducing glutathione present in the biologi 

If not otherwise needed , the particles were stored as a 35 cal environment was studied in details ( see FIG . 15A for a 
dispersion in water at 4 ° C. pictorial description ) . The experiments were carried out by 

analyzing the internalized particles at different incubation 
Example 6 - Preparation of NON - Disintegratable times i.e. 4 and 24 hours ( FIGS . 15B , 15C and 15D ) at 

Silica Shell for Encapsulation of RNAse concentration of particles of 0.1 mg / mL . One experiment 
40 was prolonged to 48 hours incubating the cells with the 

Synthesis nanoparticles for 24 hours and , after washing away the 
The above described synthetic procedure was followed particles , a further 24 hours incubation was performed in 

using only TEOS ( 100 uL ) as silica agent , instead of a clean cell culture media ( 48 hours in FIGS . 15E and 15F ) . 
mixture of TEOS and bis [ 3- ( triethoxysilyl ) propyl ] disulfide . TEM images clearly indicate that the nanomaterials are 

If not otherwise needed , the particles were stored as a 45 compartmentalized and after 4 hours even the disintegrat 
dispersion in water at 4 ° C. able particles are still mostly intact . Interestingly after 24 
Results and Discussion hours the disintegration of the particles , by the lysosomal 
As a first Example of reduction to practice of the present enzymatic activity , occur and only a multitude of amorphous 

invention , Cytochrome C was used as a model protein , since morphologies are detectable , FIG . 15D . The destruction of 
its absorption in the visible range favors the immediate 50 the organosilica shell is complete after 48 hours , and aggre 
visualization of the formation of core / shell particles and gated debris , that give a diffuse contrast to the lysosome , is 
enables an easy design of the release experiments that observed ( FIG . 15F ) . The non disintegratable particles do 
followed . The making up of the shell , in order to prevent not show any degradation even after 48 hours incubation 
denaturation of the biomolecule , was performed following maintaining the typical round shape ( FIGS . 15C and 15E ) as 
the reverse nanoemulsion procedure described in Example 1 55 the fresh - synthesized ones ( FIG . 14B ) . 
( see FIG . 1 for a general description ) . The silica network of In order to visualize and co - localize the particles , we have 
the formed capsules contained about 30 % of organic mate encapsulated in the breakable capsules fluorescent proteins , 
rial made of the bis - propyldisulfide derivatives , which rep EGFPs as probe for the confocal microscope , and also to 
resent the redox sensitive groups . Well defined nanospheres , prove that encapsulation can occur with different type of 
uniform in size , possessing a diameter around 40-50 nm 60 proteins ( FIG . 20 ) . Incubation of the EGFP @ BS - NP with 
were obtained ( CyC @ BS - NP ) , as shown by the SEM pic C6 Glioma cells ( see FIGS . 16A and 16B ) , showed co 
tures reported in FIG . 14A . The size and the morphology of localization into the lysosome and the degradation results 
the obtained capsules have been analyzed in more details by are in accordance with the breaking behavior observed so far 
HR - TEM measurements ( FIG . 14B and FIG . 17 ) . The by TEM for the CyC @ BS - NP . In this case the release of 
material was suspended in a sodium borohydride solution 65 EGFP into the cytoplasm results in a diffuse non - co - local 
and cryo - TEM images were taken after 1 hour and 3 hours ized emission signal because of the spreading of the fluo 
exposure to the reducing agent , ( FIGS . 14C and 14D ) to rescent proteins into the cell ( see FIGS . 21 and 22 ) . 
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To demonstrate that the shell is protecting and maintain degradation of the breakable shell . The data strongly suggest 
ing the activity of the macrobiomolecules intact , we have that the Onconase was thus released in its functional con 
then encapsulated toxic proteins such as Human TRAIL formation , able to carry on its related anti - tumor effect . 
APO2 Ligand ( TRAIL @ BS - NP ) and Onconase The general method for the encapsulation of proteins and 
( Onconase @ BS - NP ) in disintegratable shell nanocapsules 5 enzymes within a stimulus - responsive breakable hybrid 
( FIG . 20 ) , and incubated the nanomaterials with cells . organo - silica shell can open important venues to the treat 
TRAIL Apo2 Ligand is a protein that belongs to the tumor ment of several diseases caused by the lack or low expres 

necrosis factor ( TNF ) family of death ligands and can be sion of enzymes , proteins , and other biomolecules . 
used to overcome resistance to conventional chemothera While we have described a number of embodiments of 
peutic drugs . TRAIL @ BS - NPs were thus initially tested on 10 this invention , it is apparent that our basic examples may be 
a C6 Glioma cell line , and toxicity can be expected only altered to provide other embodiments that utilize the cata 
when the protein is delivered into the cytosol in its native lysts and methods of this invention . Therefore , it will be 
folding . To have a full quantification of the toxicity of the appreciated that the scope of this invention is to be defined 
material we have also investigated the same type and by the appended claims rather than by the specific embodi 
number of cells after incubation with the potentially non- 15 ments that have been represented by way of example . 
toxic CyC @ BS - NP and CyC @ NonBS - NPs . The overall cell 
viability was measured as direct indicator of the cytotoxic / LIST OF REFERENCES anticancer effect provided by the hybrid particles . The 
results are summarized in the plot in FIG . 16 and show that 
CyC @ NonBS - NPs did not influence the total cell viability 20 [ 1 ] S. J. Rowan , S. J. Cantrill , G. R. L. Cousins , J. K. M. 
with respect to the control culture , meaning that the core / Sanders , J. F. Stoddart , Angew . Chem . Int . Ed . , 2002 , 41 , 

898 . shell system is absolutely biocompatible and non - cytotoxic 
( FIG . 16C ) . In the case of CyC @ BS - NPs , a slight reduction [ 2 ] K. J. Shea , D. A. Loy , Chem . Mater . 2001 , 13 , 3306 . 
of the viability was registered ( 78.7 % vs 89.5 % control ) , [ 3 ] J. Pyun , S. Jia , T. Kowalewski , G. D. Patterson , K. 
which can be possibly ascribed to an interference effect in 25 Matyjaszewski , Macromolecules , 2003 , 36 , 5094-5104 ; 
the normal biological metabolism due to an excess of [ 4 ] C. Sanchez , B. Julian , P. Belleville , M. Popall , J. mater . 
cytochrome C present in the cell after the delivery , inducing Chem . 2005 , 15 , 3559-3592 ; 
apoptosis . [ 11 ] [ 5 ] S. R. Hall , S. S. Davis , S. Mann , Langmuir , 2000 , 16 , 
An important result , displayed in FIG . 16C , is the cell 1454-1456 . 

viability percentage obtained when treating the C6 Glioma 30 [ 6 ] Inagaki , S .; Guan , S .; Ohsuna , T .; Terasaki , O. Nature 
cells with TRAIL @ BS - NP ( 0.15 mg / mL , 24 h ) , which 2002 , 416 , 304-307 . induced a drastic reduction of the value up to 45 % with [ 7 ] Asefa , T .; MacLachlan , M. J .; Coombs , N .; Ozin , G. A. respect to the control sample . The results highlight the Nature 1999 , 402 , 867-871 . effective role of the nanosphere system internalized by the cell : able to deliver the protein in the native form upon 35 [ 8 ] M. Graffner - Nordberg , K. Sjödin , A. Tunek , A. Hallberg , 
degradation of the outer shell . The released TRAIL must be Chem . Pharm . Bull . , 1998 , 46 , 591 . 
in an active conformation to carry on its apoptosis inducing [ 9 ] M. Kobayashi , Y. Fujiwara , M. Goda , H. Komeda , S. 
effect , as indicated by the overall cell viability reduction . To Shimizu , PNAS , 1997 , 94 , 11986 . 
confirm this effect , the same TRAIL @ BS - NPs were also [ 10 ] C. Lopreore , L. D. Byers , Arch . Biochem . Biophys . , 
used to incubate C6 Glioma cells under the same conditions , 40 1998 , 349 , 299 . 
which were eventually analyzed through Trypan blue cell [ 11 ] R. M. Kluck , E. Bossy - Wetzel , D. R. Green , D. D. 
mortality test . Trypan blue is a dye that allows to selectively Newmeyer , Science 1997 , 275 , 1132-1136 . 
stain dead cells , depending on the rupture of the cell All patent ( s ) and publication ( s ) mentioned in this speci 
membrane that enables its cell penetration , while live fication are herein incorporated by reference to the same 
healthy cells are completely impermeable and blind to this 45 extent as if each individual publication was specifically and 
test . The results are reported in FIG . 23 and show perfect individually indicated to be incorporated by reference . 
accordance with the viability test . 

The role played by the breakable disulfide contained shell TABLE 3 and its potential as chemotherapeutic tool was corroborated 
when viability experiments were conducted on the same cell 50 Sample Name Zeta Potential ( mV ) 
line using Onconase @ BS - NP and compared with the non Cyc @ BS - NP 
breakable nanoparticles , Onconase @ NonBS - NP . The nano TRAIL @ BS - NP 
materials were synthesized and incubated with the same cell DNA @ BS - NP 
line . The cytotoxicity experiments were then performed as 
aforementioned , and once again the cell viability was 55 
employed to evaluate the integrity of the protein and its TABLE 4 activity as cell inducing apoptosis . It is important to note that 
Onconase @ NonBS - NP did not affect the cell viability , as no 
significant change could be registered with respect to the 
control sample , FIG . 16C . The excellent biocompatibility of 60 1st ( % ) 2nd ( % ) 3rd ( % ) AVE ( % ) 
the material is also an indicator that the protein cargo cannot TRAIL @ BS - NP 
leak out when the nanocapsule shell is made entirely of Onco @ nonBS - NP 
silica , and the selected proteins are not present on the silica Onco @ BS - NP 

CyC @ BS - NP surface . On the other hand , when treating the cells with Cyc @ non BS - NP Onconase @ BS - NP ( 0.15 mg / mL , 24 h ) , a dramatic drop of 65 
the viability percentage was obtained , up to 40 % . This 
demonstrates that the delivery of Onconase occurs upon 

-17.67 
-8.86 
-15.48 

24 h 
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52.5 
77.7 
44.5 
80.9 
91.7 
88 

42.4 
78.5 
47.8 
77.5 
87.9 
89.3 

42.5 
79 
53.6 
77.8 
88.9 
88.8 

45.8 
78.4 
48.6 
78.7 
89.5 
88.7 

5.80 
0.66 
4.6 
1.88 
1.96 
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The invention claimed is : 3. The nanoencapsulated bioactive macromolecule of 
1. A nanoencapsulated bioactive macromolecule or bio claim 1 , wherein in the linker having the structure * _R— 

active macromolecule cluster , consisting essentially of : L - R ? * , and R2 are identical , and each represent CH2 
( a ) a disintegratable nanocapsule having a core / shell ( CH2 ) 2- , - ( CH2 ) 3— , - ( CH2 ) 44 , or phenyl . 

structure , wherein the shell of the nanocapsule is made 4. The nanoencapsulated bioactive macromolecule of 
of hybrid organosilica material comprising a three claim 1 , wherein the macromolecule is selected from the 
dimensional framework of Si O bonds , wherein at group consisting of proteins , enzymes , antibodies , peptides , least a subset of Si atoms in the framework is connected DNA , RNA , and gene fragments . to at least another Si atom in the framework through a 
linker having the following structure : 5. The nanoencapsulated bioactive macromolecule of 

10 claim 1 , wherein the nanocapsule shell has a diameter * RI - L - R2 — * ; between 25 nanometers and 500 nanometers . 
wherein : 6. The nanoencapsulated bioactive macromolecule of 

each occurrence of * denotes a point of attachment to a Si claim 1 , wherein the nanocapsule shell is disintegratable as 
atom in the framework ; a stimulus is applied , and the supposed biological activity of 

L represents a responsively cleavable covalent bond , and 15 the macromolecule ( s ) remain ( s ) . Ri and R2 independently represent an optionally sub 7. The nanoencapsulated bioactive macromolecule of 
stituted C1-20 alkylenyl moiety , an optionally substi claim 1 , wherein the nanocapsule shell is disintegratable as tuted C1-20 heteroalkylenyl moiety , an optionally sub a stimulus is applied , and the supposed biological activity of stituted ethylenyl moiety , C = C— or an optionally the macromolecule remains , wherein the stimulus is selected substituted phenyl moiety , wherein the C1-20 alkyle 20 from a change in pH ( either an increase or decrease ) , a nyl , C1-20 heteroalkylenyl or ethylenyl moiety may 
bear one or more substituents selected from halogen or change in redox potential , the presence of reduction or 

oxidation agent , the presence of UV light or near infrared OR where R may represent H or C1-6alkyl , and the 
phenyl moiety may bear one or more substituents light , an enzymatic cleavage , or a change in temperature . 
independently selected from halogen , C1-6 alkyl , 8. The nanoencapsulated bioactive macromolecule of 
NO2 , CN , isocyano , ORP , -N ( RP ) 2 wherein 25 claim 1 , further functionalized at its outer surface with PEG , 
each occurrence of RP independently represents H or antibody , or RNA moieties . 
C1-6 alkyl ; and 9. A pharmaceutical or cosmetic composition comprising : 

( b ) a bioactive macromolecule or bioactive macromol a nanoencapsulated bioactive macromolecule consisting 
ecule cluster encapsulated within the nanocapsule , essentially of 
wherein the bioactive macromolecule ( s ) within the ( a ) a disintegratable nanocapsule having a core / shell 
nanocapsule is / are in a conformation to carry on sup structure , wherein the shell of the nanocapsule is 
posed biological activity of the bioactive macromol made of hybrid organosilica material comprising a 

three - dimensional framework of Si – O bonds , ecule ( s ) ; and wherein at least a subset of Si atoms in the frame wherein the nanocapsule inner core does not contain a 
micellar phase . work is connected to at least another Si atom in the 

2. The nanoencapsulated bioactive macromolecule of framework through a linker having the following 
claim 1 , wherein the linker has the structure * _R ? —L— structure : 

R2_ * , and L represents a responsively cleavable covalent * _R — L - R2_ * ; 
bond selected from : 

40 wherein : 
each occurrence of * denotes a point of attachment to a Si 

atom in the framework ; 
L represents a responsively cleavable covalent bond , and 
R and R2 independently represent an optionally substi 

tuted C1-20 alkylenyl moiety , an optionally substituted 
Disulfide Diselenide Anhydride C1-20 heteroalkylenyl moiety , an optionally substi 

tuted ethylenyl moiety , C = C or an optionally sub 
stituted phenyl moiety , wherein the C1-20 alkylenyl , 
C1-20 heteroalkylenyl or ethylenyl moiety may bear 
one or more substituents selected from halogen or Ester Imine OR where R may represent H or C1-6alkyl , and the 
phenyl moiety may bear one or more substituents 
independently selected from halogen , C1-6 alkyl , 
-NO2 , CN , isocyano , CN , isocyano , ORP , -N ( R ) , wherein 
each occurrence of RP independently represents H or 

Acetal / ketal Urea Thiourea C1-6 alkyl ; and 
( b ) a bioactive macromolecule or bioactive macromol 

ecule cluster encapsulated within the nanocapsule , 
Hydrazone Oxyme wherein the bioactive macromolecule ( s ) within the 

nanocapsule is / are in a conformation to carry on 
supposed biological activity of the bioactive macro 
molecule ( s ) ; and a pharmaceutically or cosmetically acceptable carrier , 

Boronic acid wherein the nanocapsule inner core does not contain a 
Derivatives micellar phase . 

10. A method for preparing a nanoencapsulated bioactive 
macromolecule of claim 1 , comprising : 
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( a ) producing a water - in - oil emulsion from ( i ) a solution -continued 
of a suitable surfactant other than a phospholipid and 
alcohol in a suitable organic solvent , and ( ii ) an aque 
ous solution of a bioactive macromolecule or bioactive 
macromolecule clusters , a silane precursor Si ( x4 ) 4 and 
a selected precursor having the structure ( X ) 2Si - RI 
L - R2_Si ( X ) ; 

( b ) stirring the water - in - oil emulsion obtained in step ( a ) 
under alkaline conditions ; thereby coating the bioactive 
macromolecule or bioactive macromolecule clusters 
with an organosilica sol - gel mixture obtained by hydro 

Acetal / ketal Urea Thiourea lysis - condensation of silicon alkoxide ; and 
( c ) adding a suitable organic solvent , thereby precipitating 

the nanoencapsulated bioactive macromolecules or bio 
active macromolecule clusters : Hydrazone Oxyme 

wherein : 
each occurrence of X and X4 independently represents a 

hydrolysable or nonhydrolyzable group , provided that 
on each occurrence of Si of the precursor ( X ) 2Si – R ? 
L - R2 — Si ( X ) 3 , at least one occurrence of X represents Boronic acid 

derivatives a hydrolysable group , and at least two occurrences of 
X4 in the precursor Si ( X4 ) 4 independently represent a 
hydrolysable group ; wherein ( i ) when X or X4 repre 15. The method of claim 10 , wherein the precursor having sents a nonhydrolyzable group , it may be selected from the structure ( X ) 2Si - RI - L - R2_Si ( X ) ; is produced in an optionally substituted C1-20 alkyl , C2-20 alkenyl or situ . C2-20 alkynyl moiety , an optionally substituted C1-20 16. A method for systemically delivering a bioactive heteroalkyl , C2-20 heteroalkynyl or C2-20 heteroalky macromolecule , in a biologically active form , to a subject in nyl moiety , or an optionally substituted phenyl moiety , need thereof , the method comprising , administering to the 
wherein the substituents on the phenyl , alkyl , alkenyl , subject a therapeutically effective amount of a nanoencap alkynyl , heteroalkyl , heteroalkenyl and heteroalkynyl 30 sulated bioactive macromolecule or bioactive macromol moieties may be independently selected from halogen , ecule cluster of claim 1 . 
-NO2 , CN , isocyano , C1-6 alkoxy , an oxirane / 17. The method of claim 16 , wherein the bioactive mac 
epoxyde moiety , —N ( R ) 2 wherein each occurrence of romolecule is selected from the group consisting of proteins , 
R is independently selected from H or C1-6 alkyl ; and oligonucleotides , antibodies , peptides , PNA , DNA , RNA , 
( ii ) when X or X4 represents a hydrolysable group , it 35 gene fragments , a hormone , a growth factor , a protease , an 
may be selected from a C1-6 alkoxy , C1-6 acyloxy , extra - cellular matrix protein , an enzyme , an infectious viral halogen or amino moiety ; protein , an antisense oligonucleotide , a dsRNA , a ribozyme L represents a responsively cleavable covalent bond ; and and a DNAzyme . R and R² independently represent an optionally substi 18. The method of claim 16 , wherein the bioactive mac tuted C1-20 alkylenyl moiety , an optionally substituted 40 romolecule is an enzyme and the biological activity is a C1-20 heteroalkylenyl moiety , an optionally substi catalytic activity . 
tuted ethylenyl moiety , C = C— or an optionally sub 19. The method of claim 16 , wherein the bioactive mac stituted phenyl moiety , wherein the C1-20 alkylenyl , romolecule is a hormone and the biological activity is a C1-20 heteroalkylenyl or ethylenyl moiety may bear ligand binding activity . 
one or more substituents selected from halogen or 20. A unit dosage form for local delivery of a bioactive OR where R may represent H or C1-6 alkyl , and the macromolecule to a tissue of a subject , the unit dosage form phenyl moiety may bear one or more substituents comprising , a therapeutically effective amount of a nanoen independently selected from halogen , C1-6alkyl , capsulated bioactive macromolecule or bioactive macromol -NO2 , CN , isocyano , OR , -N ( R ) , wherein ecule cluster consisting essentially of : each occurrence of RP independently represents H or ( a ) a disintegratable nanocapsule having a core / shell C1-6 alkyl . structure , wherein the shell of the nanocapsule is made 11. The method of claim 10 , wherein Si ( X4 ) 4 represents a of hybrid organosilica material comprising a three tetraalkoxysilane . dimensional framework of Si – O bonds , wherein at 

12. The method of claim 10 , wherein the surfactant is a least a subset of Si atoms in the framework is connected 
nonionic surfactant . to at least another Si atom in the framework through a 

13. The method of claim 10 , wherein the alcohol is linker having the following structure : 
methanol , ethanol , propanol , isopropanol , n - butanol , tert 
butanol or hexanol . * _R1_L - R2_ * ; 

14. The method of claim 10 , wherein the linker comprises wherein : one of the following bonds : each occurrence of * denotes a point of attachment to a Si 
atom in the framework ; 

L represents a responsively cleavable covalent bond , and 
R1 and R² independently represent an optionally substi 

tuted C1-20 alkylenyl moiety , an optionally substituted 
C1-20 heteroalkylenyl moiety , an optionally substi 

Disulfide Diselenide Anhydride tuted ethylenyl moiety , C = C or an optionally sub 
stituted phenyl moiety , wherein the C1-20 alkylenyl , 
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C1-20 heteroalkylenyl or ethylenyl moiety may bear dimensional framework of Si O bonds , wherein at 
one or more substituents selected from halogen or least a subset of Si atoms in the framework is connected 
OR where R may represent H or C1-6alkyl , and the to at least another Si atom in the framework through a 

phenyl moiety may bear one or more substituents linker having the following structure : 
independently selected from halogen , C1-6 alkyl , 5 
-NO2 , CN , isocyano , OR ” , -N ( R ) , wherein * _R — L - R2_ * ; 
each occurrence of RP independently represents H or wherein : C1-6 alkyl ; and 

( b ) a bioactive macromolecule or bioactive macromol each occurrence of * denotes a point of attachment to a Si 
ecule cluster encapsulated within the nanocapsule , 10 atom in the framework ; 
wherein the bioactive macromolecule ( s ) within the L represents a responsively cleavable covalent bond , and 
nanocapsule is / are in a conformation to carry on sup R and R² independently represent an optionally sub 
posed biological activity of the bioactive macromol stituted C1-20 alkylenyl moiety , an optionally substi 
ecule ( s ) ; and tuted C1-20 heteroalkylenyl moiety , an optionally sub 

stituted ethylenyl moiety , C = C— or an optionally wherein the nanocapsule inner core does not contain a 15 
micellar phase ; and substituted phenyl moiety , wherein the C1-20 alkyle 

wherein the macromolecule is selected from the group nyl , C1-20 heteroalkylenyl or ethylenyl moiety may 
consisting of proteins , oligonucleotides , antibodies , bear one or more substituents selected from halogen or 
peptides , PNA , DNA , RNA , gene fragments , a hor OR where R may represent H or C1-6alkyl , and the 
mone , a growth factor , a protease , an extra - cellular 20 phenyl moiety may bear one or more substituents 
matrix protein , an enzyme , an infectious viral protein , independently selected from halogen , C1-6 alkyl , 
an antisense oligonucleotide , a dsRNA , a ribozyme and -NO2 , CN , isocyano , OR ” , —N ( R ) 2 wherein 
a DNAzyme . each occurrence of RP independently represents H or 

21. A method for treating a disease in a subject - in - need C1-6 alkyl ; and 
thereof , the method comprising administering to the subject 25 ( b ) a bioactive macromolecule or bioactive macromol 
a therapeutically effective amount of a nanoencapsulated ecule cluster encapsulated within the nanocapsule , 
bioactive macromolecule or bioactive macromolecule clus wherein the bioactive macromolecule ( s ) within the 
ter of claim 1 or a pharmaceutical composition thereof , nanocapsule is / are in a conformation to carry on sup 
thereby treating the disease in the subject . posed biological activity of the bioactive macromol 

22. A delivery system for enhancing the circulation time 30 ecule ( s ) ; and 
of a bioactive macromolecule of therapeutic interest in vivo , wherein the nanocapsule inner core does not contain a 

micellar phase ; and the system comprising a nanoencapsulated bioactive mac 
romolecule or bioactive macromolecule cluster consisting wherein the thickness of the nanocapsule shell is adapted 
essentially of : to deliver the encapsulated bioactive macromolecule of 

( a ) a disintegratable nanocapsule having a core / shell 35 therapeutic interest into in vivo circulation at a con 
trolled rate of release . structure , wherein the shell of the nanocapsule is made 

of hybrid organosilica material comprising a three 


