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ABSTRACT

This work focuses on the preparation of a pH-sensitive antimicrobial drug delivery system based on
Mesoporous silica nanoparticles (MSN), functionalized with aminopropyl-triethoxysilane (MSN-
NHy2), triethylenetetramine (MSN-TETA) and poly-L-lysine (MSN-NH2-PLL, MSN-TETA-PLL),
and loaded with the flavonoid quercetin. The systems were fully characterized by means of several
techniques. Besides the role of the different functionalization of MSNs, this work aimed to optimize
both loading and release processes of quercetin, using two different ethanol-water mixtures as solvent,
namely EtOH:H>O mixtures at the ratios 80:20 and 50:50. Whereas loading was higher using the
80:20 solvent mixture, a more efficient release was ascertained using the solvent mixture 50:50 as
demonstrated by the release kinetics, and also by the amount of the released drug. It was suggested
that in the presence of less ethanol, quercetin solubility decreases, and a physical adsorption of
quercetin at the functional groups of MSNs can be favoured with respect to a random distribution
over many surface sites with which only weak interactions can occur. This means that in the presence
of high amount of ethanol, used very often when dealing with poorly water-soluble drugs, the
impregnation process becomes dominant, loading increases significantly, but subsequently burst
release of high amounts of drug occurs. In this work, using the specific case of quercetin, we found a
more sustained release as the result of a predominant adsorption mechanism due to the careful choice
of the solvent mixture composition during the loading step. Moreover, the new drug delivery system
allowed for a significant improvement in quercetin stability and the optimal release concentration
attainment.
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GRAPHICAL ABSTRACT: Quercetin loading with two EtOH:H>O mixtures on MSN, MSN-NH2,
MSN-TETA. Functionalization on MSN-NH>, MSN-TETA to obtain MSN-NH2-PLL and MSN-

TETA-PLL.
1. Introduction

The increasing demand of new drugs and smart drug delivery systems (DDS) to counteract antibiotic
resistance has promoted wide-ranging research approaches to produce versatile and tunable DDS
platforms, often based on hybrid multifunctional nanomaterials.>? The choice of functionalized
nanostructured drug carriers allows to protect and transport drugs to the desired target at the
appropriate concentration.>> Among a wide range of nanomaterials used to this purpose (i.e.
polymeric micelles,® liposomes,’ iron oxide nanoparticles®), significant advances have been achieved
through the use of functionalized mesoporous silica nanoparticles (MSN) and antimicrobial agents

such as flavonoids and polypeptides.®° Indeed, mesoporous silica nanoparticles (MSN) are one of



the most promising nanocarriers thanks to their peculiar features, such as high surface area (up to
1000 m?/g), narrow pore size distribution and easy surface functionalization.'**® Functionalization
of MSNs plays a crucial role in addressing the diverse applications in nanomedicine, particularly the
preparation of DDS. Several previous works have clearly demonstrated that surface functionalization
are essential first of all to reduce cytotoxicity, that is affected by surface charge and size of MSNs.
More specific functionalization may overcome other drawbacks that depend on several parameters,
such as type of drug and biological target, loading and release features, administration route, bio-
accumulation and bio-degradation of MSNs. %20 1920 For instance some specific functional groups
can allow MSNs for oral drug administration,® others may prevent burst release when weak
interactions between the nanoparticle surface and the drug occur.8*21 Among polymers, cationic
antimicrobial peptides (AMP) have been recognized to be very promising against multi-drug resistant
bacteria and fungi.»>>?2 Among diverse AMPs, poly-L-lysine (PLL), in addition to its potential as
antimicrobial agent, characterized by low cytotoxicity, biocompatibility and biodegradability,
provides stimuli responsive properties.?® Indeed, due to pKa around 9 of amino groups, PLL under
physiological condition at pH = 7, is positively charged.?* Hence, PLL-grafted MSN have been
studied as water soluble cationic pH responsive drug delivery systems.?>26

Quercetin (5,7,3,4’-hydroxyflavanol) is a flavanol found in a wide range of plants?” and food products
such as onions, berries, and cilantro.? Among its numerous properties such as anti-inflammatory,°
antineoplastic®® and antioxidant activity®' quercetin has been recently evaluated for its antibacterial®
and antiviral® uses. Quercetin antibacterial mechanism is due to destruction of plasma membrane
and inhibition of bacteria’s nucleic acid synthesis.>*3> More recently free quercetin has been studied
as a possible antibiotic alternative.*® Unfortunately, quercetin shows low bioavailability and limited
cellular absorption due to its low solubility in water.3”8 In addition, quercetin suffers of severe photo-
and thermo-sensitivity which makes it difficult to use for biomedical applications except when taken
at high oral doses (200-500 mg three-five times a day).33 Berlier et al. loaded quercetin on MSNs

functionalized with octyl groups to study its topical use to prevent skin damage from light.*® MSN-
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NH. were also studied as carriers for topical quercetin delivery. Quercetin loaded MSNs have also
been studied as a potential anti-cancer DDS, as in the work by Sarkar et al. which found that with
folic acid induced apoptosis in breast cancer cells.** Loading quercetin on MSNSs helped to overcome
this issue for topical administration in the use of creams and ointments. Many other interesting cases

of quercetin loaded on functionalized MSNs, 424

where mostly in vitro biological assays were used,
can be cited. Several strategies to enhance the therapeutic effect of quercetin together with a wide
range of loading approaches have been reported.*2434647 For example, Liang et al.*’ reported the use
of ultrasound to increase quercetin loading on hollow zein chitosan coated nanoparticles in simulated
gastrointestinal digestion conditions. Badens et al. studied the supercritical CO2 impregnation method
with ethanol 5 and 8% as cosolvent reaching up to 320 ug/g of quercetin in silica beads.* Khan et
al.*® loaded quercetin in diverse water ethanol mixtures ratio to obtain hollow-zein chitosan particles
in a wide range of quercetin loading (from 100 to 200 pg/mL). Specifically, due to its low solubility,
both impregnation and adsorption procedures have been studied to optimize quercetin loading on
MSNs.38:48-50 Sanino et al.>® used the impregnation method dissolving quercetin in methanol for drug
topical delivery. Zaharudin et al.>! used pure ethanol as solvent and studied the effect of differently
functionalized MSNSs on quercetin loading and release. Ghanimati et al.*® analyzed the adsorption of
quercetin from water—ethanol (0-100%) mixtures achieving high drug loading values at basic pH.
Rubini et al. compared the loading of quercetin on gelatin films by dissolution in either DMSO or
EtOH:H.0 (50:50) mixtures.*® Kazakova et al. found that increasing the EtOH content in a EtOH:H,0
mixtures increased quercetin solubility at the expense of quercetin adsorption on silica NPs.>? In
summary, most previous works have indicated strong associations between loading methods and the
solvent mixtures used for quercetin loading to improve drug delivery systems design. However, the
correlation between the solvent mixture used for quercetin loading and subsequent release has not

exhaustively been investigated. Indeed, the effect of loading methods and solvent mixture

composition was often investigated to maximize quercetin loading in carriers.*** To the best of our



knowledge, the effect of the mixture composition used for quercetin loading on release rates from

MSN have barely been considered.

Herein, the impact of the quercetin loading mixtures on release kinetic from MSN based drug
delivery systems was studied. To this purpose, a DDS based on quercetin loaded on functionalized
MSNs was prepared. MSNs were characterized through TEM, SAXS, FTIR, TGA, ELS and N>
adsorption/desorption  isotherms.  Functionalization to introduce propyl-NH2, TETA
(triethylenetetramine) and PLL moieties, was performed. The effect of EtOH:H>O mixture
composition (80:20 and 50:50) on quercetin loading on MSNs, MSN-NH; and MSN-TETA was
investigated. Then, quercetin release under physiological conditions for the DDS obtained from two
EtOH:H.0 solvent ratios used in the loading step, was quantified along with the release dependence
on functionalization moiety. Finally, the PLL grafted samples were investigated to evaluate quercetin

stability together with the optimal release concentration.
2. Materials and methods

2.1 Reagents

Hexadecyltrimethylammonium bromide (CTAB > 99%), tetraethoxysilane (TEOS 98%), toluene
(99.8%), 3-aminopropyl-triethoxysilane (APTES > 98%), triethylenetetramine (TETA > 97%),
NaH2PO4 (99%), Na2HPO4 (99%), NaCl, NaOH pellets, (3-chloropropyl)trimethoxysilane (CPTMS
> 97%), ammonium nitrate (NHsNOs 99%), HCI (37%), quercetin HPLC grade (> 95%),
dimethylformamide (DMF > 99,9%), aqueous glutaraldehyde (50%), poly-L-lysine hydrobromide
(mol wt 15000-30000) were all purchased from Sigma Aldrich (Italy). Ethanol (99.8%) was

purchased from Honeywell.
2.2 MSN synthesis and functionalization

MSN synthesis was carried out following a published protocol which provides MSN grafting prior

CTAB removal.™ (see details and physico-chemical characterization in Supporting Information).
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2.3 Quercetin loading on bare and functionalized MSN

Quercetin loading was performed with two EtOH:H>O mixtures at two different ratio. For mixture
80:20 EtOH:H.0 MSN, MSN-NH,, MSN-TETA, MSN-NH2>-PLL and MSN-TETA-PLL were
loaded by soaking 120 mg of each sample in 12 mL of a quercetin solution (10 mg/mL). For mixture
50:50 EtOH:H,O, MSN, MSN-NH2, MSN-TETA, MSN-NH»-PLL and MSN-TETA-PLL were
loaded by soaking 50 mg of MSN in 2 mL of a quercetin solution (2.5 mg/mL). All suspensions were
stirred on a rotational shaker at 15°C for 24 h. All suspensions were then centrifugated and the
supernatant removed. Materials were all dried under vacuum prior use. To determine drug loading on
MSN, the supernatant concentration was determined by measuring the absorbance at 375 nm (final
drug concentration) using the appropriate calibration curve (Fig. S2). Drug loading was calculated by

the equation:

D];-[D]p)V

Drug loading (%) =4 1)

m

Where, [D]; and [D]r are the initial and final drug concentrations (mg/mL), respectively. V is the

volume of drug solution (mL) and m is the mass of the MSN carrier (g).
2.4 Kinetics of quercetin release

To study quercetin release, a mass of 50 mg of quercetin loaded sample were dispersed in 50 mL of
phosphate buffer saline (PBS) 100 mM, NaCl 150 mM at pH 7.4. Each sample was stirred (156 rpm)
and incubated at 37°C. After 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and then after 24 and 25 h, 3.5 mL of sample
were collected and immediately replaced with the same volume of fresh PBS solution to maintain
sink conditions.> The amount of drug released was determined at wavelength of 375 nm. The same
measurement was performed at pH 3 and pH 7.4 for MSN-NH2-PLL and MSN-TETA-PLL. The
acidic conditions were chosen to assess MSN-PLL responsiveness in comparison with the
physiological pH 7.4. At pH 3 Indeed, at pH 3 the amino groups of PLL are fully ionized thus the

formation of a shrunken form o-helical structure is prevented®® whereas a random elongated coil
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shape occurs that, in turns, favors the opening of the pores.>” PBS was used at both pH to avoid the

use of a different buffer as reported for MSN-PLL gatekeeper.®’
Drug concentration(;—i) = Apax (1 — e7F18) (2)
The quantity of released quercetin has been calculated according to equation 2, where drug

concentration represents the amount of drug released at specific time (ug/mL), Amax IS the maximal

concentration of released drug (ug/mL) and ki (h™) is the release constant rate
2.5 Quercetin stability

Quercetin at concentration 2 pg/mL were dissolved in PBS buffer 100 mM, NaCl 150 mM, at 37°C
at pH 3 or at pH 7.4. Immediately after preparation, after 6 h and 24 h of incubation 3.5 mL of sample
were withdrawn and UV-vis spectra were registered from 200 to 800 nm. Release spectra of quercetin
from MSN-NH,, MSN-TETA, MSN-NH2-PLL and MSN-TETA-PLL were registered in the same

wavelength range after incubation in the same conditions.
3. Results and discussion

3.1 Characterization of MSN, MSN-NH2 and MSN-TETA

Synthesized MSNs were characterized by TEM, SAXS and N2-adsorption techniques. TEM images
in Fig. 1 (A-B) show MSNs particles having ellipsoidal shapes with an internal structure constituted
by typical parallel channels. SAXS pattern of MSNs in Fig. 1C displays an intense peak relative to
the reflection of the 100 plane and three less intense peaks due to 110, 200 and 210 planes. This
pattern confirms the occurrence of an ordered 2D hexagonal phase with a lattice parameter a = 47 A.
The functionalization of the external surface of MSNs of propyl-NH2 and TETA moieties to obtain
MSN-NH2 and MSN-TETA samples, respectively, was carried out before CTAB extraction as
previously reported.®® MSN were characterized by FTIR spectroscopy. All samples show the
characteristic peaks around 1060 cm™ and 800 cm™ due to the stretching vibrations of Si-O-Si bond

(Fig. S1). Successful post functionalization CTAB extraction was confirmed by the disappearance of
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C-H stretching bands at 2922 cm™ and 2853 cm™. MSN-CTAB-NH; and MSN-NH: spectra show -
NH; bending at 1560 cm™. To obtain MSN-TETA sample, the grafting of the propyl-Cl moiety is
needed as first step leading to the synthesis of MSN-CTAB-Cl. MSN-CTAB-CI synthesis is
confirmed by the clear disappearance of silanol peak at 970 cm™. The so functionalized MSN was
then treated with TETA. MSN-CTAB-TETA and MSN-TETA spectra show a band at 1654 cm™ due
to the NH; bending (Fig. S1). The structural order typical of MCM-41 materials® is retained after
propyl-NHz and TETA functionalization as confirmed by the SAXS patterns showing the hexagonal
phase (Fig. 1C) and the unaltered lattice parameter values (Table 1). MSN sample has a BET surface
area of 1142 m?/g which decreases for MSN-NH, and MSN-TETA sample to 630.3 and 717.2 m?/g,
respectively. A slight decrease of pore size from 2.8 nm (MSN) to 2.5 nm (MSN-NH>) and 2.3 nm
(MSN-TETA) is shown. While there is not functionalization present within the pores, surface area
and pore size decrease could be due to a partial closure of pore openings consequent to the external

functionalization on MSN surface.
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Figure 1. TEM images of MSN at different magnifications A-B) structural characterization of MSN,
MSN-NH2 and MSN-TETA as C) SAXS patterns D) adsorption/desorption N2 isotherm.

Table 1. Samples characterization data.

Sample *Sper(m?/g) Ve (em®/g) °dr (A) ‘a (A)

MSN 1142 0.9 28 47
MSN-NH: 630 0.4 25 47
MSN-TETA 717 0.6 23 47

& Surface area calculated by BET method, pore volume from the desorption branch calculated at
P/P0=0.99 by BJH method, ® pore volume and ¢ pore diameter calculated with BJH method to the
isotherm desorption branch, 9 lattice spacing of MSNs calculated with the equation agex phase) =
(2/3%%)x(n? + K2 + 12) 05,

To confirm nanoparticles functionalization, TG analysis of MSN in comparison with MSN-NH. and
MSN-TETA samples was performed (Fig. 2). Mass losses < 100° C are attributed to the loss of
humidity. In the temperature range between 100 °C and 250 °C a mass loss of 12.1% and 7.9%
attributed to the organic moieties of MSN-NH> and MSN-TETA, respectively. The mass losses for
MSN-NH: and MSN-TETA at 250°C are likely due to the sole MSN external functionalization. This

might provoke a net loss of the propyl-NH> and triethylenetetramine moiety which causes a sudden
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drop in mass. These mass losses correspond to an amount of grafted functional group of 110.8 mg/g
for MSN-NH: and of 76.8 mg/g for MSN-TETA (Table 2). PLL modification is confirmed by TG
analysis in the range of temperature 250-575 °C with a mass loss of 20 % and 27.4% for MSN-NH:

and MSN-TETA, respectively, as shown in Figure 2.

100 | 100
\ ] ——MSN
——MSN mE ———MSN TETA
90 MSN-NH, 01 ) ——— MSN-TETA-PLL
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3 60 2 60
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Figure 2. Thermogravimetric analysis of A) MSN, MSN-NH,, MSN-NH,-PLL and B) MSN, MSN-
TETA, MSN-TETA-PLL.
Table 2. Mass losses % and amount of grafted functional groups (mg of moiety per g of MSN)

calculated from TGA data for functionalized MSN samples. Isoelectric point (pl) from zeta potential
measurements (Fig. 4)

Sample 25°C<T<100°C 100°C<T<250°C 250°C <T<575°C Func. moiety pl
(mg/g)

MSN 21.6 - - - 42

MSN-NH, 8.8 12.1 10.0 110.8 7.9

MSN-NH,-PLL 13.1 25 20.0 100.3 8.3

MSN-TETA 20.2 7.9 13.4 76.8 9.1

MSN-TETA-PLL 15.5 6.7 27.4 140.7 9.8

3.2 Quercetin loading and release from MSN, MSN-NH2, MSN-TETA

Drug loading on MSNs can be obtained by impregnation or adsorption methods or a combination of
both. In the former, a solvent where the drug is highly soluble is used. The solvent must also have a
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low surface tension, so that it can easily evaporate leaving the drug inside the mesopores. In the latter,
the drug should not have a high solubility in the solvent, otherwise the establishment of attractive
interactions with the particles’ surface would be unfavored. Sometimes both impregnation and
adsorption phenomena are simultaneously at work. Although the effect of the solvent on drug loading
is usually considered, the successive effect on the release has not been deeply investigated yet. The
highest quercetin loadings are usually achieved when using pure ethanol.** However, drug
distribution after impregnation is difficult to control.’® For example, Popova et al. used the
impregnation method by dissolving quercetin in pure ethanol.5! They obtained a burst release (60%
of drug mass in 30 mins) from bare silica particles, likely because of the lack of attractive interactions
between quercetin and the silica surface. Enhancements in drug loadings were studied with a variety
of drugs. For example, Paclitaxel loading on MSN was assessed in three different solvents,
specifically dichloromethane, ethanol and DMSO. In that work, the highest loading was found with
drug dissolution in dichloromethane. However, the drug release study was performed after drug
loading on this solvent only with a cumulative drug release of 34.4% after 48 h.**

In our case quercetin loading on MSNs was firstly carried out dissolving the drug in a mixture of
EtOH:H>0 80:20 (v/v). This solvent mixture result in a quercetin loading, quantified by UV-Vis
analysis, corresponding to 627.6 mg/g for bare MSNs, and 98.2 mg/g for MSN-NH: and 347.6 mg/g
for MSN-TETA (Table 3). A mixture of EtOH:H20 50:50 (v/v) was also used to load quercetin. The
lower ethanol content in the solvent mixture resulted in a lower quercetin loading for all samples,
with the highest obtained for MSN-TETA (92.8 mg/g) and MSN-NH: (92.6 mg/g) and the lowest for
bare MSNs (80.4 mg/g). The higher quercetin loading obtained for EtOH:H>O 80:20 mixture is
consistent with a process in which impregnation prevails on adsorption. This result is also in

agreement with what reported in the literature.5?

Table 3. Effect of solvent mixture composition (EtOH:H>0 80:20 and EtOH:H>0 50:50) on quercetin
loading and release (Kinetic parameters: Amax, ki and R? calculated by fitting equation 2) from
different MSN samples.
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EtOH:H,0 (80:20) EtOH:H,0 (50:50)

Release Loading  Amax k, R* Loading  Ama k, R

pH 7.4 (mg/g)  (png/mL) ) (mg/g)  (ng/mL) )
MSN 627.6 1.8 80.9 093 804 3.8 1.3 0.96
MSN-NH, 98.2 1.8 1.6 096 926 2.8 0.2 0.90
MSN-TETA  347.6 2.8 27 098 928 52 0.1 0.96

The effect of EtOH:H-0 ratio in the loading step on quercetin release was then studied. For samples
loaded using 80:20 EtOH:H-O ratio, the maximal concentration of released quercetin Amax, was 1.8
pg/mL for MSN and MSN-NH> increasing up to 2.8 pg/mL for MSN-TETA. The release kinetic
constant, ki, was very high for bare MSN (80.9 h') suggesting a burst release of quercetin. Lower
values of ki, 2.7 ht and 1.6 h!, were obtained for MSN-TETA and MSN-NH, respectively. This
suggests the occurrence of attractive interactions between quercetin and the functionalized MSNs
which slowed down the process making the release more sustained. Although, bare MSNs reached
the highest quercetin loading with a solvent composition EtOH:H20 80:20, their release performance

were very poor both in terms of Amax and k.

A B

3 * MSN pH 7.4 51 o
MSN-NH, pH 7.4 _—

44 =  MSN-TETA pH 7.4

= MSNpH74
MSN-NH, pH 7.4

4 MSN-TETApH 7.4

Release (ng/mL)
%
Release (pug/mL)

0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

Figure 3. Quercetin release of MSN, MSN-NH., MSN-TETA after quercetin loading in a EtOH:H>0

mixture A) 80:20 and B) 50:50.
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The use of a solvent composition (EtOH:H2.0 50:50) had the important effect to slow down the
quercetin release and to modulate the maximal concentration of quercetin for all MSN samples. Bare
MSN showed a fast quercetin release (ki=1.3 h'!) which was in any case much lower than that
obtained for the 80:20 EtOH:H>O mixture. In addition, both functionalized samples showed much
slower release with values of 0.2 h'* and 0.1 h** for MSN-NHz and MSN-TETA, respectively.
Considering that quercetin is highly soluble in ethanol, but not in water, lowering ethanol content
favors the physical adsorption on functionalized MSNs with respect to the impregnation process. The
attractive interactions between the physically adsorbed drug at the functionalized silica surface slows
down the release as demonstrated by the significant decrease of the kinetic constants reported in Table
3. The effect is clearly seen also in Figure 3B where almost no burst release occurs from both MSN-
NHz and MSN-TETA matrices when the 50:50 EtOH:H20 mixture is used. The decrease of release
kinetic constants follows the order of MSN > MSN-NH2 > MSN-TETA correlating the occurrence of
a more sustained release with surface functionalization and indicating a general better performance
of the DDS loaded with a lower ethanol content. Amax, was 2.8 pg/mL for MSN and 3.8 pg/mL MSN-
NH2 with MSN-TETA showing the highest Amaxat 5.2 pg/mL. These results suggest that adsorption
is more useful than impregnation as a method to load quercetin on functionalized MSN carriers. Due
to the better release performance of samples loaded with EtOH:H.O 50:50 ratio, this solvent

composition was chosen to study quercetin loading and release from PLL-grafted MSN samples.

3.3 PLL grafting of MSN-NH2 and MSN-TETA

It has often been reported that positively charged silica surfaces greatly reduce citotoxicity.?>62° To
this purpose we used the polypeptide PLL that, grafted to MSNs surface, besides providing a positive
charge, is known to act as antimicrobial agent®>%?2 and, more importantly, introduces stimuli
responsive properties, being very sensitive to pH.% PLL was grafted to MSN-NH, and MSN-TETA
by mean of glutaraldehyde. To confirm PLL grafting TG analysis of MSN-PLL in comparison with

MSN, MSN-NH; and MSN-TETA samples was performed. (see Fig. 2 and Table 2). In the
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temperature range 250°C - 700 °C, MSN-NH2-PLL and MSN-TETA-PLL samples have mass losses
of 20% and 27.4%, respectively, attributed to the combustion of PLL polymer. These values
correspond to an amount of grafted PLL of 140.7 mg/g for MSN-TETA-PLL and of 100.3 mg/g for

MSN-NH2-PLL.

To further confirm PLL functionalization, zeta potential ({) of bare, functionalized, and PLL-grafted
MSNs were measured as a function of pH (Figure 4). MSN showed an isoelectric point (pl) = 4.1
while for MSN-NH. and for MSN-TETA it increased to pl = 8.0 and 9.2, respectively. The pl of
amino functionalized MSNs occurs at a higher pH value because of the presence of positively charged
amino groups. MSN-NH2-PLL and MSN-TETA-PLL show a further increase of the isoelectric point

(p! = 8.3 and 9.8, respectively) thus confirming PLL functionalization (Table 2)

—=— MSN
MSN-NH,

MSN-NH,-PLL
—e— MSN-TETA
—4&— MSN-TETA-PLL

Figure 4. Zeta potential ({) as a function of pH in water for MSN, MSN-TETA, MSN-TETA- PLL,
MSN-NH2, and MSN-NH2-PLL samples.

3.4 Quercetin loading and release from MSN-NH2-PLL, MSN-TETA-PLL as function of pH

The obtained PLL-grafted MSN samples were then loaded with quercetin from a EtOH:H20 50:50
mixture. Quercetin loadings were 113.8 and 109.2 mg/g for MSN-NH2-PLL and MSN-TETA-PLL,
respectively. These values were slightly higher than those obtained for MSN-NH> (92.6 mg/g) and
MSN-TETA (92.8 mg/g), likely due to the establishment of favorable interactions between quercetin

and PLL chains. PLL is a pH responsive polymer that should change conformation going from neutral
15



to acidic pH.?*®" To evaluate the pH response of the DDS, the release of quercetin from MSN-NH:-

PLL and MSN-TETA-PLL was carried out at two different pH values, namely, pH = 7.4 and 3 in

PBS buffer.
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Figure 5. Quercetin release of A) MSN-NH2-PLL and B) MSN-TETA-PLL at pH 3 and 7.4.

A change of pH should affect the maximal amount of released quercetin (Amax) because, in response
to acidic pH, a conformation change of PLL should favor drug release.®® However, in agreement with
the slight change of zeta potential observed at pH 7.4 and 3, MSN-NH2-PLL did not show a significant
difference in pH response. Indeed, at pH 3 Amax = 2.6 pg/mL and 2.9 pg/mL at pH 7.4. Consistently
with the change of zeta potential with pH, MSN-TETA-PLL was more sensitive to pH changes,

resulting in Amax = 3.6 pg/mL and 2.8 pg/mL at pH = 3 and 7.4, respectively.®’

Besides Amax, pH affects also ki. Kinetic constants of quercetin release from MSN-NH2-PLL
decreases with decreasing pH from 2.6 h't at pH 7.4 to 1.3 h* at pH 3. Similarly, for MSN-TETA-
PLL the kinetic constant decreases from pH 7.4 (1.7 h™*) to pH 3 (1.5 h'). The decrease of ki suggests
that quercetin interacts more strongly with PLL groups at acidic pH with a resulting slowdown of the
release process. Quercetin molecule has 5 phenolic groups each having a different pKa value (Table
S1).57%8 The first pKa of quercetin measured by spectrophotometry is 6.74.%° According to Diduk et

al.”® quercetin is only partially deprotonated at physiological pH 7.4.
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At pH 7.4, the kinetic constants of both MSN-NH2-PLL and MSN-TETA-PLL (2.9 and 2.8 h'
respectively) are 15 times higher than the values found for MSN-NH2 and MSN-TETA loaded at
EtOH:H,0 50:50 ratio (0.2 and 0.1 h™ respectively) (Table 4). The higher ki values obtained for PLL-
grafted samples might be due to quercetin adsorption mainly on the external surface rather than within
mesopores. Quercetin loading was performed post-functionalization due to experimental constraints.
If drug loading is carried out before -NH2, -TETA or -PLL functionalization, it could cause an
unwanted drug leaching during the following functionalization step. For this reason, the post
functionalization loading is widely used.”*"*Although we expect that a certain amount of the drug
reaches the MSN pores after the PLL functionalization, we cannot exclude that part of the drug is

adsorbed on PLL external surface.

Table 4. Kinetic parameters release for MSN-NH2-PLL and MSN-TETA-PLL at pH 3 and 7.4.

MSN-NH,-PLL MSN-TETA-PLL
Loading  Amax k, R’ Loading Ama K, R’
(mg/g)  (ng/mL) 1) (mg/g) (ng/mL) 4
pH7.4 113.8 2.9 26 099 109.2 2.8 1.8 0.99
pH3 113.8 2.6 1.3 098 109.2 3.6 1.5 0.99

A successful DDS should release an amount of drug that matches drug concentration in plasma within
a therapeutic window.’*"™ Kaushik et al. studied quercetin concentration in plasma after oral
administration of quercetin aglycone using various food supplements such as quercetin fortified bars
and chews.”® Quercetin concentration in plasma ranged from 0.2 to 3 pg/mL."® It is noteworthy that
for PLL grafted MSN samples in the present work, the maximal concentration of released quercetin

matches the concentration of quercetin in plasma after oral administration.

3.5 Quercetin stability
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Quercetin shows low chemical stability depending on pH.”” 8 For example Lei. et al.”® studied
quercetin degradation at basic pH with electrogenerated chemiluminescence. Zenchevich et al.®
studied quercetin at basic and acidic pH through UV-Vis spectroscopy and HPLC to analyze quercetin
oxidation products. In our work the stability of free quercetin (at a concentration of 2 pg/mL) in PBS
was studied by means of UV-Vis spectroscopy. The UV-Vis spectrum of quercetin at pH 3 displays
two main peaks at 255 and 370 nm with no substantial change as a function of time (Fig. 6A). The
spectrum of a freshly prepared sample of quercetin at pH 7.4 is slightly different from that at pH 3,
showing two main peaks at 255 nm and 375 nm and one small peak at 316 nm, consistently with what
reported in literature.8! However, after 6 h of incubation under physiological conditions (T = 37°C
and pH 7.4), quercetin solution showed a hypochromic shift. This band shift suggests a chemical
change likely due to a loss of conjugation in slightly basic pH, as reported in literature.8-% More
specifically at neutral and slightly basic pH values quercetin is rapidly oxidized.®’ It has been found
that at alkaline conditions, the y-pyrone fragment of quercetin decomposes with the formation of one
isomer of a benzenetriol together with 2,4,6 trihydrobenzoic and 3,4 dihydroxybenzoic acid.®®2° Fig.6
shows the UV-Vis of quercetin after release from PLL-grafted MSNs at different release times. At t
=6 h the UV-Vis spectrum of quercetin is exactly the same of that of the original molecule. According
with UV-Vis spectra in Fig. 6D, quercetin is oxidized only after 24 h from the release by MSN-
TETA-PLL at pH 7.4 and 37°C, thus indicating an improved storage stability of the drug immobilized

on functionalized MSNSs.
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Figure 6. UV-Vis spectra of free quercetin at pH 3 A) and pH 7.4 spectra are reported as stack peaks
to evaluate before (black values) and after degradation (green values) C) UV-Vis spectra of release
quercetin solution from MSN-TETA-PLL pH 3 B) and pH 7.4 D) measured after different incubation
times in PBS at 37 °C.

All functionalized samples, MSN-NH,, MSN-TETA, MSN-NH.-PLL (Fig. S3-S4) and MSN-TETA-
PLL, have the same protective action toward quercetin molecule, thus they could guarantee the
transport and release of unaltered quercetin at appropriate concentration. One of the most important
criteria in drug release is the obtainment of a sustained release that can guarantee a therapeutic
efficacy. The present work considered the effect of loading mixtures on quercetin release. A much
more sustained release can be obtained by mean of a solvent mixture with a lower ethanol content.
This is likely the result of a predominant adsorption mechanism due to the higher water content.
Moreover, drug loading obtained with the 50:50 EtOH:H>O mixture allowed for a quercetin
concentration release which matched the concentration found in plasma after oral quercetin

administration. These developments were obtained together with a substantial increase in stability of
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quercetin. These features revealed a robust DDS with potential antimicrobial effect, further

strengthened through the functionalization with the cationic antimicrobial polypeptide PLL.

4.Conclusions

In this work different functionalized mesoporous silica nanoparticles, MSN, MSN-NH> MSN-TETA,
MSN-NH2-PLL and MSN-TETA-PLL samples were synthesized and characterized by several
techniques to prepare a new DDS for quercetin. Due to the poor solubility of quercetin in water, an
ethanol-water mixture was used for loading quercetin into MSNs. Two different EtOH:H>O ratios
(80:20 and 50:50) were investigated. While loading was favored by the solvent with the higher
content of ethanol, the best release performance was obtained using an EtOH:H>O 50:50 mixture for
all functionalized MSNs. These results clearly demonstrate that the choice of the solvent used in the
loading step of a poorly water-soluble drug is a key factor in the release performance. Lowering
ethanol content favors the physical adsorption on functionalized MSN nanoparticles significantly
with respect to the impregnation process. The physical adsorption of quercetin at the surface
functional groups consequently slows down the release as demonstrated by the significant decrease
of the kinetic constants. The PLL grafted MSNs showed slightly higher release kinetics, however the
released amounts of quercetin were always in the range 0.2 - 3 pg/mL, that is the concentration range
found in plasma after quercetin supplements assumption. Remarkably, immobilization on PLL

grafted functionalized MSNs preserved quercetin stability avoiding its oxidation up to 6 h.

In summary, we demonstrated that for quercetin the composition of the solvent mixture used in the
loading step allows to obtain a better performance of the release particularly in terms of Kinetic
constant and amount of released drug. The results of this work suggest that when dealing with poorly
water-soluble drugs the optimization of solvent mixture composition should be considered to
maximize the DDS loading and release performances. Here, the designed DDS seems to guarantee

the transport, the protection, and the release of native quercetin at the optimal concentration.
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