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ABSTRACT:
The aim of the present contribution is to prepafergtionalized bioactive glass potentially usedsl
prosthetic material, but also able to release acgarolecules in response to a change of the pH
environment. By this approach it is possible toalep devices which can be used for a triggered drug
srelease in response to specific stimuli; this isatimactive research field, in order to avoid eithe
systemic and/or local toxic effects of drugs. Imtjgalar, in the present paper we report data eelab
the development of a new formulation of bioactidasges, their functionalization with organic
molecules to obtain a pH-sensitive bond, their mwoyshemical characterization and in-vitro
bioactivity in simulated biological fluids (SBF) @rorganic molecules delivery tests at different pH.
v The glass functionalization, by means of a covakesiction, allows to produce model ofpH-
responsive bioactive biomaterial: when it is explosespecific pH changes, it can favour the release
of the organic molecules directly at the targee.<itysteamine and 5-aminofluorescein are used as
model molecules to simulate a druthe materials, before and after the different fiomalization
steps and in-vitro release tesis different pH, have been characterized by means of different
s experimental techniques such as: X-ray Powder &iffon (XRPD), Ramanard FTIR and

Fluorescencspectroscopies, MNadsorption, thermogravimetric GA) and Elemental Analysis.



INTRODUCTION
Bone defects can be generated by a variety of sksea traumatic injuries, such as tumor resection,
periodontal resorptiorgongenital defects, and arthroplasty revision ewryy® Bioactive glasses and
glass-ceramics represent a class of materials,dbatto their tailorable properties, can be usedeat
-bone defectd?* Recently, new therapeutic strategies using syiatiédmaterials as carrier for drugs
and biological molecules have been develabe@ontrolled drug delivery systems have already made
an enormous impact on the medical field with aionllpatients a year using a form of controlled
release system or another. Despite the successnublied release systems there are still signitica
challenges remaining to make next generation deliyaty systems that can target and respond to
o Specific diseases conditions. The development tefligent therapeutic and systems has transformed
the research field of controlled drug deliverystie engineering, and biosensbrs.
More importantly, these devices will be “intelligemnd will release the drug when the patient is in
need of its therapeutic effeGicro- and nano-scale intelligent systems can mize the efficacy of
therapeutic treatments because they have theyatnlitapidly detect and respond to disease states
s directly at the local site. To this purpose micamd nanotechnologies can offer new opportunities
towards the development of better, intelligent mabdsystems and devices that have the possikility t
profoundly impact medical therapeutic techniquesll-€ell and cell biomaterial interactions are
microscale eventsThe development of devices that will interact wittlls on the micro level will
potentially target and treat the problem and, at $ame time, alleviate extreme damage to entire
»tissues or even organs reducing the inflammatespaese:’ The development of devices to be used
for a triggered release of drug directly at the duisites represents an attractive research fietader
to avoid the toxic effects of anti-cancer drugsspite advances in the development of new anti-tumor
drugs, these drugs still possess significant serside effects that limit the dose size as wethasuse
of the drugs. In this way it is possible to obtaimigh local dose in tumor sites and less sidectsife

= this is a very desirable property in carrier desifpr tumor chemotheragy.



Approaches to achieve triggering systems includgmatic''thermat? and ultrasonic activatidhfor
enhanced drug release from the carriers, which wpegifically designed to respond to external
signals or energy. The external activation coulduseful for the tumors whose location is well-
identified and which are accessible by externahaigpr energy sources. In addition it would be
s difficult to restrict the activation only on tumeegions and thus the external activation does not
distinguish the blood compartment and tumor cdllse difference of pH between solid tumors and
normal tissue has been long recognized. For instahe average extracellular pH values of human
solid tumors fall below 7,0. The difference of pgigmall but it represents a natural signal of solid
tumors for triggered release. Some approaches teseribed drug release by cleavages of chemical
»bonds, which conjugate a drug to polym¥rE. By exploiting bioactive glasses, it is possible to
combinethe ability of these materials to restore boneecksfand at the same time, to release under
controlled conditions, biological molecules immated onto/into the materials. The covalent
attachment of functional organosilanes to silical ghass substrates has proven to be an efficient
means of immobilizing antibodies and cellular réoep as well as DNA array or drugs. Due to the
is presence of silanols groups exposed on glasseacsuminder controlled conditions, it is possible to
bond biomolecules on the glasssurface; Verné et af® optimized a procedure to functionalize
glasses surface with 3-amino-propyl-triethoxysil@ABTS) in order to exploit the presence of amino
groups to bind protein<.The disadvantage of this procedure is the fmmount andtability of grafted
APTS molecules that can be partially removed frdasg surface during the immobilization with
o proteins or drugs. In the present paper, in ordeintrease theamount andstability of APTS
molecules grafted onto the glasses surface, ass@&feamino-propylsol-gel bioactive glasses
(APTSBSG) have been prepared and thoroughly characterideceover the HA/HCA formation has
been evaluated by means of in-vitro bioactivityde&PTS molecules have been inserted during the
glasses synthesis procedundiere they have been partially or totally substidutfor tetraethyl

= orthosilicate (TEOS) molecules commonly used as Siidirces for the glasses’ preparation. In order



to define the best conditions to obtain a new tgp&APTS-containing bioactive glasses all the as-
synthesized materials have been characterized difterent experimental techniques. It has been
verified that APTS molecules are firmly anchoretbithe glass structurélthough other authot
report the preparation of silica network using bBEOS and APTS, to the best of our knowledge this
s IS the first study in which APTS has been insedadng the sol-gel synthesis of a bioactive materia
having an high concentration of amino groups firmlychored to the glasses surfatre.order to
develop a pH-sensitive bioactive glass the ABJS glass exhibiting the best chemicahd
morphological-bielegicaproperties, developed in the present work, has bewrtionalized by means
of a covalent reaction to produce a pH-responsieadive biomaterialwhich, when exposed to

o Specific pH changeg; can favour the drug release at the target site.
To this purpose, the glass exhibiting the best éb&nand morphological properties (indicated in the
paper as APTS25SG432) was first functionalized witileic and cis-aconitic anhydrides, among the
most common pH sensitive spacEt&ysteamine and 5-aminofluorescein, chosen as siamenon
toxic models to simulate a drug, were then conggjab the maleilated bioglaskiralhys In-vitro

s delivery tests at different pH valuesve-beerwere thenperformed in order to observe the effective
releaseof the pH dependent covalent bond.
In particular, the use of cysteamine allowed toedethe presence of sulphur in the conjugate by
Elemental Analysis; the conjugation with 5-aminoflescein made it possible to determine

quantitatively the fluorophore release in solutions



EXPERIMENTAL
Materials
Reference and APTS containing glasses. In order to obtain a series of sol-gel amino-ptdpoactive
glasses the conventional SiGource (tetraethyl orthosilicate, TEOS) was phytiar totally

s Substituted with 3-aminopropyltriethoxysilane (ABT$he samples are referred as APTSxxSGyyy,
where xx is the percentage of APTS used as precofssiO, (xx = 25, 50 and 100) and yyy is the
temperature of the thermal treatments (yyy = 423K).
In Table 1the theoretical compositions, in molar %, andtttegmal treatments of the studied samples
are reported.

o T T m e m e m e m

The glass samples with theoretical molar compasitisCaO-5F05-80SiQ-were synthesized using a
sol-gel route as reported in our previous papersThe samples were prepared using an appropriate
s mixture of tetraethylorthosilicate (TEOS) and 3-aapropyltriethoxysilane (APTS) as SiGource,
triethylphosphate (TEP) and calcium nitrate tetcahie (Ca(N@).-4HO) have been used agd3 and
CaO sources, respectively. A water solution waspgmed dissolving specific amounts of
Ca(NG;)2-4H,0 in a mixture of 0.2 ml HCI (37% w/w) and 5.0 nilk,O. This aqueous solution was
added to 40 ml of ethanol where different amountBOS and APTS were mixed in order to obtain
»the different APTS/TEQOS ratios. TEP has been preshoadded to each APTS/TEOS mixture (each
addition every 3 hours), in order to obtain thacstmmetric compositions. The solutions were then
stirred for 1 hour and cast in Teffdoontainers, that were hermetically closed and kegay at room
temperature for gelation. Gels were then aged 1atd&33K.
The aged systems were treated at 423K for 3 hauae bpen AIO; crucible (heating ramp: 2°C/min);

= the latter temperature value has been chosen doastie of the thermogravimetric analyses performed



on the APTS containing samples. This is the higlbaktination temperature to be used in order to
avoid the decomposition of the -Gi&H,-CH,-NH, chains of APTS molecules inserted during the
synthesis.
Finally, the obtained powders were grounded mapualan agate mortar for 5 minutes and sieved in
sorder to obtain powders of @ < 500um. The grindipgpcess was not performed on the
APTS100SG423 (samples with the highest amount GiyRIue to their sticky consistency.
In order to remove the nitrate still present in saenples, the powders of SG423, APTS255G423 and
APTS50SG423 glasses have been washed with a sotftida(OH) 0.1M for 1 hour under magnetic
stirring. The powders were then filtered and reedrat 423K for 3 hours in an open,®4 crucible
» (heating ramp: 2°C/min) and grounded again in amteaghortar for 5 minutes and sieved in order to
obtain powders of @<500um. The Elemental Analysidggmed on APTS25SG423 sample before the
washing procedure evidenced that the percentag®l a§ 7.5%. Based on stoichiometric, the
percentage of N in the material should be ~ 8.6%6; talue is the sum of N derived by —Ngtoups
of APTS (4.9%) and from N groups of calcium nitrate (3.7%). After washinge tamount of N
s decreased to 5.8%. This datum suggest a drastictied of nitrates in the material; the N still peat
in the material is mainly due to -NHjroups of APTS. Moreover, in order to completedynove N
deriving from nitrates, others attempts were penkat using other calcium sources; such as
Ca(CHCOO), and CaCl. Concerning acetate it strongly interacts with -Njloups preventing the
following functionalization step, whereas in theseaof calcium chloride the amount of residual
» chlorine after the washing procedure was highehn waspect to that of nitrates. The toxicity of aés
is well knowrf”> however in view of a potential application of thematerials the washing showed a
drastic reduction of these species. Accurate wagsstieps allow to remove completely nitrates species
but this is not strictly concerning with this study
After the thermal treatments and the sample washing compositions were again verified by

= Elemental Analysis in order to evaluate the amaidir@ and N.The amount of C and N was described



in the results and discussion section; concerni@dg23, APTS255G423 and APTS50SG423 samples.
The experimental compositions of samples were oetexdd by EDS analysis and are reported in

Table 2 (expressed as oxides molar percentage)- dedlaaut | . inal

The experimental compositions differ from the tleimal one slightly by the lower amount of CaO
and higher % of Si@ This can be due to the washing step that cabsa®lease of calcium.

v The two reference samples prepared with only TE®Brecursor of Si@were then treated at 423
873K for 2 hours to stabilize the glass systermiglation of solvents and reagents residues). The
samples are referred to in the following as SG428 8G873, respectively. The powders obtained
were groundeavith the same procedure performed on APTSxxSGyyypbes
Post-synthesis functionalization with APTS. In order to introduce -NKHgroups in potential bioactive

sglass samples avoiding the presence of residudgsedefrom synthesis precursors.e( nitrates
species), gost synthesis surface functionalization with AR¥ES been also carried out on the SG873
sample; this sample is referred as SG873psAPTStheopreparation of this sample, 4 @f SG873
powder was soaked for 2 hours in 40 ml ethanoltswiwhere previously 1 ml of APTS and 0.5 ml of
a 10% HCI solution were dissolved. The powder reenMfiltered and dried at 423K for 3 hours in an

»open AbOs crucible (heating ramp: 2°C/min). As previouslyntiened in the introduction section, the
material with the best chemical and morphologicalperties has been conjugated with a suitable
organic molecule by means of a pH-sensitive covdigdge.

Preparation of maleilated bioactive glass and conjugation with Cysteamine. o,f-Unsaturated
dicarboxylic acid anhydrides, such as maleic oracisnitic anhydrides, have been used as acid-

= Sensitive spacers between drugs and carriers, edhay are able to release an active drug from the



carrier into a tumor tissue, either in slightly dici extracellular fluids or, after endocytosis, in
endosomes or lysosomes of cancer Gligith To this purposeén-rrind, the APTS25SG423 glass was
first reacted with maleic or cis-aconitic anhydrittee vinyl carboxyl group of the resulting maléd
bioactive glass was then reacted with the aminamrof a target molecule, in order to obtain the
s desired conjugate. Reaction conditions for the tsgis of maleamic acids from alkylamines and
maleic anhydride were successfully applied in thecfionalization of APTS25SG4231n a model
reaction with pentylaminenass spectrometry — electrospray ionization (MSra8alysis confirmed
the formation of maleic acid N-pentylmonoamidewinich the free carboxyl group represents a useful
functionality for binding a suitable drug. (Modetaction scheme is reported in the supplementary

»materials, Scheme 1 SM) SchemeettionA reports the synthesis of the vinyl carboxyl acidthe
bioglass surface. Theotential of the functionalized bioactive glass as pH-séresibridge in drug
delivery was then evaluated. To this purpose cysitga (2-aminoethanethiol;FEA) and 5-
aminofluorescein werehosen as simple and non-toxic modehndthey wereconjugated with the
modified bioactive glass, by activation of the Viegrboxylic acid with the establishédEthyl-3-(3-

s dimethylaminopropyl)-carbodiimide (EDC), N-hydroxyxinimide (NHS)protocol. In Scheme 1

section B and C repotte conjugation with cysteamima@d 5-aminofluorescein, respectively.

» The amount of NK groups available at thePTS25SG423glass surface, determined by acid-basic
titration, is 35 mmol/g (009 mmol/nf).
Synthesis of APT25SG423-MA. 0.30 g of APTS255G423 glass.@® mmol NH) and 0.10 g of maleic
anhydride (105 mmol) and 10 mL anhydrous diethyl ether wereoshiced in a round bottom flask,

previously dried in oven and flushed with Ar; thasgension was let under stirring at room



temperature for 5 min, then filtered @iichnerfunnel and washed with acetone, yielding20g of
APTS25SG423-MA.

The same procedure was applied to cis-aconiticdndgy, yielding ®4 g of APTS25SG423-CAA.
The amount of NHK groups available at the glass surface after macwith maleic anhydride,

s determined by acid-basic titration, i9mmol/g (002 mmol/nf). This datum indicatethat the degree
of substitution is ~75%. In order to avoid the glakegradation it was not possible to increase the
reaction time.

Conjugation of APTS25SG423-MA with Cysteamine. 0.85 g of maleilated APTS25SG42385-¢g,2.2
mmol —COOH), 1.69 of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiingdhydrochloride§.8 mmol),

10 1.01 gN-Hydroxysuccinimide §.8 mmo) and 40 ml anhydrouBimethyl Sulfoxide (DMSO)were
introduced in a round bottom flask, previously drie oven and flushed with Ar, and let under stigri
for 30 min atroom temperaturén dark, giving a yellow solution; cysteamine hychloride (.25 g,
2.2 mmo) and triethylamine@.22 g, 2.2 mmglwere then dissolved in anh. DMSO, flushed with Ar
and added dropwise to the previous solution; thetureé was let under stirring in dark &t room

s temperaturefor 1 houg then filtered on &uchnerfunnel and washed with DMSO and acetone,

affording Q77 g of APTS255G423-MA-CY STconjugate.in—oerder—to—verify—if-thetwo-—synthesis

spectroscopy and elemental analysis.

Conjugation of APTS25SG423-MA with 5-aminofluorescein. 1.47 g of maleilated APTS25SG423 (3.8

o»mmol —COOH), 2.91 g of 1-ethyl-3-(3-dimethylaminopyl) carbodiimide hydrochloride (15.2
mmol), 1.75 g N-hydroxysuccinimide (15.2 mmol) & ml anhydrous DMSO were introduced in a
round bottom flask, previously dried in oven angsHed with Ar, and let under stirring for 30 min at
room temperature in dark; 5-aminofluorescein (1g33.8 mmol) was then dissolved in 30 mL of

DMSO and flushed with Ar; the orange solution wedded dropwise to the glass suspension, and the



mixture was let under stirring at room temperatardark for 1 hour, then filtered on a Bichner fahn
and washed with DMSO and acetone, giving 1.35RTFS25SG423-MA-AF conjugate.
In order to verify if the synthetic procedures Hagkn carried out with success, the samples were

analysed by means of Raman spectroscopy and elenaeialysis.

Methods
Materials characterization
Scanning electron microscopy (SEM). SEM microscopy was used to investigate any effécthe
addition of differentamountsof APTS on the morphology of bioactive glassesl the EDS analysis
owere done to determine the experimental compositioh the prepared samplesloreover, the
morphology of the samples were investigated afleddys of SBF soaking and Energy-dispersive X-
ray spectroscopy (EDS) was performed in order tarobthe composition of the sample surfacHse
images were obtained with a ZEISS ECO 50 XVP muwps equipped with a LaBsource, with
acquisition of images at 15 kV. For each sampler thfferent sample areas were investigat&e?D
s (X-Ray Powder Diffraction). XRPD (X-Ray Powders Diffraction patterns were recorded on a
PANalytical X’'Pert Pro Bragg-Brentano diffractometaising Ni-filtered Cu l& radiation { =
1.54060 A) with X'Celerator detector. The pattewese taken over the diffraction anglé i the 10-
50° range, with a time step of 50 s and a stepdife03°.
Soecific surface area and porosity measurements (N, or Kr adsorption at 77K). Specific surface area
» (SSA) and porosity were evaluated by adsorptiorarofinert gas (I at the temperature of liquid
nitrogen (77K) using a Micromeritics ASAP 2020 psiroeter. In the case of samples with very low
SSA, Kr was used as adsorptive gas.
For specific surface area determination data weedyaed with the BET model BJH® model was
used to analyze mesopores, and ‘t-plot’ (statiktiiakness methodj was employed to evaluate the

= presence of micropores. The accuracy of BET moolelSSA determination is known to be per se



relatively low (~ 5%), whereas both instrumentatwaacy and reproducibility of data obtained with
modern automatic gas-volumetric instrumentationcarige high. For a review on those methods, see
Gregg and Sind®

Before the measurements, the samples were outgassedm temperaturéRH) for 12 hoursunder

s vacuum ¢ 10° Torr).

Thermogravimetric analyses and differential thermal calorimetry (TGA-DSC). The stability of the
materials was investigated by thermo gravimetri@alyses coupled with differential thermal
calorimetry under Nflow (ramp: 10 °C miit) by a TA instrument Q600 SDT Simultaneous DSC-
TGA heat flow analyser.

1» Raman spectroscopy. FT-Raman spectra were collected directly on thegyfeowders in the 4000-100
cm™ range. A Bruker Vertex 70 instrument with the RAMatcessory, equipped with NdYAG laser
(1064 nm) was used: 15000 scans with a mean laseerpof 50 mW were accumulated for each
sample.

Infrared spectroscopy. KBr pellets: KBr pellets of samples as synthesiaede prepared by mixing ~1

s mg of powder with ~ 50 mg of specpure KBr. Transiis spectra of KBr pellets were normally
recorded using a DTGS detector in order to inspbsct the lowv region of the 4000-400 chrspectral
range and performing 128 scans for each measurement
Pure pellets: IR spectra of the pure pellets (safiported pellets, ~ 1Mg-cni®) of synthesized
systems were collected. Each sampkes activated in vacuo at different temperatures i@stigate

» both nature/structure and thermal stability ofsbid surface terminations.

Fluorescence spectroscopy. All measurements were performed using a JASCO 6@ @2orescence
spectrophotometer. The slits were adjusted to sehéespectral bandwidth of 2 nm, and the spectra
were obtained with a 1 nm step size and 1 s intiegraime. The samples were excited at a
wavelength of 490 nm. The standards of 5-aminoflscein were prepared in the concentration range

»between 10-107 M, because in this range the intensity of the rsscence band at 510 nm was



proportional to the concentration (Abs in the rarfigg-0.2). As fluorescence properties of the 5-
aminofluorescein are strictly pH-dependent, befilwe measurements the pH of both standard and
samples solutions was adjusted to pH ~ 7.4 usiogdtate buffered solution (PBS).
Mass Spectrometry. Mass spectra were recorded with a Thermo FinnigdwaAtage Max lon Trap
s Spectrometer, equipped with an electrospray iorrcgo(ESI) in either positive or negative ion
acquiring mode.
Acid-base titration. Acid-base titration was conducted by suspendingstdraple (50 mg) in 10 ml of
HCI solution (01M) for 1 hour. Then, the solution was centrifugedemove glass powder and 4 ml
of the acid solution (after the glass contactre -aretitrated with NaOH solution (@M) using
o phenolphthalein as indicator. Data were a meanhddet independent determinations on different
samples.
Elemental analysis. Elemental analysis was conducted with a Perkin EIB®0 NCHS analyzer
before and after the washing procedure and aftah functionalization step, to determine the
successful functionalization of the materials. Da&ae a mean of three independent determinations on
i different samples.
In-vitro bioactivity tests. In order to monitor the bioactivity of sol-gel aroHpropyl bioactive glasses
(APTSxxSGyyy, we used the simulated body fluid (SBF) propobgdkokubo et af® SBF is an
acellular aqueous solution with an inorganic iomposition almost equal to human plasma. The
bioactivity response of the materials was evaluateigrms of the formation of a HA/HCA layer on
» the surface of 250 mg of powdery samples aftergosoaked in 50 mL of SBF at different timés 2,
4 and 8 hourand 1, 4, 7 and 14 days). Furthermaneyitro studies allowed us to compare the relative
kinetics of the bioactive response for differennpées the shorter the time required for the HA/HCA
layer formation, the higher the bioactivity of theaterial. The HA and/or HCA formation on the

surface of the glassesas monitored by XRD diffraction SEM-EDS and FT-IR spectroscopy. In



parallel, the chemical composition of the supemmasmlution was monitored by inductively coupled
plasma emission spectroscopy (ICP-ES) anabysispH determinatian
Inductively coupled plasma emission spectroscopy (ICP-ES) analysis. Changes in the concentrations of
calcium, silicon and phosphorous in the solutioeseameasured on an ICP spectrometer (ICP Optima
s4200DV, Perkin Elmer) at every leaching time memdéd above. The concentrations reported
represent the mean value of three different detetiuins on the same sample solution.
pH-dependent release tests. In order to evaluate the bond stabildy different pH values 10 mg of
APTS25SG423-MA-CYSTand APTS255G423-MA-Afeonjugate weresoaked in 2 ml of buffered
solution for 1 and 72 hours. The buffered solutioesd were twa) buffer at pH = 4.5 (acetic/acetate
w buffer); ii) buffer at pH = 7.4 (PBS buffer). After differerdaking times, the powders were separated
from the solutionby filtration. dried—at-423K—and-analysed-by-Raman-spectrostopiie case of
cysteamine conjugate the powders were analyzed &@yaR spectroscopy whereas for the 5-
aminofluorescein conjugate the amount of amino#igoein in the solutions was determined by

fluorescence spectroscopy.



RESULTS AND DISCUSSION

In the presentpaper, the synthetic procedure of sol-gel amino-propylodstive glasses
(APTSxxSGyyy) was optimized. The material, exhiigtithe best—chemical-andidiogical most
promising chemical and morphologigatoperties, has been conjugated with maleic aséadnitic
sanhydrides in order to obtain an acid-sensitivedbdrnis bondwvas thenwil-be exploited to obtain a
controlled drug release stimuli-responsive biomaker

Materials characterization. In Figure 1 SEM micrographs of the investigated samples grerted.

For all samples the morphology is quite irreguldre morphology of both reference glasses is similar
for sake of brevity only SEM micrographs of SG87BPTS25SG423, APTS50SG423 and
APTS100SG423ashavebeen reported. Thaggregatesize is influencedybthe grinding procedure
and the amount of APTS introduced during the synth@s@cedure. In the case of the reference
s glasses (Section A) theggregateshape is rectangular with a particle size in @-300um range and
each particle presents many cracks. As a consegurtbe introduction of a small amount of APTS
during the synthesis procedure (APTS25SG423, Sedd) the glass morphology is evidently
modified. Theaggregatesizes decreased in the 1043® rangeprobably due to the fragility of the
sample during the grinding procedwaied now the particles being roundish. Increadmegamount of
»APTS in the glass composition (APTS50SG423, Sediiprine particles sizeéecame quitamixed:
both small aggregated particles with 10t30 dimensions and particles with a size in the 100+8n
range, the latter being very similar of these éémence glass (SG873) in term of size, but exmbia
more roundish aspect, most likely due to the presenf APTS. Finally, in the case of
APTS100SG423 (Section D) sample (all TEOS has beglaced by APTS during the synthesis), the

= particles sizes increaséd 300-500um in fact,during the grinding procedure the material was very



sticky, their shape becanrectangular and on top of them it is possible bsepve the presence of
small aggregates probably made up of APTS. As aamrence of the large amount of organic chains
(-CH>-CH,-CH>-NH,), the APTS108G423 sample is not very powdery but rather stidky: this
reason it is difficult to ground it after the syasiis. The morphology of this sample is charactdrine

sthe presence of large aggregatesi-these-aggregatashich in turn can include smaller ones. The
morphology of the SG873psAPTS sample (referencesdlanctionalized post-synthesis with APTS) is
similar to that of SG873 sample (Section A): fors reasonit has not been reported in a specific
figure. XRD patterns obtained for the as-synthessamples evidenced the typical halo of a glads wit
the maximum in the range between 20-25° i, tharacteristic of amorphous systems. (Segere 1

1 SM) Specific surface area and porosity data of apgyesl samples are reportedliable 3.

The two reference samples posses$sghspecific surface area typical of sol-gel glassegarticular,
isthe sample that has been thermally treated poshessis at low temperature 423K namely, SG423
exhibits a SSA of ~ 147 7y, no microporosity but only mesoporosity witharerage pores width of

~ 26A and mesopores area of ~ 12ignConcerning the reference sample thermallyégkat higher
temperature873 K namely, SG873 the SSA increases at ~ 25&,mvhereas mesopores area and
width remains almost unchanged with respect to SGgEmple. Conversely, this sample presents
» microporosity, with micropore area of ~ 95/m With the introduction of increasing amount d?BS
instead of TEOS, the SSA significantly decreasesthe case of APTS255G423 sample, the SSA
becomes lower (~ 38 7ty), becoming for APTS50SG423 and APTS100SG423 kmmnp 15 and ~ 3
m?/g, respectively. This can be explained by the Highof organic chains (-CHCH,-CH,>-NH,)
presentingn APTS-rich samples: the glass matrix made of APT@eoules could strongly interact

»=With ethanol, formed during the hydrolysis and camghtions steps, and these residues are not



completely removed during the post-synthesis thetreatment at 423K. For this reason the formation

of fine powders and pores typical of a dried gehlsbited. These results are in good agreemertt wit

the data reported in our previous wétkn which the characterization by SEM microscopys&423

sample evidenced the presence of fine granule8@30n of mean dimension) with pores that were
s due to the elimination of the organic residues fednduring the sol-gel process.

In Figure 2 the results obtained by means of thermo gravimatralyses (TGA) are reported.

o Section A of Figure 2 reports data indicated asgraage of weight loss vs. temperature (K), whereas
Section B shows data as weight derivative (%/K)temperature (K). The thermograms of Figure 2
section A and its derivatives (section B) evidentted the percentage of mass loss as a functitimeof
temperature can be dived in different ranges, riksly corresponding to different processes. The
events that occur can be summarized as fotlows

i51) in the 323-423K range, there is the first weigissl mainly due to the loss of physisorbed water; in
fact, in the plot of weight derivative (%/K) vsmeerature (K) the maximum is centered at ~ 373K
ii) the second event, in the 423-523K temperatureeracan be due a) in part to the elimination of
APTS molecules and/or hydrolysed APTS moleculescootiensed with the silica glass matrix and b)
in part to the organic residues derived by TEOS BB& molecules. This is in agreement with the

» boiling temperature of APTS molecules (493K); nthtat the plain SG873 sample exhibits no mass
loss in this temperature range, as it containsxtra species (APTS)

iii) the third process takes part between 523 and 6it3&likely to be due to the decomposition of
organic chaia derived by hydrolysed and condensed APTS moledateshe glass matrix. In the case
of the post-synthesis functionalized sample, SG873psAM)IHis weight loss is centred at 543K,

»Whereas in the case of APTS255SG423 (b), APTS50S@&2and APTS100SG423 (d) glasses the



weight losses are centred at 593, 603 and 613Kectsely. Moreover, increasing the amount of
APTS the percentage of weight loss in this rangeeimsed. The reference SG873 glass exhibits no
weight loss in this range. These results put id@we that, when APTS molecules are condensed on
the glass surface (SG873psAPTS sample), the deigmo temperature of the organic chain
s deriving from APTS is lower than that of the consleth APTS molecules (APTSxxSGyyy samples).
In the case of post synthesis functionalizatiom, glass surface rich of hydroxyl group.(=Si-OH)
reacts with APTS molecules that are bounded ontg time glass surface. On the other hand, in the
case of APTSxxSGyyy samples the organic chain ddrlvy APTS are uniformly distributed in the
bulk glass structure and they are strongly bondetthé amorphous glassy matrix: thus, this increases
wthe decomposition temperature of the APTS orgah&inc Concerning the SG473 sample, in this
temperature range it exhibits a small mass losghis due only to the decomposition of the nitrate
residues that are still present in the glasses
iv) in the 673-923K range, there is the last weigls lo®st likely due to the removal of all residual
species deriving from synthesis precursors. Colgritmne samples treated at 873K, no weight loss is
s 0bserved in this temperature range because afkeidual species have been already removed during
the post-synthesis thermal treatments at 878keresting to note that in the 773-873K range the
nitrate residues should be eliminated: for the APOGSG423 the mass loss is around 6%, while for
APTS50SG423, APTS25SG423 and SG423 is lower tharc@dfirming that the washing procedure
performed only on APTS50SG423, APTS25SG423 and 3G able to eliminate a great amount
» Of nitrate, while the sample APTS100SG423 that waiswashed the elimination of nitrate during
TGA was more evident.

Figure 3 reports Raman spectra collected onto as-syntliesamaples.
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By the inspection of Raman spectra the followiratdiees can be evidenced:

i) the bands at ~2960 and ~2940 gniypical of asymmetric and symmetric C-H stretching
vibrations, are present in all 423K calcined samsiptbese bands are due to the presence of APTS
molecules and organic residuesed during the glasses synthesis. The intenditthese bands
sincreases with increasing the amount of APTS inglasses composition. Moreover, in the case of
APTS-containing samples (spectra b, ¢ and d) ttemsgity ratio between these bands is similar tb tha
observed in the case of pure APTS (spectrum 1ytegbas a reference);

ii) the bands at ~1450 and 1200 tare characteristic of C-H bending modes (countetspaf the
bands described in (i);

wiii) the sharp band at ~1040 ¢ris typical of carbonate species; this is presemy on the samples
calcined at 423K; the highest calcination tempeea{823K) removed all the carbonate species (see
spectra A and B).

FTIR spectra confirm the same features alreadyrtegpan the case of Raman spectra; for sake of
brevity FTIR spectra are reported in the suppleargnnaterial. (se€igure 2 SM).

s From this morphological and physico-chemical chia@zation study, among all synthesized samples,
the sampleAPTS25B5G423 shows the best compromise between morphological surface
properties.

For thisreasonthe sampleAPTS2585G423has been chosen to be deeply investigated; incpkat
the bioactivity in simulated body fluid (SBF) ofishsample in comparison with the two reference

» glasses has been evaluated.

In-vitro bioactivity tests. The bioactivity in simulated biological fluid (SBFpaccording to the
Kokubo's recipé has been carried out on the APTS25SG493]S50SG423 and SG873psAPTS
glassedn comparison with the two reference glasses SG4BSG873. This experiment has the aim

to evaluate the effect of the introduction of theTAsS in the glass synthesis on the bioactivity.



There is a well-established relationship between ahility of a given material to form bonds with
living tissues and its ability to grow an apatitesl layer when soaked in fluids mimicking human
plasma, and for thiszason,n vitro assays are common and widely employedstoothe bioactivity
study of new candidate implant materials. The Higdg response of the materials were evaluated in
sterms of the formation of a HA/HCA layer on thefage of powdery samples after being soaked in
SBF at different times (1, 7 and 15 dayBjie materials resulting coated by a HA/HCA layerave
considered bioactive, whereas if the glass surfangined unchanged after the SBF treatment, the
materials have to be considered non bioactive hEuriore, in-vitro studies allowed us to compare for
different samples the relative kinetics of the bioge response: the shorter the time required Her t

1w HA/HCA layer formation, the higher the bioactivibf the materialln order to monitor HA and/or
HCA formation, XRPD patterns,SEM-EDS analysis an&TIR spectroscopyvere obtained for the
glass powderand ICPaas-beerwasperformed on the SBF solutions at different incidrmatimes.
Figure 4 reportsXRPD pattern after SBF soaking at different times.

15 (Please, insert hefggure 4)
All samples showed a broad band centered at ardR+itB° ascribable to phospho-silicate gel glasses.
In particular, for the SG873psAPTS sample (sectipafter 4 days of soaking two weak diffraction
peaks at 32° and 26° 2value) which could be assigned to the (211) ar@R)MHA reflections

o respectively (JCPDS PDF no. 74-0565 ref. PCPFWINsMa 2.3; JCPDS (Joint Committee on
Powder Diffraction Standards), International CefieerDiffraction Data, Swarthmore, PA, 2002xe
clearly evident; increasing the soaking time, thiensity of these reflections increases. The sample
without APTS calcined at high temperature (sectignshowed a similar behavigualready after 1
day of SBF soaking two weak broad peaks at 32°2&id2 value) are present. Moreover after 4 and

» 7 days the patterns showed the presence of a wdakdil defined peak centered at ~300 (@&lue)



attributed to calcite (main reflection peak (1043,PDS PDF no. 86-0174 ref. PCPFWIN Version 2.3;
JCPDS (Joint Committee on Powder Diffraction Stadsla International Center for Diffraction Data,
Swarthmore, PA, 2002).
In the case of reference sample calcined at lowpéeature (section) a very weak peak attributed to
s (211) HA reflection appeared only after 14 daysS&F soaking times; this is an index of the low
bioactivity response of SG423 sample with respe@®&873 one. The presence of organic and nitrate
residues deriving from the synthesis decreasesatbeof glass bioactivity. Concerning the APTSxxSG
glasses qections d and)galready after 1 day of SBF soaking, in the caB&APTS25SG423 and
APTS50SG423 a broad peak at 32° was detected tbrdamples and it is due to (211) HA reflection;
nthe (104) reflection, typical of calcite, was alsevealed for both samples; it increases with the
increasing of APTS content. A similar behaviour wlasected in our previous wofkwhere bioactive
glasses obtained by melt-quenched technique westesgathesis functionalized onto the surface with
TEOS or APTS: the glasses functionalized with ARA@r SBF soaking showed higher amount of
calcite with respect to that functionalized with@&. The explanation is strictly related to the lower
s ability to form a silica-gel layer on APTS-contaigiglass surface. The low amount of silica-gel taye
reduces its efficacy to interact with releasé'Gation and the sebsequent higtf'Gaoncentration in
solution enables the separation of simple binampuund as CaC{JseeTable 4) clearly identified
after 1 day.
From these data it is possible to confirm that phesence of APTS in the glass structure does not
» inhibit the glass bioactivity. Section f of Figufeallows to monitor the rate of HA formation as a
function of soaking time in SBF. It is possiblertote that the rate of HA increases as a function of
calcination temperature. Moreover, increasing tRd 8 content in the glass composition decreases the

rate of HA formation.



The XRPD results were confirmed by SEM-EDS analysis SG873, APTS25SG423 and
APTS50SG423 after 14 days of SBF soaking. The nodogly of samples were changed significantly,
showing greater homogeneity with respect to theyathesized samples shown in Figure 1.

In particular, for the SG873 and APTS25SG423 samiile glasses aggregates were covered by an
sexternal layer made up of new particles (§égure 5, section A and B) whose morphology and

composition (see Figure 5, section A' and B') zihable to the formation of an apatite-like phise.

o The morphology of the APTS25SG423 is quite differély the previous samples, in fact the
dimension of aggregates is higher with a squarapeshthe EDS analysis were showed an higher
concentration of calcium of this external layemied by new particles suggesting the formation also
of calcite.FTIR spectra carried out on the samples after iiffesoaking times, for sake of brevity, are
reported in the supplementary materials. (Sgeire 3 SM) In the case of the SG873psAPTS sample

s (Section B of Figure 3 SM), the glass behaviowsimsilar towhatthatdescribed in the case of SG873
sample (Section A of Figure 3 SM). AccordingX8PD results the post-synthesis functionalization
procedure does not influence the in-vitro bioatyivi
As previously reported in théRPD section, concerning the samples calcined at lomp&zature and
containing APTS, FTIR spectra confirm that the loamicination temperature decreases the rate of

»HA/HCA crystallization. For sake of brevity, FTIRpectra are reported in the supplementary
materials. (see Figure 4 SM) In order to monita iibns releasd@able 4 reported ICP-ES data after

the different soaking times in SBF of all the APG@&itaining samples.
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The Si, Ca and P release is related to the amdukiP®S used in the synthesis procedure; in fad, th
APTS100SG42 was not characterized after the SBF soaking becawsas completely dissolved in
solution as confirmed by ICP analysis. In particulae Si release can be directly related to thewarn
of APTS inserted during the synthesis; increasimg amount of APTS the Si release increases;
sincreasing the APTS content there is a decreafeeisilica reticulation and as a consequence &iast
release in solutionThe amount of Ca ions released by APTS25SG423 aMiSA0SG423 samples
was higher with respect to SG873psAPTS and S&8%8nples, this is probably due to the Calcium
ions that do not enter completely to the silicanmek until a temperature of >400°C (Lin et al J Bfat
Chem 2009).

» However, it is possible to conclude that the presence wf dnounts of APTS (APTS25SG32and
APTS50SG42 samples) in the glass structure does not inHilgtHA/HCA crystallization, although
the APTS delays the HA/HCA crystallization rate. eTWAPTS-containing glasses maintain the
bioactivity with the exception of APTS100SG423.

Moreover, the pH of SBF solution was monitored tidev to control the effect of introduction of —hH

s groups on the material surface. The pH values wagerted inTable 5.

The introduction of -NHK groups in APTSxxSGyyy sample does not modify thevalues of SBF

» Solutions; the main difference between the sampheth or without -NH groups) was an initial
increase of pH value due probably to the basicityN#, groups, whereas for the sample without -
NH, groups the pH decreases until 4 hours of reaetiopreviosly reported in ref. Aina et’8lAfter 7
days the pH was in the 7.14 - 7.38 range for both $esnp
It is possible to conclude that, the behaviour ltdse new APTS-containing glasses in SBF was

s consistent with that of other bioactive glasse® ttutheir ability to develop an apatite-like layarno



the surface whein contact with the simulated biological fluidsurtherstudies including cell-based
tests and pre-clinical implantation studies wouddréquired before they could be classed as biaactiv
glasses. Moreover exploiting the presence of ~Ntdups firmly anchored onto the glassesface,it
is possible to functionalize these materials by msezt covalent bonds to graft organic spaeard/or

s biological molecules (drugs and/or proteins).
Post-synthesis organic functionalization. In order to evaluate a “smart” release of drughared onto
the glass surface a covalent functionalizatiotedhe APTS25SG423 glass with organic spgacas
previously described (see material section) has Ipegformed. Moreover, pH-controlled release on
the APTS25SG423-MA conjugateiith cysteamineind 5-aminofluoresceim-wagereperformed.

wln Figure 6 Raman spectra carried out on the APTS25SG423 samafter the covalent

functionalization with the two organic spacers (@@bnd cis-aconitic anhydrides) are reported.

1s By the inspection of Raman spectra the followirgjdiees can be evidenced:

i) the bands at ~2960, ~2940 and ~2890" dgpical of asymmetric and symmetric C-H stretching
vibrations are clearly detectable in all samplassé bands are due to the presence of both APTS and
anhydrides molecules. The intensity ratio of thieaeds changed after the functionalization with the
anhydrides with respect to APTS25SG423 glass;

»ii) the bands at ~1850 ¢hrare due to stretching vibrations typical of cardogroups in thea,p-
unsaturated five-membered cyclic anhydrides. Thesels are no longer present in the spectra due to
the anhydrides’ ring opening;

iii) the bands at ~1650 and ~1600 trare due tosarbexyl carbonyl groups stretching vibrations
typical of carboxylic acid and amide, respectivélizese bands appear on the glass after the covalent

s functionalization with the two anhydrides: the baxidl600 crit is a clear indication of the formation



of an amide bond between the -Ngtoups present on the glass surface and the cdrgaup of the
anhydrides whereas the band at 1650 dsntypical of C=0O stretching vibration of carboixygroups
resulting from the anhydrides’ ring opening;
iv) in the 1450-1200 cm-1 spectral range there aretibeacteristic bands of C-H bending modes;

s V) the sharp band at ~1040 ¢ras previously mentioned is typical of carbonaecags.
Raman spectra confirm the efficiency of the covallemctionalization with the two anhydrides;
indeed this reaction does not modify the glass ima&oth anhydrides are covalently bonded at the
glasses surface through the formation of an amahel lbetween the surface amino groups of the glass
and the carbonyl groups of the anhydrides.

nmodel molecules to simulate a drug containing annangroup; the NH functionality -which
Cysteamine-possesses-an-amino-groupcaraform an amide bond with the free carboxylie group
on the glass surface deriving from the anhydridiegj opening.In the case of cysteamine, tgeup
that can form an amide bond with the free carboxylie an the glass surface deriving from
anhydrides.In the case of cysteamine, tipgesence of thiol groups allows to determingn—a

s uantitative-peint-of-vievby means of elemental analysis Hraeuntpresence of cysteaminepresent

longoncerning the 5-

aminofluorescein conjugate, due to its high molatinetion coefficient it was also possible to
determine quantitatively the amount of fluoresai@nvative released.
In Figure 7 the evolution of weight % of N, C, H and S afteffedent functionalization steps is

» reported.

The theoretical amount of C and N in the APTS25S=&#mple should be 3.8 and 10.0% for N and

= C, respectively. It was possible to see that thEeemental amount of N% was higher with respect to



the theoretical one: this can be explained by tlesgnce of nitrate residues as yet reported in the
discussion of thermal analysis results; concertiregC% content, it is slightly lower with respeot t
the theoretical one, this can be due to a pargabhposition of the aliphatic chain of the APTS
molecules not well linked with the silica matrixathcan occur during the calcinations at 423K. The
s functionalization of the glass with maleic (MA) amhide did not modify the % of C, N and H,
whereas the conjugation with the cysteamine moéscudaused the increment of %®d the
conjugation with 5-aminofluorescein which has ahleigmolecular weight resulted in an increment of
%C and %H.
This is a very good result highlighting the abildf/functional groups present on the material sigfa
wt0 be conjugated with molecules of biological iewtr Moreover,concerning the cysteamine
conjugatejt is interesting to note that the atomic ratioviben N and S (N/S) is 2.9 (the theoretical
one is 2); taking into account the presence ofatatrresidues, it is in agreement with the
functionalization scheme (see schenad-).
In Figure 8 Raman spectra, in the 3100-500 trange, carried out onto the samples after thermifft

is functionalization steps are reported.

Spectra (a) and (b) were described in the previaragraph; concerning the spectrum of the sample
» functionalized with cysteamine (see spectiaii it is possible to single out two main spectratdieas
ascribable to the presence of cysteamine thati)atiee band at ~2925 citypical of C-H stretching
vibrations of cysteamine and a band located at -€8T5ascribable to a C-S stretching vibration. Both
these bands are present in the spectrum of putearyie (see spectruid)). By the inspection of the
amide bond spectral region (1700-1600%rt is possible to note that after the functiomation with

s Cysteamine the intensity of the band at ~1600" increases and the band at ~1650" afecreases.



This is an indication that there is the formatidrother amide bonds. The persistence of the —-COOH
band suggests that the reaction between the, gNblups of cysteamine and the carboxylic groups
present onto theinctionalizedglass surface is not complete, nevertheless, diietglass degradation
in the reaction conditions, it was not possiblentadify the functionalization conditions.

s Concerning the conjugation with 5-aminofluorescaipectra of APTS25SG423-MA-AF sample
conjugated with 5-aminofluorescein (spectrum e) ahghure 5-aminofluorescein, (spectrum E) as
reference are reported in Figure 9. After the cgaiion reaction with 5-aminofluorescein it is pb$si
to single out the bands in the 1450-1200'spectral range, characteristic of C-H bending raafes-

AF, moreover the bands at ~ 1650 and 1600 typical of amide bond are detectable. Raman spectr

» confirm the efficiency of the covalent functionaimon with both cysteamine and 5-aminofluorescein
with the formation of an amide bond between theydridle and the amino groups of both cysteamine
or 5-AF.

In Figure 9 the Raman spectra of the sample functionalizedh witsteamine after the different
releasing times (1 and 72 hours) in two differemffdred solutions (PB$H = 7.4and acetateH =

154.5) are reported.

I-ispossible-to-evaluate-tfidhe release of cysteamine as a function of the glldeen monitored by
»means of Raman spectroscopy from a qualitativet mdimiew. As previously mentioned, the insertion
of the organic spacer (maleic anhydride) has the tai obtain a pH sensitive amide bond able to
release the drug only at acid pH. By the inspecatibthe spectra reported in Figudet is possible to
note that there are no appreciable differences deiwhe samples reacted for 1 hour in the two
buffered solutions (see specf{rthlh PBS)and(d 1h Ac)).On the contrary after 72 hours of releasing

= time in the case of the sample reacted in acetdferb(pH = 4.5)-6ee spectrurd 72h AQ there is no



evidence of cysteamine onto the glasses surfaceeahién the case of the sample reacted 72 hours in

PBS solution fH = 7.4)-6ee spectrundl 72h PB$ it is possible to single out the presence of both

amide and carboxylic bands (1650 and 1600")crith-this—preliminary—deliverytest{(glitative

s qualitative data obtained from the material chaazation and delivery tests are in accordance with
the formation of a covalent bond which can be hlyaed in acidic conditions.
The quantitative data concerning the release ommafluorescein by means of fluorescence
spectroscopy are reportedrigure 10.

10 (please, insert heileigure 10)
The release of 5-AF presents a time-dependent :treitidl longer soaking times, the amount of 5-AF
released from both buffered solutions increasess @atum confirms the ability of these materials to
act as controlled drug delivery system. Indeed, mamng the release at two different pH, it is pblesi

1st0 note that at pH 4.5 the amount of 5-AF releasddgher than at pH 7.4, this evidence demongtrate
that the amount of 5-AF released is higher at g@tidwith respect to physiological one which is
consistent with the development of a pH-sensitiugdielivery system.
The percentage of 5-AF released after 7 days sstlemn 1%. Despite the low solubility of 5-AF and
considering the very low Kg for doxorubicin, the therapeutic effects can beieaced even with the

»low amount released from our system where the diaugd be delivered directly in the tumour site.
These preliminary data are indeed promising resulgew of the development of a pH-sensitive drug
delivery systemAs future perspective doxorubicin, an anticangegctontaining amino groups in the
structure, will be used instead of cysteanmineminofluoresceimand acempletemore detailedelease
kinetics at different timesin the buffered solution at different pH will be performed by means of

= Uv-Vis and fluorescencepectroscopies.




CONCLUSIONS

In this work, through an accurasgnthetic-synthesiapproach and using different characterization
techniques it was possibie prepare a new functionalized bioactive glass. Asitioned in the results
and discussion section, compared to the post-sgisthfeinctionalization with APTS, this glass

s possesss higher amount of amino groups which are firmly lemed onto the surface. These
functionalities are available for conjugation wghitable molecules. For the first time the bioattiv
properties of a gel glass are combined with theeldgment of a pH-sensitive system able to release
molecules of biological interest. In particular, @rg the synthesized materials, the APTEB25423
glass showed bioactivity in SBF after 4 days oksmgawith the formation of aapatite-likelayer onto

othe surface. Moreover, this glass has been cowlentodified with organic molecules
(functionalization withmaleic or cis-aconitic anhydrides amdnjugation withcysteamineand 5-
aminofluoresceijshowing a total releaseom the conjugates-ef-eysteamionly in conditions of acid
pH (4.5) whereas at physiological pH (7.4) in coiedis close to neutrality a slow release of this
organic moleculehas been observed.

s H-this-way, Our work must be viewed as the first step in theettigoment ofa bioactive biomaterial
functionalized with organic molecules and also atderelease them only at acid pkhs—been
sueeesstulhy-develepedhis preliminarywork opens the door to the synthesisa serief bioactive
glasses to be used not only as bone fillers but ats“smart drug delivery systems responsive to
specific-stimuli”.
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FIGURES

Figure 1. SEM micrographs of the as-synthesized samplesrBate glass (SG873 and samples with
increasing amountof APTS inserted during the synthesis procedu@T®25SG423, APTS50SG423

and APTS100SG423, Sections A, B, C and D respdglive




Figure 2. Thermo gravimetric analyses (TGA). In Section Aadare reported as percentage of weight
loss vs. temperatufetemperature range 323 — 11060-K) @nd in Section B data are reported as weight
derivative (%K2C) vs. temperaturegK °C). (A) SG873, (B) SG873psAPTS; (a) SG423, (b)

APTS255G423, (c) APTS50SG423 and (d) APTS100SG423.




Figure 3. Raman spectra carried out onsasithesizedsamples: (A) SG873, (B) SG873psAPTS; (a)
SG423, (b) APTS255G423, (c) APTS50SG4@) APTS100SG423nd (1) pure APTS as reference

spectrum.Raman spectra, reported in the 3200-400" apectral range, are collected on powders in

air.




Figure 4. XRPD patterns of SG873 (Section a), SG873psAPTS (Sedi)p SG423 (Section c¢),
APTS25SG423 (Section d), APTS50SG423 (Sectionrapkes after 1 day (a), 4 days (b), 7 days (c)
and 14 days (d) of SBF soaking. Section f repatsafl samples the normalized counts of HA as a

function of soaking time.
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Figure 5. SEM micrographs of the samples as synthesized fedl1a days of SBF soaking: (A and
A’) SG873, (B and B’) APTS255SG423 and (C and C)TAB0SG423 samples. In the section (A”),
(B”) and (C”) the EDS spectra for the each samgiteer 14 days of SBF soaking are reported.
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Figure 6. Raman spectra on as-synthesized samples: (a) ABIEBEZS and after functionalization
with maleic (b) and cis-aconitic (c) anhydridesyeference the spectra of pure maleic and cis-#coni
anhydrides are reported (see spectra B and C,atbsglg). Raman spectra are reported in the 3100-

650 cm® spectral range.
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Figure 7. Weight % of N, C, H and S after different functbmation steps. The accuracy of elemental

analysis data is ~ 2%.

APTS255G423 APTS255G423 APT5255G423 APTS255G423
MA -MA-Cysteamine MA-BAF



Figure 8. Raman spectra in the 3100-500 tnspectral range of (a) APTS25SG423 (b)
APTS25SG423-MA sample functionalized with maleichydride (d) APTS25SG423-MA-CYST
sample functionalized with maleic anhydride andtegsine (D) pure cysteamine as reference
spectrum (e) APTS25SG423-MA-AF sample functionaizevith maleic anhydride and 5-

s aminofluorescein (E) pure 5-aminofluorescein asrexice spectrum.
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Figure 9. Raman spectra in the 1700-1300tepectral range of APTS25SG423-MA-CYST after 1
hour and 72 hours of reaction in PBS buffer at p4-(d 1h PBS and d 72h PBS) and acetate buffer
at pH =4.5 (d 1h Ac and d 72h Ac).




Figure 10.Fluorescence data related to the amount of 5-atoimi@scein released are reported as ppm
(Section A) and as percentage of 5-aminofluoresmd@ased (Section B) in buffered solutions at pH

7.4 and 4.5 after 1 and 72 hours of reaction. Tearacy of elemental analysis data is ~ 5%.
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TABLES

Table 1. Theoretical composition in molar % of studied gks

SiO, CaO P05 Post-synthesis
Samples
(% mol.) (% mol.) (% mol.) thermal treatment
TEOS APTS
Reference
SG423 80 / 423K
samples
SG873 80 / 15 5 873K
APTS
SG873psAPTS 80 15 5 873K
samples
APTS255G423 60 20 15 423K
APTS50SG423 40 40 15 423K
APTS100SG423 / 80 15 423K




Table 2. Experimental compositions expressed as oxidesrolar SG423,APTS255G423 and
APTS50SG423 were reported.

SiO, CaO P2Os
Samples
(% mol.) (% mol.) (% mol.)
Reference
SG423 83.5 5.1 11.4+1.7 5.0%15
sample
APTS
APTS255G423  g34+25 12.1+25 45+1.0
samples

APTS50SG423 82.9+2.8 12.3+1.8 4.8+1.2




Table 3.Specific surface area and porosity data of thereggred samples.

t-plot BJH BJH
Samples SgA micropore mesopore  mesopore
(m“/g) area area width
(m*g) (m*g) (A)
Kr N >
Reference SG423 147 7 / 120 26
samples
SG873 258 + 15 95 125 26
APTS SG873psAPTS 158 + 18 / 58 14
samples
APTS255G423 382 / / /
APTS50SG423 15+1 / / /
APTS100SG423 3.0+£0.3 / / /




Table 4.Concentration [ppm]* of Si, Ca and P (+ %std.dev)he plain SBF solution and in the
sample solution separated after different soakingstin SBF.

Si[ppm] £5% Ca[ppm] 8% P [ppm] 5%

SBF solution  t=0 0 78 25
SG873psAPTS 1 day 58 76 26
4 day 56 62 38
7 days 64 92 36
14 days 60 99 42
APTS25SG423 1 day 110 230 120
4 day 122 205 107
7 days 137 208 115
14 days 155 250 150
APTS505SG423 1 day 450 120 190
4 day 410 90 160
7 days 440 110 220
14 days 460 105 170
APTS100SG423 1 day 730 180 280
4 day 800 200 310
7 days 850 150 330
14 days 1550 200 520

s Reporeddata are an average of three determinations ee thdependent-replica experiments.



Table 5. pH of SBF solution to control the effect of intradion of -NH, groups on the material
surface. The accuracy of elemental analysis datebk.

Soaking Times in SBF Samples

SG873 SG423  APTS25SG423 APTS25SG423

0 7.40 7.23 7.34 7.28
1 hour 7.35 7.24 7.40 7.80
2 hours 7.28 7.23 7.41 7.71
4 hours 7.12 7.16 7.43 7.50
8 hours 7.30 7.31 7.39 7.44
1 day 7.38 7.30 7.31 7.36
4 days 7.40 7.26 7.18 7.31

7 days 7.38 7.30 7.14 7.33




SCHEMES

Scheme 1:Section A:SyntheticSynthesisprocedure for the preparation of APTS25SG423-MA an
APTS255G423-CAA. Section B. Synthesis of thBTS25SG423-MA and cysteamine conjugate.
s Section C. Synthesis of the APTS255G423-MA and Safluorescein conjugate.
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