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Abstract

Health care associated infections affect every year more than four million people due to the increasing
resistance of bacteria to traditional antibiotics. In turn, the systematic use of quaternary ammonium
salts as antiseptics is hampered by their inherent toxicity and high hydrophilicity that leads to their
rapid elimination from the body. Therefore, a carefully controlled release of these antiseptics is pivotal
to achieve prolonged therapeutic efficacy reducing the side effects. In this work, high encapsulation
efficiencies and good control over the release of octenidine hydrochloride from poly(lactic acid)
(PLA)-based nanoparticles (NPs) was achieved by introducing functional carboxylate groups in the
polymer. The influence of the polymer structure and functionalization over the drug release was
sistematically investigated. Star-like and brush-like polymers with tunable number of ionizable chain
end-groups were synthesized via combination of ring-opening polymerization and reversible
addition—fragmentation chain transfer polymerization. These polymers were formulated in NPs and
loaded with octenidine through emulsion/solvent evaporation. Brush-like polymers demonstrated to be
a versatile tool for the modulation of the initial burst and long term release of the antiseptic through
the tuning of the electrostatic interactions between the negative groups on the polymer, whose number
can be precisely controlled, and the positively charged drug.

Keywords: Polylactic acid; Octenidine hydrochloride; Polymer nanoparticles; Drug delivery;
lonizable polymers

1 Introduction

Biodegradable polymeric nanoparticles (NPs) are attracting increasing interest in many fields of
medicine and biology[1-3]. In fact, this type of colloids shows promise in applications ranging from
the controlled release of therapeutics to imaging and diagnosis[4-7]. Regarding drug delivery,
polymer NPs have been widely studied as carriers for lipophilic drugs, enabling their systemic
administration[8-10]. With this strategy, the bioavailability of the drugs in aqueous environments is
improved and toxic species or solvents necessary for their formulation are avoided. In addition, the
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degradability of the polymers in physiological conditions, coupled with the biocompatibility and the
easiness of excretion of the degradation products, prevents their accumulation in the body[2,11-13].
In the literature, polyester-based NPs are the golden standard[14-16]. These showed promising
results in the controlled release of lipophilic therapeutics. On the other hand, the encapsulation and
controlled release of charged drugs, which are more prone to solubilize in water, is more difficult due
to the poor affinity between the drug and the hydrophobic polymer[17]. At the same time, manifold
drugs fall into this category and a carrier for their sustained release is therefore urgently required.
Among these drugs, it is worth citing antibiotics and antiseptics, which are generally positively
charged at physiological conditions. The research on these therapeutics is becoming crucial in the last
years in order to face the issue of health care associated infections (HCAISs). In fact, HCAIs are one
of the most urgent problems to be solved in healthcare and more specifically in intensive care
units[18-20]. The prevention and treatment of this type of nosocomial infections are hampered by
two factors. First, the increasing number of multiply resistant bacterial strain resulting from an
accelerated microbial evolution due to the massive abuse of antibiotics by the society in the past
years[21]. Indeed, as an example, Staphylococcus aureus showed first the resistance against
methicillin in the 50s and then against vancomycin later in the 90s[22,23], whereas nowadays we are
experiencing a wide spreading of Staphylococcus epidermidis, which is resistant to riphampicin[24].
Second, the short lasting action of the therapeutics currently used allows the organization of
pathogens in biofilms. These are structures which are able to significantly enhance their capacity to
resist to antibiotics[25]. This is even more likely to occur on surfaces as tubes, catheters and
implantable devices, normally present in the hospitals. For these reasons, the treatment of HCAIs is
shifting from antibiotics towards well tolerated antiseptics and in particular to quaternary ammonium
salts (QAS)[26]. Among these, octenidine hydrochloride (OHC) proved to be a promising molecule
against these pathologies[27,28]. OHC is a quaternary ammonium compound characterized by an
efficient antimicrobial activity against a broader spectrum of bacteria than the widely diffuse
chlorhexedine. It is active against both gram positive and gram negative bacteria, even when biofilms
are present, and it is already commercialized for topical use[28-31]. Unfortunately, the possibility of
adopting OHC to treat in vivo infections is hampered by its inherent toxicity and rapid excretion
through biological fluids and renal filtration, which limits its therapeutic index[32]. These
considerations force a carefully controlled release of this drug, to avoid side effects to healthy tissues
and maximize its therapeutic efficacy[32]. To face these problems, drug delivery systems able to
gradually release OHC during time have been developed. Remarkable examples are NPs composed
by mesoporous silica[33], wound dressings made up of nanocellulose and combinations of
nanocellulose with amphiphilic copolymers containing OHC[34,35], and poly(glycolyc acid) (PGA)-
based biodegradable suture[36]. The microencapsulation of OHC in polymeric devices is highly
beneficial for the possibility of keeping the drug concentration during time in the range between the
minimum inhibitory concentration (MIC), thus ensuring its antiseptic activity, and the cytotoxicity
threshold[37]. Then, the adoption of biodegradable polymer NPs introduce the additional advantage
of a systemic administration of the drug and the prevention of side effects in healthy tissues.
Nonetheless, the difficulty in controlling precisely the encapsulation and release of positively charged
drugs like OHC represents a major obstacle towards the clinical application[38].

A possible strategy to enhance the encapsulation efficiency and improve the drug retention inside
polymer NPs relies on the electrostatic interaction between the positive drug and negative functional
groups in the polymer chains[39]. In this work, the influence of ionizable carboxylate groups added
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to the polymeric chains and of the polymer architecture over the encapsulation and sustained release
of OHC from biodegradable NPs was systemically investigated. Specifically, poly(lactic acid) was
synthesized in two different architectures, namely star-shaped and brush-like. Star-shaped polymers
were synthesized via ring opening polymerization (ROP) of D,L-lactide from pentaerythritol as
initiator. On the other hand, for the brush-like architectures, two oligo(lactic acid) macromonomers
with different chain lengths were synthesized via ROP using 2-hydroxyethylmethacrylate (HEMA)
as initator. These biodegradable macromonomers were further polymerized via reversible
addition—fragmentation chain transfer (RAFT) polymerization to achieve good control over the
molecular weight distribution and the number of units added to the polymer chains[40]. Since the
oligo(lactic acid) macromonomers can be easily provided with an ionizable carboxylate end-group
via succyniclation, the RAFT polymerization enabled also to precisely control the number of charged
groups per polymer chain. From these polymers we produced NPs loaded with OHC in a single
emulsification and solvent evaporation step, which allowed to decouple the molecular weight of the
polymer from the particle size. Given the similar size of all of the NPs, we showed that there is a
linear correlation between the number of carboxylic groups per particle and the capacity of retaining
the drug by the formulation. Furthermore, the number of ionizable groups deeply influences the
kinetic constant of the first-order model that reproduces the experimental stustained release. Thus,
the modulation of the number of ionizable groups per particle is an appealing strategy for controlling
the encapsulation and release rate of OHC, enabling to maintain its concentration within a desired
therapeutic window.

2 Materials and Methods

2.1 Materials

3,6-Dimethyl-1,4-dioxane-2,5-dione (LA, 98%, MW = 144.13 g/mol), Toluene (99.7%, MW =92.14
g/mol), 2-Hydroxyethyl methacrylate (HEMA, 97%, MW = 130.14 g/mol), tin(Il) 2-ethylhexanoate
(Sn(Oct)2, 92.5-100%, MW = 405.12 g/mol), sodium sulfate (Na2SOa4, > 99%, MW = 142.04 g/mol),
succinic anhydride (99%, MW = 100.07 g/mol), 4-(Dimethylamino)pyridine (DMAP, > 99.9%, MW
= 122.17 g/mol), dichloromethane (DCM, > 99%, MW = 84.93 g/mol), hydrochloric acid 0.1M
(Stabilized, MW = 36.46 g/mol), 4,4’-Azobis(4-cyanovaleric acid) (ACVA, > 98%, MW = 280.28
g/mol), 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPA, > 97%, MW = 279.38 g/mol),
ethanol (> 99.8%, MW = 46.07 g/mol), 1,4-Dioxane anhydrous (> 99.8%, MW = 88.11 g/mol),
diethyl ether (DEE, > 99.8%, MW = 74.12 g/mol), N-Hydroxysuccinimide (NHS, > 98%, MW =
115.09 g/mol), N,N’-Dicyclohexylcarbodiimide (DCC, > 99.8%, MW = 206.33 g/mol), Methanol
(MeOH, > 99.8% MW = 32.04 g/mol), 1,8-diazabyciclo[5.4.0]-undec-7-ene (DBU, > 99% MW =
152.24 g/mol), 2,2-Bis(hydroxymethyl)-1,3-propanediol (pentaerythritol, > 99%, MW = 136.15
g/mol), benzoic acid (> 99.5% MW = 122.12 g/mol), dimethyl sulfoxide (DMSO, < 0.02% water,
MW = 78.13 g/mol), TWEEN® 80 (viscous liquid, MW = 1310 g/mol), deuterochloroform (ClsOD,
99.8%, MW = 120.38 g/mol), tetrahydrofuran (THF containing 250 ppm BHT as inhibitor,
anhydrous, > 99.9%, MW = 72.11 g/mol) were purchased from Sigma-Aldrich, Germany and used
as received unless specifically noted. Octenidine hydrochloride (OHC) was purchrased from Schiilke
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& Mayr GmbH, Germany. All the chemicals and the solvents used were of analytical-grade purity.
Dichloromethane and dimethyl sulfoxide were dried using molecular sieves (3A).

Lactide was first recrystallized in order to remove all the impurities and different isomers present in
the commercial product. Therefore, LA was dissolved in toluene at 90°C at 200 g/L. Then, the
obtained solution was stored overnight at T = -20 °C thus allowing the crystallization of lactide.
Successively, the lactide crystals were recovered from the solvent through filtration and dried in a
vacuum oven at 40 °C for 48 h.

2.2 Synthesis of oligo(lactic acid) macromonomers

Two biodegradable macromonomers, hereinafter HEMALA,, being n the average degree of
polymerization of lactic acid, were synthetized via ROP of the recrystallized LA in bulk, using HEMA
as initiator and Sn(Oct). as catalyst. The Sn(Oct). to HEMA molar ratio was set to 1/200 and Na2SO4
was added to remove traces of water present in the reaction mixture. The ratio between the monomer
and initiator was set to the desired average degree of polymerization (n). In particular, two different
macromonomers with n equal to 4 and 8 were produced, namely HEMALA4 and HEMALAg. As an
example, for HEMALAg, 10.19 g of LA, 102 mg of Na>2S0O4, 2.3 g of HEMA and 36 mg of Sn(Oct).
were added to a round bottom flask equipped with a magnetic stirrer and a rubber cap and were heated
in a constant temperature oil bath to 110 °C. The polymerization was carried out at 110 °C for 4 hours,
under stirring. At the end of the reaction, an aliquot of 10 mg of the obtained macromonomer was
dissolved in 0.7 mL of deuterated chloroform, in order to measure the conversion (y) and n via *H-
NMR (performed on a Bruker 400 MHz spectrometer), according to Equations S1 and S2.
Furthermore, an aliquot of 8 mg was dissolved in 2 mL of THF and filtered with a 0.2 um
polytetrafluoroethylene (PTFE) filter, with the aim of analysing the molecular weight distribution via
gel permeation chromatography (GPC, Jasco 2000 Series). The separation was performed using THF
as eluent, at a flow rate of 1 mL/min and a temperature of 35 °C. The instrument was equipped with
three styrene/divinyl benzene (SDV) columns (Polymer Standards Service, Germany; pore size 103,
10° and 10° A; 300 mm length and 8 mm internal diameter), a precolumn (50 mm length and 8 mm
internal diameter) and a differential refractive index (RI) detector. The calibration curve was
constructed with poly(styrene) (PS) standards (from 580 to 3°250°000Da).

An aliquot of the produced macromonomers was then functionalyzed with a —-COOH end-group by
succinylation with succinic anhydride, using DMAP as catalyst and DCM as solvent. Succinic
anhydride was added with a 50% molar excess compared to HEMALA, and a DMAP to succinic
anhydride molar ratio equal to 0.2 was set. In the case of HEMALAsg-cooH, 3.6 g of HEMALAg and
0.76 g of succinic anhydride were dissolved in 18 mL of anhydrous DCM (13% wi/w) in a round
bottom flask with a magnetic stirrer and a rubber cap. Then 0.19 g of DMAP were dissolved in 4 mL
of anhydrous DCM in a vial and poured in the flask. The mixture was left to react with stirring at
room temperature. After 24 hours, the obtained solution was washed with 20 mL of HCI 0.1 M. Then,
Na>SOyg4 in large excess was added to the organic phase containing DCM and polymer in order to
remove water; the solution was then filtered with a filter paper to remove the salt. Finally, the organic
solvent was evaporated under reduced pressure. An aliquot of the final product was analysed via *H-
NMR in deuterated chloroform and the reaction conversion () was calculated according to Equation
S3.



2.3 RAFT agent functionalization

The carboxylic acid group of the CPA was capped with a O-methyl ester through a two steps
procedure: (i) the CPA was reacted with NHS, (ii) the obtained product was reacted with MeOH in
DCM. Specifically, 1 g of CPA and 0.45 g of NHS were dissolved in 30 mL of anhydrous DCM in a
100 mL round bottom flask equipped with a magnetic stirrer. The flask was sealed with a rubber cap
and wrapped in a tinfoil paper. Then, 0.96 grams of DCC dissolved in 20 mL of anhydrous DCM
were added and the mixture was incubated at 25 °C under magnetic stirring for 24 hours. The final
solution was filtered to remove dicyclohexylurea. The product was then washed four times with 40
mL of distilled water in a 500 mL separating funnel. Na>SOg4 in large excess was added to the organic
phase containing DCM and CPA-NHS to remove water. The solution was filtered with a filter paper
to remove the salt and the solvent evaporated under reduced pressure. Hence, 200 mg of the obtained
product were dissolved in 5 mL of MeOH and 7 mL of DCM in a 25 mL round bottom flask equipped
with a rubber cap and a magnetic stirrer. The mixture was heated to 25 °C under magnetic stirring for
24 hours. Then, the product was dried under reduced pressure in order to remove the unreacted MeOH
and purified by recrystallization from a 4:1 v/v ethyl acetate/hexane mixture at 60 °C. The pink
crystals of CPA-MeOH were recovered with a yield of 75%. An aliquot of the product was analysed
via 'H-NMR in deuterated chloroform. The reaction conversion (y) was evaluated according to
Equation S6.

2.4 Synthesis of brush-like polymers

PLA brush-like polymers with two target number-average molecular weights (Mn), 20 kg/mol and
50 kg/mol, were synthesized via RAFT polymerization of the macromonomers previously produced
via ROP, with and without the carboxy functionalization. In addition, polymers with the same target
molecular weight were produced using the CPA-MeOH and HEMALA obtained via ROP, without
-COOH functionalization, in order to synthesize carboxy-free brush-like polymers of 20 kg/mol and
50 kg/mol. The initiator to RAFT agent molar ratio was set to 1/3 in all of the synthesis. The degree
of polymerization (p) for each mancromonomer was set as the molar ratio between the
macromonomer itself and the RAFT agent leading to the desired Mn. As an example, to synthetize
28-HEMALAGg, being 28 the target degree of polymeryzation p required to reach Mn = 20 kg/mol, 1
g of HEMALAg, 5 mg of ACVA and 14 mg of CPA were dissolved in 10 mL of ethanol and 1.2 mL
of 1,4-dioxane in a round bottom flask equipped with a magnetic stirrer and a rubber cap. The solution
was purged by bubbling nitrogen for 15 minutes and heated to 65 °C in an oil bath under stirring for
24 hours. Then, the obtained polymer was precipitated in a 10-fold excess of diethyl ether and an
aliquot of the recovered product was analysed via *H-NMR in deuterated chloroform, in order to
evaluate the monomer conversion () and the degree of polymerization (p), according to Equations
S4 and S5. The final polymers were also analyzed via GPC as previously explained, in order to
evaluate Mn and dispersity (D).

2.5 Synthesis of the star-shaped polymers

The synthesis of a star-shaped PLA was performed via ROP using pentaerythritol as initiator and
DBU as catalyst. The degree of polymerization per single arm was set as the molar ratio between the
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moles of LA and the moles of hydroxyl groups from the initiator. The DBU to pentaerythritol molar
ratio was set to 0.8. Na2SO4 was added to the reaction to keep anhydrous the system and benzoic acid
was used to quench the reaction. Benzoic acid to DBU molar ratio was set to 1.2.

Thus, in order to achieve star-shaped polymers with a targeted molecular wight of 20 kg/mol, 5.14 g
of recrystallized lactide were dissolved with 51 mg of Na2SO4 and 70 mg of pentaerythritol in 11 mL
of anhydrous DMSO in a round bottom flask equipped with a magnetic stirrer and sealed with a
rubber cap. The solution was purged by bubbling nitrogen for 15 minutes at room temperature. Hence,
a solution of 67 mg of DBU in 2 mL of anhydrous DMSO was fed to the round bottom flask dropwise
and the reaction was performed at room temperature under stirring. After 4 hours, a solution of 0.6 g
of benzoic acid in 4 mL of anhydrous DMSO was added to quench the reaction and deactivate the
catalyst. The purification of the polymer was performed via dialysis for three days against 1 L of
absolute ethanol using a selective permeable SpectraPor regenerated cellulose membrane (molecular
weight cut-off = 3.5 kDa). Then, an aliquot of the obtained product was analyzed via *H-NMR in
deuterated chloroform and GPC. The monomer conversion (y) and degree of polymerization (p) were
calculated from *H-NMR spectra in accordance with Equations S7 and S8, while Mn and B were
measured via GPC.

Then, some of the star-shaped polymers synthesized were functionalized through the addition of
succinic anhydride, using DMAP as catalyst, to provide the polymer with the carboxy
functionalization. Succinic anhydride was added in 50% molar excess and the DMAP to succinic
anhydride molar ratio was set to 0.2.

Briefly, 1.3 g of star-shaped polymer and 56 mg of succinic anhydride were dissolved in 6.54 mL of
anhydrous DCM (13% wi/w) in a round bottom flask with a magnetic stirrer and a rubber cap. Hence,
a solution obtained mixing 13 mg of DMAP in 1 mL of DCM was added to the round bottom flask
and the mixture was left to react with stirring at room temperature for 24 hours.

Afterwards, the obtained solution was washed with 15 mL of HCI 0.1 M. Later, Na.SO4 in large
excess was added to the organic phase containing DCM and the polymer in order to remove the
remaining water. The solution was then filtered with a filter paper. The organic solvent was finally
evaporated under reduced pressure.

An aliquot of the final dried product was analysed via *H-NMR in deuterated chloroform and the
monomer conversion (y) was calculated according to Equation S9.

2.6 Synthesis of polymeric NPs loading OHC

Drug-loaded PLA-based NPs were synthetized via sonication/emulsion and solvent evaporation
process, using the brush-like and star-shaped PLA. Briefly, 100 mg of the selected polymer and 12
mg of OHC were dissolved in 2.4 mL of DCM and poured in a vial. Then, 7.6 mL of water solution
containing 10 mg of TWEEN 80 were added. The system was emulsified for 30 seconds with a probe
sonicator (UP200S, Hielscher Ultrasound Technology), maintaining the amplitude to 50%. Finally,
the DCM was evaporated under reduced pressure to form the final NPs. The NP size (Dn),
polydispersity (Pdl) and (-potential were evaluated via dynamic light scattering (DLS) with a
Zetasizer Nano ZS (Malvern, Instruments) at a scattering angle of 173°. All the NP suspensions were
diluted to 0.5% w/w in deionized water before the DLS measurements. Three measurements were
performed for each sample and the results reported are relative to the average of the three
measurements.

Scanning electron Microscopy (SEM) was performed on NPs of two different polymers architectures,
i.e. a brush-like and a star-shaped polymer. The SEM micrographs were carried out on a Zeiss EVO
50 XVP microscope with an electron high tension (EHT) of 10.00 kV.
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2.7 Drug encapsulation efficiency and release tests

In order to evaluate the drug encapsulation, after the synthesis, an aliquot of the NP suspension was
added to a 20 mL Vivaspin (Sartorius, molecular weight cut-off = 10 kDa, polyethersulfone
membrane) and centrifugated for 30 minutes at 5000 rpm. The solution of water containing the
released OHC filtrated completely into the lower part of the Vivaspin, while the polymer NPs
remained inside the upper part of the membrane. An aliquot of the water solution containing OHC
was diluted 10 times and then analysed via UV-Vis spectroscopy (Jasco V-630 UV
Spectrophotometer) measuring the absorbance at 280 nm. The intensities of the signals were related
to OHC concentration in water through a calibration curve, according to Figure S7. The
encapsulation efficiency was finally calculated according to Equation 1, defining Co the initial OHC
concentration and C the measured octenidine concentration.

. Co—C
Encapsulation %= OC

* 100 (1

0

Whereas, in order to investigate the kinetic of release of the drug, the NP suspension was inserted in
a permeable SpectraPor membrane (molecular weight cut-off = 6-8 kDa) and placed in a beaker
containing 200 mL of distilled water under mild stirring. The top of the beaker was covered to avoid
evaporation of water. The amount of OHC released at different timepoints was evaluated by
measuring the absorbance at 280 nm of the aqueous buffer using the protocol previously described
and according to Equation 2.

Drug released %= B € %100 (2)

max

where C is the drug concentration in water measured at different times and Cmax the maximum
concentration of Octenidine achievable, considering the complete release of the drug.
After two weeks, the NP size (Dn), polydispersity (Pdl), and {-potential were evaluated via DLS.

3 Results and Discussion

3.1 NP synthesis

First, we synthesized biodegradable, PLA-based polymers with two different architectures, namely

brush and star-shaped, via combination of ROP and RAFT polymerization, as shown in Figure la-

b.

Specifically, brush-like polymers were produced through a two step process. In the first reaction, two

oligo(lactic acid) macromonomers were synthesized via ROP. The living nature of the ROP allowed

us to define a priori the average degree of polymerization (n) of each macromonomer by modulating
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the mole ratio between the monomer and the initiator (n = 4, 8)[41]. As shown in Table 1, we
produced macromonomers with low dispersity (D) and n close to the target (see Figure S1 for H-
NMR characterization).
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Figure 1: Chemical structure and schematic representation of brush-like (a) and star-shaped (b) structures. (c) Molecular
weight distribution of the macromonomers and polymers with different characteristics analysed via Gel Permeation
Chromatograph showing the high control over the molecular weight varying the polymer architecture and number and
length of the side chains.

In addition, aliquots of the macromonomers were successfully functionalized with succinic anhydride
(see Figure S2 and Table S1). This was done in order to provide the macromonomers with a
carboxylic end-group able to interact electrostatically with OHC.



Table 1: Targeted degree of polymerization (Targeted DP), Monomer conversion (X), average degree of polymerization
(DP), number average molecular weight (Mn) and dispersity (D) of the macromonomers and polymers synthesized.

Sample Targeted X DP Mhn b
DP (-) (%) () (Da) ()
HEMALA, 4 98.6 4.1 585 1.18
HEMALAg 8 97.7 8.0 820 1.23
50-HEMALA, 50 89.2 44.0 18420 1.07
40-HEMALA 4-coom 40 88.5 375 197272 -
115-HEMALA, 115 82.9 118.9 42136 1.14
95-HEMALA4.coon 95 80.2 93.8 401002 -
28-HEMALAg 28 95.9 26.9 18553 1.10
25-HEMAL As.coon 25 99.5 24.9 192672 -
70-HEMALAg 70 83.7 71.1 35640 1.12
60-HEMALAs.coon 60 85.5 67.1 427502 -
50-HEMALA, 50
(CPAMEOH) 89.3 472 23417 1.18
115-HEMALA, 115
(CPAMEOH) 89.5 130.0 48026 1.26
StarLA 260 82.5 247.0 19683 1.06
StarLAcoon 255 82.5 2500 169002 -

2molecular weight estimated from the *H-NMR conversion.

Then, the final brush structure shown in Figure 1a was achieved via solution RAFT polymerization
of the aforementioned macromonomers. Polymers with number average molecular weight (Mn) of
20 kg/mol and 50 kg/mol were targeted by defining the proper degree of polymerization (p) for each
macromonomer. This could be achieved via RAFT polymerization by setting to p the molar ratio
between the macromonomer and the RAFT agent[41]. Hereinafter the brush polymers will be
indicated as p-HEMALA-coon). In this way, polymer chains with the same molecular weight but
with different side chain lengths and numer of ionizable groups were produced. This enabled to
decouple the molecular weight of the polymer from the number of side chains, thus allowing the
quantitative evaluation of the effect of a different number of ionizable groups at a given Mn over the
OHC renention in the corresponding NPs. High monomer conversions, narrow molecular weight
distributions (Figure 1c) and average degrees of polymerization close to the targets were obtained
for all of the samples, as shown in Table 1 (see Figure S3 for the *H-NMR characterization).
Regarding the star-shaped structure schematically depicted in Figure 1b, the polymer was
synthesized via ROP using pentaerythritol as initiator and LA as monomer. The number of hydroxyl
groups on the initiator molecule determines the final number of arms composing the structure of the
polymer. Also in this case, the adoption of a controlled polymerization allowed to tune the chain
length of every arm based on the molar ratio between the LA and the hydroxyl groups in the intiator.
Indeed, the achievement of a good conversion and the desired molecular weight, i.e 20 kDa, are
confirmed in Table 1 and Figure S5. Moreover, part of the material was successfully functionalized
with succinic anhydride through nucleophilic addition in order to add ionizable groups to the structure
as shown in Table 1 and Figure S6.

With these polymers, we produced NPs loaded with OHC directly during their formation through the
sonication/emulsion and solvent evaporation method as schematically shown in Figure 2a.
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Figure 2: a) Illustration of the process of NP synthesis and OHC encapsulation via sonication/emulsion and solvent
evaporation technique. b) SEM micrographs of star-shaped polymer-based NPs (entry 11 in Table S2); c) SEM
micrographs of brush-like polymer-based NPs (entry 1 in Table S2).

The applicability of this process to the formulation was guaranteed by the common solubility of the
drug and the polymer in dichloromethane. Moreover, the use of a biocompatible stabilizer as TWEEN
80 provided a good stability to the colloidal system, without influencing the particle surface charge
since it is a non-ionic surfactant. With this process, we synthesized narrowly dispersed NPs sharing
similar size and in particular an average diameter Dn in the range 150 - 200 nm as reported in Table
S2. This NP size makes these colloids suitable for intravenous delivery. For this application, an
average NP size between 30 and 300 nm is recommended to avoid rapid renal clearance if the NPs
are too small or thrombosis and rapid elimination torugh the liver and the spleen if they are too big
[42]. Furthermore, this indicated that the particle size is mainly influenced by the sonication
parameters and not by the polymer characteristics. In addition, the different polymer structures do not
influence the NP morphology as shown in the SEM micrographs reported in Figure 2b-c. Here,
spherical and narrowly dispersed NPs with an average size in good agreement with the DLS data for
both star-shaped and brush-like polymers can be appreciated. The very narrow size range and
spherical morphology allowed us to neglect the effect of the particle size and morphology over the
drug release and encapsulation efficiency, relating these parameters uniquely to the polymer features.
Finally, the presence of OHC in the colloidal system is confirmed by the (-potential of the NPs.
Indeed, the functionalized ones present a neutral charge due to the complexation of the ionizable
groups in the polymeric chains with the drug. In this case, the colloidal stability is preserved mainly
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throught the elastic-steric effect provided by TWEEN 80. On the other hand, the NPs without
carboxylic groups show a positive charge related to the ammonium groups of OHC (see Table S2).

3.2 Drug encapsulation

The effect of the different polymer characteristics over the behavior of the final formulation as drug
carrier was first studied analyzing the OHC encapsulation efficiency, calculated according to
Equation 1. First, it is worth noticing that for neutral polymers, the encapsulation efficiency is always
lower than 30%, and this value is only poorly affected by the molecular weight or polymer
architecture, as shown in Figure 3a-c. This proves the difficulty in encapsulating charged active
principles in non-functionalized polyester NPs exploiting only their entrapment during the NP
formation.

A remarkable improvement can be obtained with the addition of functional carboxyl end-groups.
Specifically, as shown in Figure 3a-c, the presence of ionizable carboxyl end-groups enabled to
significantly increase the OHC encapsulation efficiency with respect to their non-functionalized
counterparts for all the polymer structures and the molecular weights synthesized. In fact, the
ionization of the carboxylic group at phisiologycal pH determines a negative charge in the NPs
enabling the electrostatic interaction with the positive charges of OHC. In addition, the encapsulation
efficiency can be optimized by varying the polymer microstructure. In fact, the brush-like architecture
allows a higher number of end-groups per polymer chain than the star-shaped one and thus a stronger
electrostatic interaction that results in a higher capacity to retain the drug during the NP formation.
This is confirmed also focusing on the brush structure itself. Precisely, the shorter the oligoester side
chain, which means a higher number of negatively charged groups added to the polymeric chain at a
given Mn, the higher the amount of drug present in the NPs. This phenomenon is quantified in Figure
3d, where the encapsulation efficacy is reported as a function of the moles of carboxyl groups per
single NP. We found that the encapsulation efficiency is a linear function of the moles of carboxyl
groups in each NP, thus proving that the electrostatic interaction plays a key role in the capacity to
encapsulate quaternary ammonium salts as OHC into polymeric biodegradable colloids. This
parameter can be conveniently exploited to finely control the encapsulation and consequently the
initial burst of the antiseptic from the formulation.
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50 kDa, (c) star-shaped polymers with Mn = 20 kDa. (d) Trend of encapsulation efficiency varying the moles of
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3.3 Drug release from NPs

Another aspect that we related to the polymer microstructure and number of functional end-groups is
the ability of the produced NPs to mediate the OHC release for a prolonged time. This is pivotal to
achieve a long lasting antiseptic action minimizing its inherent toxicity as well as the frequency of
administrations. Therefore, we tracked the OHC release from the synthesized NPs for 15 days in order
to gather information both on the initial burst and on the long term release of the drug from the
particles. First, as shown in Figure 4a-c, the NPs composed of non-functionalized polymers led to a
significant burst release of OHC, with more than 60% of drug released within the first 2 h. This can
be attributed to the poor ability of lipophilic NPs to retain water-soluble drugs like OHC. Of course
this limits the application of such NPs in the clinic, as they cannot prevent the side effects related to
a massive concentration of OHC. Indeed, regarding non-functionalized polymers, in Figure 4a-b we
noticed that the NPs composed of polymers with a higher molecular weight released more OHC
during the timespan analysed compared to their low molecular weight counterparts. This may be due
to the fact that the polymer backbone is terminated with a carboxyl group belonging to the RAFT
agent adopted during the synthesis. Therefore, since all the NPs share comparable size and the same
concentration, the higher the molecular weight and the lower the number of polymer chains in each
NP, with in turn a lower amount of -COOH groups per NP. In order to confirm this hypothesis, NPs
composed of brush-like polymers synthesized using the capped RAFT agent CPA-MeOH were
produced (Table 1 and Table S2). The comparison in terms of OHC release during the first 24 h for
brush-like polymers with carboxy and methyl terminated backbones sharing similar molecular weight
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is shown in Figure S8. This confirmed that the total absence of an ionizable group in the polymer
significantly decreases its capacity to retain the drug.

Therefore, we evaluated the OHC release from NPs composed of functionalized polymers, to verify
the relationship between the amount of released OHC after 15 days and the number of carboxyl
groups. In this case, the polymer architecture plays a significant role. Indeed, it can be observed that
brush-like polymers (Figure 4a-b) are able to efficiently retain OHC in the timeframe of the analysis,
leading to a sustained release useful to maintain the OHC within a theoretical therapeutic window for
more than 15 days. On the other hand, the star-shaped samples (Figure 4c), mainly due to the low
number of carboxyl groups, were characterized by a significant burst release, comparable with that
of the non-functionalized polymers.
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Figure 4: a) OHC release during time for NPs composed of brush-like poly(HEMALA4): 115-HEMALA4 (0), 50-
HEMALA4 (4), 95-HEMALA4-COOH (o), 40-HEMALA4-COOH (0); b) OHC release during time for NPs composed of
brush-like poly(HEMALAS8): 70-HEMALAS (0), 28-HEMALA8 (4), 60-HEMALA8-COOH (o), 25-HEMALA8-COOH
(); ¢) OHC release during time from NPs composed of star-shaped polymers: StarLA (0), StarLACOOH (4); d) ) Trend
of OHC released (%) after 15 days varying the moles of carboxylic groups per NP.

In addition, with the brush-like microstructure we were able to control the number of charged groups
present inside the polymer chains and thus in each NP. This is useful to modulate the electrostatic
interaction with OHC and in turn its release rate. In fact, as shown in Figure 4d, the amount of drug
released after 15 days by the formulation is a linear function of the moles of carboxyl groups per NP.
To support this experimental evidence we simulated the phase of sustained release with a first-order
model and related the kinetic constant k to the moles of -COOH groups per NP. In particular, the
amount of released OHC was simulated after the initial burst lasting t; according to Equation 3.
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Q(t) =1—[(1— Qpe k=t (3)

Where Q(t) is the percentage of OHC released at time ¢, Q,, represents the amount of OHC released
by the system at the time t;, corresponding to the initial burst of 24 h and k is the first-order kinetic
constant. The comparison between the experimental data and the results from the simulation shown
in Figure 5a confirms that a first-order model describes satisfyingly well the release of OHC from
ionizable NPs. Moreover, we showed in Figure 5b, that there is a linear dependence between the
first-order kinetic constant k and the moles of carboxyl groups per NP, proving that the number of
ionizable groups per NP strongly influences the ability of retaining OHC.
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Figure 5: a) Kinetic of Octenidine released over the time for functionalized polymers both measured experimentally
(scattered triangles) and predicted by a first-order model (dashed lines) for: 40-HEMALA.coon (brown, R?= 0.953), 25-
HEMALAS.COOH (green, RZZ 0.997), 60-HEMALA3.COOH (blue, R2: 0.992, 95-HEMALA4.COOH (orange, RZZ 0.931) and
STARCOOH (red, R?= 0.905); b) trend of the first-order kinetic constant (k) over the moles of carboxylic groups per NP.

In addition, for all the NPs analysed, their size (Dn) and polydispersity (Pdl) were analysed before
and after the drug release in order to assess the stability of the systems throughout 15 days. As
reported in Table S2-S3 (Supporting Information), the stability of the colloidal systems was
confirmed since no significant changes neither in the size nor in the Pdl was measured. Finally, the
release of the drug from the polymeric formulation was also further verified through the evaluation
of the {-potential of the particles before and after the release tests (see Table S2-S3). Indeed, after
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the release, all the NPs showed lower (-potential values than the ones after the synthesis of the
formulation, confirming the release of the positively charged OHC.

4 Conclusions

In this work, we studied how the microstructure and chemical functionalization of the polymers
composing PLA-based biodegradable NPs enable to control the encapsulation efficiency and
prolonged release of the positively charged antiseptic OHC. Two polymer structures, brush-like and
star-shaped, with different molecular weights and eventually functionalized with carboxyl end-groups
were produced through the combination of ROP and RAFT polymerization and their effect in the
formulation was studied. The sonication/emulsion and solvent evaporation method was used to
formulate the produced polymers into NPs with comparable size, which allowed to neglect the effect
of this parameter in the release of OHC. It was demonstrated that the electrostatic interaction between
the polymer and the cationic drug is the dominant driving force that influences both the encapsulation
and the release of the active principle. In particular, we observed a linear dependence between the
moles of charged groups per NP and the capacity of the formulation to initially retain the drug and
provide its sustained release during time. Then, a first-order model describing the drug release from
this type of system was proposed and the linear dependence of the kinetic constant from the moles of
ionizable groups in the NPs was showed. Finally, it was highlighted the importance of the polymer
architecture in order to finely tune the number of ionizable groups in the polymeric chain, thus
providing guidelines for adapting the initial burst and the release rate of the formulation to the specific
application. The high control we were able to achieve with this polymeric formulation on the
encapsulation and release of OHC allows the maintenance of the drug concentration within a tunable
therapeutic window, thus paving the way to the safe application of quaternary ammonium salts as
antimicrobial agents for in vivo therapies.

Supporting Material: Electronic supporting information are available on the publisher
website and report the full *tH-NMR characterization of the synthesized polymers, the parameters of
all the NPs synthesized, the proof of preserved NP stability and octenidine release after the release
test and the release profile of the carboxy-free NPs compared to the not functionalized one.
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