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A  B  S  T  R  A  C  T   
 

This work aims to the synthesis of novel carboXylated chitosan-dopamine (DA) and -tyrosine (Tyr) conjugates as 

systems for improving the brain delivery of the neurotransmitter DA following nasal administration. For this  

purpose, ester or amide conjugates were synthesized by N,N-dicyclohexylcarbodiimide (DCC) mediated coupling 

reactions between the appropriate N-tert-butyloXycarbonyl (Boc) protected starting polymers N,O-carboX- 

ymethyl chitosan and 6-carboXy chitosan and DA or O-tert-Butyl-L-tyrosine-tert-butyl ester hydrochloride. The 

resulting conjugates were characterized by FT-IR and 1H- and 13C NMR spectroscopies and their in vitro mu- 

coadhesive properties in simulated nasal fluid (SNF), toXicity and uptake from Olfactory Ensheathing  Cells (OECs) 

were assessed. Results demonstrated that N,O-carboXymethyl chitosan-DA conjugate was the most mu- 

coadhesive polymer in the series examined and, together with the 6-carboXy chitosan-DA-conjugate were able to 

release the neurotransmitter in SNF. The MTT assay showed that the starting polymers as well as all the prepared 

conjugates in OECs resulted not toXic at any concentration tested. Likewise, the three synthesized conjugates were 

not cytotoXic as well. Cytofluorimetric analysis revealed that the N,O-carboXymethyl chitosan  DA con- jugate was 

internalized by OECs in a superior manner at 24 h as compared with the starting  polymer.  Overall, the N,O-CMCS-

DA conjugate seems promising for improving the delivery of DA by nose-to-brain administration. 

 
 

 

1. Introduction 

Parkinson’s disease (PD) is a progressive neurodegenerative dis- order 

whose main hallmarks are represented by loss of dopaminergic neurons 

in the Substantia Nigra pars compacta and the presence of Lewy bodies 

abnormal protein aggregates including α-synuclein and ubi- quitin (Di 

Stefano et al., 2009; Di Gioia et al., 2015; Rodriguez-Nogales et al., 2016). 

As a consequence of the decrease in dopaminergic neu- rons, particularly 

at level of the striatum brain region, several motor and non-motor 

symptoms are present in the course of the disease, such as tremor, 

bradykinesia and sleep disorders, respectively (Rodriguez- Nogales et al., 

2016). Although the pathogenesis of PD is still unknown, it seems to be 

accepted that aging is the main risk factor leading to a loss of 

compensatory mechanisms of the neurological damage processes 

(Rodriguez-Nogales et al., 2016). To date, the standard treatment for 

controlling PD motor symptoms is based on the so called dopamine (DA) 

replacement strategy which aims to compensate for the loss of 

dopaminergic neurons and re-establish satisfactory levels of the neu- 

rotransmitter. In this context, Levodopa (L-Dopa), which may be con- 

sidered a biological precursor of DA, still constitutes the most effective and 

reference drug (Di Stefano et al., 2009; Rodriguez-Nogales et al., 2016). DA 

is unable to overcome the blood-brain-barrier (BBB) because of its high 

hydrogen bonding potential, complete ionization at physio- logical pH, 

and extensive metabolism by the oral route of administra- tion (Di Gioia 

et al., 2015). In contrast, L-Dopa can cross the BBB ex- ploiting an active 

transport system and is converted to DA by fast enzymatic 

decarboXylation due to L-Dopa-decarboXylase in the brain (Di Gioia et 

al., 2015; Trapani et al., 2017). As occurs for many other 

neurodegenerative diseases, even for the PD treatment, the main goal is 

the BBB overcoming by the biologically active substance, along with its 
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sustained release in appropriate brain regions and reduction of its in- 

herent toXic effects (Rodriguez-Nogales et al., 2016). In this regard, the 

promising role played by nanostructured drug delivery systems has been 

pointed-out (Re et al., 2012; Hawthorne et al., 2016; Rodriguez- Nogales et 

al., 2016). Several parameters influence the efficiency of BBB 

penetration by nanocarriers including their size, shape and zeta potential 

(Saraiva et al., 2016). It seems that a common characteristic of such kind 

of nanocarriers is their ability to interact with the BBB, ex- ploiting the 

existing transport mechanisms such as receptor- and ad- sorptive- 

mediated transcytosis or their ability to open the tight junc- tions between 

the BBB cells. It can be obtained by an appropriate surface modification 

of the nanovehicle, including coating with sur- factant (e.g., polysorbate 80 

or polyethylene glycol etc.) or using a nanosystem endowed with a 

positive surface charge to allow electro- 
static interactions with the negatively charged BBB or employing a 

nanomaterial capable of opening the tight junctions of epithelial cells (e.g., 

chitosan) (Re et al., 2012; Hawthorne et al., 2016; Rodriguez- Nogales et 

al., 2016). Thus, most interest has been focused on the de- velopment of 

DA-loaded nanocarriers as innovative PD treatment, since they may be 

able to cross the BBB enabling also a sustained delivery of the 

neurotransmitter to the brain (Pillay et al., 2009; De Giglio et al., 2011; 

Trapani et al., 2011; Re et al., 2012; Pahuja et al., 2015; Rashed et al., 

2015; Hawthorne et al., 2016; Rodriguez-Nogales et al., 2016). However, 

in these DA-loaded polymer based nanocarriers, the neuro- transmitter is 

entrapped in the polymeric matriX and its leakage from the delivery 

system could occur. Alternatively, an interesting option is to link DA to a 

polymeric backbone by a cleavable bond leading to a polymeric DA 

conjugate which may be administered as such or as a nanostructured 

carrier. Using these conjugates, it is possible to over- come the BBB as well 

as to obtain a targeted and sustained release of the 
neurotransmitter at site of action and reduced toXic effects (Re et al., 

2012; Saraiva et al., 2016). 

In alternative to cross the BBB, a valuable and most investigated 

possibility is represented by the delivery of therapeutic agents to the brain 

using nanosystems by nasal route (Mistry et al., 2009, 2015; Md et al., 

2014). In this regard, the role of nanocarriers in nose-to-brain drug 

delivery has been recently discussed and it has been evidenced that 

extending nasal residence time and maintenance of high local drug 

concentration improves this delivery method (Feng et al., 2018). 

Moreover, some nanovehicle features including particle size, surface 

charge, surface modification and nasal mucociliary clearance influen- cing 

nose-to-brain delivery have been identified and analyzed (Feng et al., 

2018). 

In literature, some polymer-DA conjugates are described comprising 

both natural and synthetic polymers. Thus, among the natural polymer- 

DA conjugates, the hyaluronic acid-DA (Kim et al., 2014; Neto et al., 

2014), starch-DA (Shi et al., 2018) and gelatin-DA (Fan et al., 2016) 

conjugates have been reported, while poly[α,β-(N-2-hydroXyethyl-DL- 

aspartamide)]-DA styrene-maleic anhydride copolymer-DA and poly- 

DL-(2,5-dioXo-l,3-pyrrolidinediyl)-DA as well as poly(aspartamide)-DA 

conjugates have been described as examples of synthetic polymer-DA 

conjugates (Kalčić et al., 1996; Juriga et al., 2018). In these conjugates, 

DA is linked to the polymeric chain through an amide bond exploiting 

the amine functional group of the neurotransmitter. 
The aim of this work was the synthesis, characterization and as- 

sessment of in vitro toXicity and internalization of novel CS-DA con- 

jugates [i.e., N,O-carboXymethyl chitosan (N,O-CMCS)-DA and N,O- 

CMCS-Tyrosine (Tyr) conjugates 1c and 1e, respectively, as well as 6- 

carboXy chitosan (6-CarboXyCS)-DA conjugate 2c (Scheme 1)] for po- 

tential nose-to-brain DA delivery. Our interest was not only for the 

neurotransmitter DA as such but also for the amino acid Tyr which, 

once released from the corresponding conjugate, is expected to be 

converted in vivo in L-DOPA (the endogenous precursor of DA) thanks to 

the enzyme tyrosine hydroXylase, although the enzyme levels are low in 

advanced Parkinson’s disease (Kordower et al., 2013; Nagatsu et al., 

2019). In details, conjugates 1c and 2c the neurotransmitter is linked to 

the chitosan (CS) derivative through an ester bond exploiting the ca- techol 

group, whereas in conjugate 1e Tyr is connected to N,O-CMCS via an 

amide bond. To the best of our knowledge, polymer-DA con- jugates, 

characterized by an ester bond linkage, have not been pre- viously 

described in literature. CS is a well-known mucoadhesive polymer mostly 

used for drug delivery and tissue engineering purposes because of its 

biocompatibility, biodegradability and absorption en- hancement (Dash et 

al., 2011). Several chemical modifications have been performed to 

improve not only the mucoadhesive properties of CS (Bonengel and 

Bernkop-Schnurch, 2014; Trapani et al., 2014), but also the solubility 

performance in neutral and alkaline media of this polymer. Glycol CS and 

N,O-CMCS are well known CS derivatives en- dowed with better aqueous 

solubility at neutral and physiological conditions (Anitha et al., 2009; 

Mandracchia et al., 2017a). Herein, we 
describe the synthesis of conjugates 1c, 1e and 2c (Scheme 1), and the 

evaluation of their mucoadhesive properties and DA release kinetics. 

Moreover, to gain insights into their potential for nose-to-brain ad- 

ministration, the cytotoXicity and uptake by Olfactory Ensheathing Cells 

(OECs), a special type of glial cells, were also determined. 

 
2. Materials and methods 

2.1. Materials 

N,O-CarboXymethyl Chitosan 1 (N,O-CMCS, Molecular weight in the 

range  of  30–500  kDa,  deacetylation   degree,   94.2%;   viscosity 22 

mPa·sec, Fig. 1) was purchased from Heppe Medical Chitosan GmbH 

(Halle, Germany). Chitosan (CS, medium molecular weight, deacety- 

lation degree 75–85%, viscosity 200–800 mPa·sec), dicyclohex- 

ylcarbodiimide (DCC), di-tert-butyl dicarbonate (Boc2O), 4-dimethyla- 

minopyridine (DMAP), anhydrous N,N-dimethylformamide (DMF), 

trifluoroacetic acid (TFA), dichloromethane (DCM), dimethylsulfoXide 

(DMSO), dopamine hydrochloride (DA), porcine stomach mucin (type 

II, bound sialic acid ~1%), Fluorescein 5(6)-isothiocyanate (FITC), so- 

dium nitrite (NaNO2), formic acid 85%, methylene blue, sodium bi- 

carbonate, citric acid, sodium sulfate, 1-butyl-3-methyl imidazolium 

tetrafluoroborate [Bmim] [BF4], cytosine arabinoside, Dulbecco's 

Modified Eagle's medium (DMEM), Foetal Bovine Serum (FBS) and PBS 

were purchased from Sigma-Aldrich (Milan, Italy). O-tert-Butyl-L-tyr- 

osine-tert-butyl ester hydrochloride [H-Tyr(OtBu)-OtBu⋅HCl] was pur- 

chased from Bachem AG (Bubendorf, Switzerland). HydroXyethyl cel- 

lulose (HEC, Natrosol 250) was provided by Aakon Polichimica (Milan, 

Italy). According to manufacturer instructions, the viscosity of a solu- tion 

of HEC at the concentration of 2% in   water   was   equal   to 5500 

mPa·sec. Dialysis tubes with a MWCO 12–14 kDa were purchased from 

Spectra Labs. Throughout this work, double distilled water was used. All 

other chemicals used were of reagent grade. 

 
2.2. Apparatus 

The prepared conjugates were characterized by FT-IR, 1H- and, in some 

cases, 13C NMR spectroscopy. Proton nuclear magnetic resonance (1H 

NMR) spectra were recorded on a Brüker spectrometer at 300 MHz. The 

analyses were performed at 293 °K on dilute solutions of each compound 

using CDCl3 or DMSO‑d6 as solvent. Chemical shifts are re- ported in δ units 

(ppm) with TMS as reference (δ 0.00). All coupling constants (J) are 

reported in Hertz. Multiplicity is indicated by one or more of the following: 

s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). Carbon 

nuclear magnetic resonance (13C NMR) spectra were recorded on a 

Brüker at 75 MHz. FT-IR spectra were obtained on a Jasco 4200 

spectrometer in KBr discs. 



R. Cassano, et al. InternationalJournalofPharmaceutics589(2020)119829 

3 

 

 

 

 

Scheme 1. Synthetic routes for N-Boc-DA (panel i) and chitosan derivatives 1c (panel ii), 1e (panel iii), and 2c (panel iv). 
 

2.3. Synthesis of N,O-carboxymethyl chitosan-DA- (Tyr)-conjugates and 6- 

carboxy chitosan-DA conjugate 

2.3.1. Synthesis of 6-carboxy chitosan (6-carboxyCS 2) 

The synthesis of 6-carboxyCS 2 was performed starting from CS (2 

g), according to a known procedure already reported for the pre- paration 

of 6- carboXy cellulose (Klemm et al., 1998). The obtained product (6-

carboXyCS 2) was characterized by FT-IR and 1H NMR. FT- 

IR (KBr) ν (cm−1): 3435 (OH), 2925, 2855, 2833 (aliphatic CH), 1719 

(C]O) 1362 (OH). 1H NMR (DMSO‑d6) δ (ppm): 11.2 (br s), 5.54 (m), 

5.04 (br s), 4.40 (m), 3.50 (m), 3.02 (m), 2.21 (s, N-COCH3). Yield: 
1.8 g. 

The carboXyl group content of the sample was evaluated by the 

adsorption of methylene blue dye (Klemm et al., 1998) according to the 

following Eq. (1): 

mmol COOH/g dry sample = 
(7.5 wf )·0.00313

 
wch 

where  wf  =  total  amount  of  free  methylene  blue   in   mg   and 

wch = weight of oven-dry sample (g). 

 
2.3.2. Synthesis of N-tert-butoxycarbonyl N,O-carboxymethyl chitosan (N- 

Boc N,O-CMCS, 1a) and N-tert-butoxycarbonyl 6-carboxy chitosan (N- 

Boc-6-CarboxyCS, 2a) 

In a 50 mL flask, 1 g of carboXymethyl chitosan or 6-carboXy chit- 

osan was dissolved in 4 mL of ionic liquid [Bmim] [BF4] (Di Gioia et al., 

2014, 2017) and 0.5 mL of water was added as a co-solvent. Di-tert- 

butyl dicarbonate (Boc2O, 1.047 g, 4.8 × 10-3 mol) was then added and 

left overnight under magnetic stirring at room temperature. At the end 

of the reaction, the miXture was diluted with diethyl ether (Et2O) and 

the ionic liquid, that is immiscible with Et2O, was settled at the bottom. 

(1) 
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Scheme 1.  (continued) 

After the addition of Et2O, the formation of a white precipitate was 

observed. Such precipitate, was filtered and characterized by FT-IR and 1H 

NMR analyses as the expected N-Boc N,O-CMCS or N-Boc-6-car- 

boXyCS. Even the residue resulting from the evaporation of the dried 

(sodium sulfate) organic phase (Et2O) was characterized by FT-IR and 
1H NMR analyses as N-Boc N,O-CMCS or N-Boc-6-carboXyCS. 

N-Boc N,O-CMCS 1a: FT-IR (KBr) ν (cm−1): 3427, 3328 (OH), 2958, 

2923,  2854  (aliphatic  CH),  1765,  1724  (C]O)  1380  (OH).  1H  NMR 
(DMSO‑d6) δ (ppm): 10.8 (br s), 8.13 (d, J = 6.7 Hz), 5.88 (m), 4.40 (m, 

2H, CH2COOH), 4.09–3.55 (m, glucopyranose ring), 3.50–3.21 (m, -N- 

CH2COOH), 1.80 (s, N-COCH3), 1.40 (s, C(CH3)3). 

N-Boc-6-carboXyCS 2a: 1H NMR (DMSO‑d6) δ (ppm): 11.2 (br s), 

8.10 (d, J = 6.7 Hz, NH-COCH3), 7.80 (br s, NH-Boc), 5.90 (m), 4.46 

(m, glucopyranose ring), 3.90–3.53 (m, glucopyranose ring), 2.19 (s, N- 

COCH3), 1.40 (s, C(CH3)3). 

N-Boc-6-carboXyCS 2a: 1H NMR (DMSO‑d6) δ(ppm): 11.2 (br s), 

8.10 (d, J = 6.7 Hz, NH-COCH3), 7.80 (br s, NH-Boc), 5.90 (m), 4.46 

(m, glucopyranose ring), 3.90–3.53 (m, glucopyranose ring), 2.19 (s, N- 

COCH3), 1.40 (s, C(CH3)3). 

 
2.3.3. Synthesis of N-tert-butoxycarbonyl dopamine (N-Boc-DA) 

In a one-necked flask dopamine hydrochloride (0.86 g) was dis- solved 

in 10 mL of tetrahydrofuran (THF) and NaHCO3 saturated water solution 

(5 mL). Then Boc2O (1.09 g, 1 equiv) was slowly added and left under 

magnetic stirring at room temperature for 2 h. Then, the reaction miXture 

was washed with brine, dried over Na2SO4, filtered and eva- porated under 

reduced pressure conditions and the final compound was characterized by 

FT-IR, 1H NMR, 13C NMR spectroscopic analyses. N- Boc-DA has been 

prepared following an alternative procedure (Li et al., 2014), but no 

spectral data have been provided. FT-IR (KBr) v (cm−1): 

3329 (OH), 3068, 3013 (aromatic CH), 2958, 2854 (aliphatic CH), 1724 

(C]O) 1388 (OH). 1H NMR (DMSO‑d6) δ (ppm): 8.78 (s, 1H, OH), 8.52 

(s, 1H, OH), 6.78 (m, NH), 6.57 (d, J = 8 Hz, ArH), 6.50 (s, ArH), 6.38 

(d, J = 8 Hz, ArH), 3.12–2.92 (m, 2H, CH2NH), 2.49 (m, 2H, CH2Ar) 
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Fig. 1. Chemical structures of N,O-carboXymethyl chitosan 1 (N,O-CMCS 1) , 6-carboXy chitosan 2 (6-carboXyCS 2) and corresponding N-Boc protected polymers (1a 

and 2a). 
 

1.43  (s,  9H,  C(CH3)3);  13C  NMR  (DMSO‑d6)  δ  (ppm):  155.3,  145.4, 

143.9, 131.6, 119.6, 115.8, 113.4, 79.8, 39.2, 35.4, 28.7; 

 
2.3.4. Synthesis of N-tert-butoxycarbonyl N,O-carboxymethyl chitosan-DA 

conjugate (N-Boc N,O-CMCS-DA conjugate) 1b 

To a solution of N-Boc protected CMCS 1a (0.1 g) in DMF, DMAP 

(0.217 g, 1.77 × 10-3 mol) and DCC (0.146 g, 7.11 × 10-4 mol) were 

added and left under magnetically stirring for 10 min at 0° C. Then a N- Boc 

DA solution (0.180 g, 7.11 × 10-4 mol) was slowly added and left under 

magnetic stirring at room temperature overnight. After extrac- tion with 

diethyl ether, the combined organic phases were subjected to the 

appropriate washing in order to remove the excess of reagents and dried 

over sodium sulfate, filtered and the solvent evaporated with a rotary 

evaporator. The obtained product (N-Boc N,O-CMCS-DA con- jugate 1b) 

was characterized by 1H NMR. 1H NMR (CDCl3) δ (ppm): 9.32 (s, OHDA), 

8.08 (br s, NHCOCH3), 7.02–6.70 (m, ArHDA, NHDA), 

6.52 (m, ArHDA), 4.71–4.60 (m, glucopyranose ring CHOH and 

OCH2COOR), 4.40–4.10 (m,  OCH2COOH),  3.65  (m,  2H,  N- CH2COODA), 

3.40–3.50 (m, CH anomeric and CH2 DA), 3.30–3.13 (m, glucopyranose 

ring CH), 2.80 (m, CH2 DA), 1.80  (m,  COCH3), 1.42–1.38 (br s, C(CH3)3). 

 
2.3.5. Synthesis of N-tert-butoxycarbonyl N,O-carboxymethyl chitosan-Tyr 

conjugate (N-Boc N,O-CMCS-Tyr conjugate) 1d 

DMAP (0.87 g, 7.15 × 10-3mol) and DCC (0.59 g, 2.86 × 10-3mol) 

were added to the protected N-Boc carboXymethyl chitosan (1 g) so- 

lubilized in 10 mL of [Bmim] [BF4] (Di Gioia et al., 2014, 2017) and left 

under magnetic stirring for 10 min and at room temperature. O-t-Butyl- L-

tyrosine t-butyl ester hydrochloride (1.77 g, 5.37 × 10-3 mol) was then 

slowly added and left under magnetic stirring at room temperature 

overnight. At the end of the reaction, it was extracted with diethyl ether. 

The combined organic phases were washed to remove the excess 

of reagents and then dried on sodium sulphate, filtered (with paper filter) 

and evaporated under reduced pressure. The obtained product was then 

characterized by FT-IR and 1H NMR. FT-IR (KBr) v (cm−1): 3435, 3409 

(OH), 3110, 3025 (CH aromatics), 2958, 2854 (CH ali- 

phatic), 1790, 1762 (C]O) 1373 (OH). 1H NMR (CDCl3) δ (ppm): 8.13 

(d, J = 6.7 Hz, NHAc), 7.17 (d, J = 8.0 Hz, ArH), 6.92 (d, J = 8.0 Hz, 

ArH), 6.52 (d, J = 6.8 Hz, NHTyr), 4.58 (m, α-CHTyr), 4.22–4.10 (m, 

OCH2CO), 3.52–3.40 (m, CH2O and CH anomeric), 3.30–3.25 (m, 

CH2Tyr), 3.20–3.10 (m, glucopyranose ring CH), 1.98 (m, COCH3), 1.40 

(s, C(CH3)3 OtBu protecting group), 1.38 (s, C(CH3)3 Boc protecting 

group). 

 
2.3.6. Synthesis of N-tert-butoxycarbonyl 6-carboxy chitosan-DA conjugate 

(N-Boc 6-carboxyCS-DA conjugate) 2b 

To a solution of N-Boc-6-CarboXyCS (0.1 g) in DMF, DMAP (0.20 g, 

8.85 × 10-3 mol) and DCC (0.138 g, 3.54 × 10-3  mol) were added under 

magnetic stirring for 10 min at 0° C. A N-Boc  DA  solution (0.085 g, 3.54 

× 10-3 mol) was then slowly added and left under magnetic stirring at 

room temperature overnight. At the end of the reaction, an extraction 

with diethyl ether was performed. The combined organic phases were 

subjected to appropriate washing in order to re- move the excess of 

reagents. Subsequently after drying over sodium sulfate and filtration 

the organic solvent was removed by means of rotary evaporator. The 

obtained product (N-Boc 6-CarboXyCS-DA con- jugate) was 

characterized by 1H NMR. 1H NMR (CDCl3) δ (ppm): 8.12 (br s, 

NHCOCH3), 8.02 (m, CHNHBoc), 7.00–6.75 (m, ArHDA, NHDA), 

6.62 (m, ArHDA), 4.90–4.70 (m, glucopyranose ring CHOH), 3.40–3.10 

(m, CH anomeric, CH2 DA, glucopyranose ring CH), 2.60 (m, CH2 DA), 

1.90 (m, COCH3), 1.42 (br s, C(CH3)3). 

 
2.3.7. Removal of Boc protecting groups to give conjugates 1c, 1e, 2c 

The final products of the reactions described above (N-Boc N,O- 
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CMCS-DA-, N-Boc N,O-CMCS-Tyr- and N-Boc 6-CarboXy CS-DA-con- 

jugates) were subjected to an acid treatment to remove the corre- 

sponding protecting groups. Briefly, the protected products were placed in 

a reaction flask, trifluoroacetic acid and dichloromethane (50:50) were 

added in the presence of a scavenger (thioanisole) to block the reactive 

carbocation formed during the removal of the protecting groups. The 

miXture was left under magnetic stirring for 2 h. Then, all volatiles were 

evaporated under reduced pressure and the obtained products were 

characterized by FT-IR and 1H- NMR. 

N,O-CMCS-DA-conjugate 1c.  FT-IR  (KBr)  v  (cm−1):  3546,  3470, 

3412 (NH), 3328 (OH), 3124, 3028 (CH aromatic), 2930, 2850 (CH 

aliphatic),   1723,   1682   (C]O),   1345   (OH).   1H   NMR   (DMSO‑d6)   δ 

(ppm): 9.00 (s, OHDA), 8.08 (br s, NHCOCH3), 7.02–6.70 (m, ArHDA, 

NHDA), 6.90–6.50 (m, ArHDA), 4.30–4.10 (m, glucopyranose ring 

CHOH and OCH2COOR), 4.00–3.90 (m, OCH2COOH), 3.68 (m, 2H, N- 

CH2COODA),   3.50–3.40   (m,   CH2OCH2COOH),   3.20–3.10   (m,   CH 

anomeric and CH2 DA), 3.13–2.90 (m, glucopyranose ring CH), 2.70–

2.40 (m, CHNH2 glucopyranose ring, CH2DA), 1.86 (m, COCH3), 1.60–

1.50 (m, NH2 DA, NH2 CMC). 

N,O-CMCS-Tyr-conjugate 1e:   FT-IR (KBr)   v (cm−1): 3631, 3592, 

3380 (OH), 3160, 3122 (CH aromatics), 2938, 2875 (CH aliphatic), 

1729,  1702 (C]O)  1384 (OH). 1H NMR (DMSO‑d6):  δ (ppm): 7.37 (d, 
J = 6.7 Hz, NHAc), 7.07 (d, J = 8.0 Hz, ArH), 6.82 (d, J = 8.0 Hz , 

ArH), 6.54 (d, J = 6.8 Hz, NHTyr), 4.70 (m, α-CHTyr), 4.22–4.00 (m, 

OCH2CO), 3.64–3.40 (m, CH2O and CH anomeric), 3.30–3.20 (m, 

CH2Tyr), 3.19–3.10 (m, glucopyranose ring CH), 2.00 (m, COCH3). 

6-CarboxyCS-DA-conjugate 2c: FT-IR (KBr) v (cm−1): 3435 (OH), 

2925,  2855,  2833  (CH  aliphatic),  1719  (C]O)  1362  (OH).  1H  NMR 

(DMSO‑d6) δ (ppm): 8.02 (br s, NHCOCH3), 7.27 (d, J = 8 Hz, ArHDA), 
7.02 (s, ArHDA), 6.78 (d, J = 8 Hz, ArHDA), 5.64 (m,), 4.56 (m, glu- 

copyranose ring CH), 3.60 (m, CH anomeric, CH2 DA), 3.12–2.60 (m, CH2 

DA), 2.03 (m, N-COCH3). 

 
2.3.8. Determination of substitution degree (DS) of 1c, 1e and 2c 

conjugates 

To calculate the substitution degree (DS), the N,O-CMCS-DA- N,O- 

CMCS-Tyr- and 6-carboXyCS-DA-conjugates (1c, 1e and 2c, respec- tively) 

were subjected to basic hydrolysis (Cassano et al., 2007; Bukzem et al., 

2016). Thus, suitable amounts of sample were weighed and dissolved in 

an ethanolic solution of NaOH 0.25 M. The miXture was kept under 

stirring at 100 °C for 24 h. Subsequently, a titration with HCl 

0.1 N was made using phenolphthalein as pH indicator for the first 

equivalence point and the methyl red for the second one. The first point 

is equivalent headline in excess of soda V2 equivalent point; the second 

equivalent point indicates the neutralization of the acid salt present V1 

equivalent point. The moles of hydrochloric acid between the first and 

the second equivalent point corresponding to the moles of free ester. The 

DS is, therefore, determined by the following Eq. (2): 

DS =
 MM glucose unit  

particles; Phenomenex, Torrance, CA) column in conjunction with a 

precolumn C18 insert as a stationary phase and the mobile phase was 

0.020 M potassium phosphate buffer (pH 2.8) which eluted in isocratic 

mode at the flow rate of 0.9 mL/min. Standard calibration curves for 

DA determination were acquired at 280 nm wavelength dissolving DA 

in  the  eluent  above  mentioned   and   calibration   curve   linearity (R2 

> 0.999) was checked over the range of concentrations tested (4.75 × 

10−4 to 1.5 × 10−5 M). Upon such conditions DA retention time was 8 

min. Data were processed by the EmpowerTM Software. 

2.5. Zeta potential measurements 

Zeta potentials of the starting polymers and conjugates 1c, 1e and 

2c were measured at 25 °C utilizing the Doppler electrophoresis tech- 

nique performed at 25 °C by a Malvern Nano-ZS instrument (Malvern 

Instruments, Worcestershire, U.K.). 6-CarboXyCS 2 and all conjugates 1c, 

1e and 2c were put in water containing 0.05% (v/v) of DMSO to obtain 

complete (final concentration of 0.1% w/v), whereas N,O-car- boXymethyl 

chitosan 1 was dissolved in water as such. Then, in the cuvette, the dilution 

of each sample was set at 1:20 (v:v) in the presence of KCl (1 mM, pH 7). 

2.6. In vitro evaluation of mucoadhesive properties of 1c, 1e, and 2c 

conjugates and their corresponding parent polymers 

The mucoadhesive properties of conjugates were evaluated in 

Simulated Nasal Fluid (SNF) by using an in vitro method based on 

turbidimetric measurements (Trapani et al., 2014). SNF consisted of an 

aqueous solution containing CaCl2 2H2O (0.32 mg/mL), KCl (1.29 mg/ mL) 

and NaCl (7.45 mg/mL) at pH 6.0 (Pagar et al., 2014). Briefly, freshly 

prepared mucin dispersions at the concentration of 0.5 mg/mL in SNF 

were maintained at 37 °C under stirring (150 rpm) throughout the 24 h 

of the study. Each conjugate and parent polymer such as N,O- CMCS 1 and 

6-carboXyCS 2 were dispersed in SNF containing 0.05% (v/ v) of DMSO to 

give the final concentration of 0.04% (w/v). In a Falcon tube, to 6 mL of 

mucin in SNF were added 6 mL of conjugate (or parent polymer) sample. 

The turbidity of the miXture maintained at 37 °C and under stirring (150 

rpm) was measured at 650 nm using a Perkin-Elmer Lambda Bio 20 

spectrophotometer at the time points of 7 h and 24 h. HEC dissolved 

in SNF containing 0.05% (v/v) of DMSO at the con- 
centration of 0.4 mg/mL was taken as control. All experiments were 

carried out at room temperature in triplicate. 

2.7. Release of dopamine from N,O- carboxymethyl chitosan-DA conjugate 

1c and 6-carboxy chitosan-DA conjugate 2c 

A dispersion of N,O-carboXymethyl chitosan-DA 1c- or carboXy 

chitosan-DA 2c-conjugate (10 mg) in 1.5 mL of SNF, containing 0.05% 

(v/v)  of  DMSO  and  in  absence  of  enzymes,  was  thermostated  at 
37 ± 0.1 °C in an agitated (40 rpm/min) water bath (Julabo, Milan, 

(g sample/n  free  ester)-MM  free  ester - MM  H2O (2) Italy). At scheduled time-points (0, 1, 2, 3, 8, 17, 24 h), 0.2 mL of the 

where n free ester is equal to (V2 equivalent point- V1 equivalent 

point)·[HCl]; MM glucose unit is the molecular mass of glucose unit; g 

sample the weight of sample; n free ester the mol of free ester; MM free 

ester the molecular mass of free ester and MM H2O the molecular mass of 

water. 

 
2.4. Quantitative determination of dopamine 

The quantitative determination of DA was carried out by HPLC as 

previously reported (Trapani et al., 2018). Briefly, an HPLC equipment 

consisting of a Waters Model 600 pump (Waters Corp., Milford, MA), a 

receiving medium were withdrawn and replaced with 0.2 mL of fresh 

medium. Each sample was centrifuged (16,000 × g, 45 min, Eppendorf 

5415D, Germany), and the concentrations of the neurotransmitter were 

determined in the resulting supernatants by HPLC as above described. 

For the cumulative release calculation, the approach reported in lit- 

erature was followed (Tan et al., 2017). All release experiments were 

carried out in triplicate. 

2.8. Preparation of FITC-N,O-carboxymethyl chitosan 1 and FITC-N,O- 

carboxymethyl chitosan-DA conjugate 1c 

In view of uptake experiments, N,O-carboXymethyl chitosan 1 and 

Waters 2996 photodiode array detector and a 20 μL loop injection N,O-carboXymethyl   chitosan-DA   conjugate   1c   were   labelled   with 
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autosampler (Waters 717 plus) was used. Each chromatographic run 

was performed by using a Synergy Hydro-RP (25 cm × 4.6 mm, 4 μm 

fluoresceine isothiocyanate (FITC) with slight modifications of our 

previous protocol (Di Gioia et al., 2015). Firstly, CMCS (or N,O- 
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carboXymethyl chitosan-DA conjugate 1c, 100 mg) was dissolved in 1 N 

HCl (5 mL) and, afterwards, the pH was adjusted to 6.5 with 0.1 N NaOH 

(4 mL). FITC was dissolved at 20 mg/mL in ethanol and 0.75 mL of this 

solution were added to the above prepared CMCS (or N,O-car- 

boXymethyl chitosan-DA conjugate 1c), solution. The resulting miXture 

was maintained under stirring at room temperature for 24 h and pro- 

tected from light. Then, the miXture was dialyzed against double dis- 

tilled water using dialysis tubes for 3 days and freeze dried for 72 h (Lio 

Pascal 5P, Italy). To determine the labelling efficiency of FITC-CMCS, 

the fluorometer (Perkin Elmer, Italy) was calibrated in the range 1–

140 ng/mL of FITC prepared by diluting 100 μg/mL of a methanolic 

solution of FITC with phosphate buffer at pH 8.0 (excitation wave- 

length: 488 nm; emission wavelength: 525 nm; slits: 2.5 nm). Labelling 

efficiency  of  FITC-CMCS  (or  FITC-  N,O-carboXymethyl  chitosan-DA 
conjugate 1c) was defined as percentage of mass FITC/mass FITC-CMCS 

(or FITC- N,O-carboXymethyl chitosan-DA conjugate 1c). 

2.9. Cytotoxicity studies with olfactory Ensheathing cells (OECs) 

EXperiments were performed on 2-day-old mouse pups (P2, pro- 

vided by Envigo RMS s.r.l. Italy, stock: C57BL6J). Animals were kept in 

a controlled environment (23 ± 1 °C, 50 ± 5% humidity) with a 12 h 

light⁄dark cycle with food and water available ad libitum. EXperiments 

were carried out in compliance with the Italian law on animal care no. 

116⁄1992 and in accordance with the European Community Council 

Directive (86⁄609⁄EEC). Efforts were made to minimize the number of 

animals used. OECs were isolated from mouse P2 olfactory bulbs, and 

cultured in DMEM/FBS as previously described (Musumeci et al., 

2014). After 24 h the antimitotic agent, cytosine arabinoside (10−5 M), 

was added to reduce the number of dividing fibroblasts. Then, OECs 

were plated on 25 cm2 flasks and cultured in DMEM/FBS supplemented 

with a bovine pituitary extract. Cells were incubated at 37 °C in a fresh 

complete medium and were fed twice a week. Successively, OECs were 

plated at the number of 30,000 per each well of a 96-well plate. Cells 

were incubated with either DA, CMCS-DA conjugate 1c, CarboXyCS-DA 

conjugate 2c, CMCS-Tyr-conjugate 1d (200 μL, 50 μL, 12.5 μL, 3.12 μL, 

0.78 μL of an initial stock solution of 75 μM), N,O-CMCS or 6-Car- 

boXyCS (200 μL, 50 μL, 12.5 μL, 3.12 μL, 0.78 μL) in complete medium. 

After 24 h, cells were tested for viability by the 3-(4,5-dimethylthiazol- 

2-yl)-2,5 diphenyl tetrazolium bromide (MTT) assay, as previously de- 

scribed (Di Gioia et al., 2015). The relative viability was calculated in 

respect to control untreated cells (considered as 100%). 1% SDS-treated 

cells were used as positive control. 

2.10. Uptake studies 

OECs were plated at the number of 50,000 per each well of a 24- 

well plate. Cells were incubated with either FITC-DA-CMCS 1c (500 µL or 

125 µL of an initial stock solution of 75 µM DA) or FITC-CMCS (500 

µL or 125 µL of an initial stock solution containing an amount of CMCS 

corresponding to that used in the DA conjugates) in complete medium. 

After 2 or 24 h, each well was treated with 0.04% trypan blue 

in PBS (in order to quench extracellular fluorescence), trypsinized, re- 

suspended in 0.5 mL of PBS, and analysed by the Attune® NXT Acoustic 

Focusing Cytometer (ThermoFisher Scientific, Life Technologies, Monza, 

Italy). The percentage of positive cells was obtained by gating the 

population of interest, accordingly to previously published proto- cols 

(Leme Silva et al., 2018) and detecting the emission of FITC signal in the 

BL1 channel (530/30 nm). The percentage of positive cells was 

determined setting the gating on 99% of an untreated control popula- tion 

of cells and by subtracting their fluorescence. Ten thousand cells were 

examined in each analysis. 

2.11. Statistical analysis 

Statistical analyses were carried out by Prism Version 4, GraphPad 

Software Inc., USA. Data were expressed as either mean ±  SD. Multiple 

comparisons were based on One-way Analysis of Variance (ANOVA) 

with the either Bonferroni’s or Tukey’s post hoc test and differences 

were considered significant when p < 0.05. 

3. Results 

6-carboXyCS 2 was synthesized being commercially unavailable, unlike 

N,O-CMCS 1. It was prepared by H3PO4/NaNO2 mediated oXi- dation of the 

primary hydroXyl group on C6 of glucosamine units of CS, adapting a 

method already reported in literature for the oXidation of the primary 

hydroXyl group on C6 of D-glucopyranose moieties in cellulose (Cassano et 

al., 2009, 2010). Thus, 6-carboXyCS 2 was characterized by FT-IR and 1H 

NMR spectral analyses (see section 2.3.1.). In particular, the 

corresponding FT-IR spectrum shows two characteristic absorption bands 

at 3435 and 1719 cm−1, the former attributable to the stretching 

of the OH bond and the latter due to the stretching vibration of the C]  

O double bond. In the relative 1H NMR spectrum recorded in DMSO‑d6, 

the broad signal at 11.2 ppm was assigned to –OH of the carboXyl group. 

The determination of the carboXyl group content in 2 was as- sessed by 

methylene blue adsorption technique in which the cation moiety of 

methylene blue binds with anionic carboXylic groups (Jabli and Hassine, 

2018). In such a way, the content of carboXyl groups in the synthesized 

derivative 2 resulted equal to 0.54 mmol COOH/g oven-dry 6-CarboXyCS. 

3.1. Synthesis and characterization of conjugates 1c, 1e and 2c 

As shown in Scheme 1, DCC mediated coupling reactions between the 

appropriate N-Boc protected polymer 1 or 2 and N-Boc-DA or Tyr (OtBu)-

OtBu HCl were employed to prepare the corresponding con- jugates 1b, 

1d and 2b. It is noteworthy that the preparation of N-Boc N,O-CMCS, N-

Boc-6-CarboXyCS and N-Boc N,O-CMCS-Tyr conjugate 1d was carried out 

in [Bmim] [BF4] which allowed for the tert-butyloX- ycarbonylation of the 

amino group under very mild conditions (Di Gioia et al., 2014, 2017), 

whereas in the remaining cases such treatment with ionic liquid was 

unnecessary. It should be also mentioned that the usefulness of tert-

butoXycarbonyl as a protecting group in the synthesis of dopamine 

derivatives is well known since long time (Walker et al., 1978). Next, the 

nitrogen-protecting group, i.e., the tert-butoXycarbonyl moiety, was easily 

removed by treatment with TFA in DCM and in the presence of thioanisole 

as a scavenger to give the corresponding con- 
jugates 1c, 1e and 2c. These conjugates were structurally characterized 

on the basis of FT-IR and 1H NMR spectroscopic analyses (see section 

2.3.7.). In particular, conjugates 1c and 2c showed in their FT-IR spectra 

a characteristic absorption band at 1723 cm−1 and 1719 cm−1, 

respectively, attributable to ester carbonyl. Moreover, the corre- sponding 
1H NMR spectra showed the characteristic signals attributable to the 

protons in orto and meta positions of the aromatic ring of DA occurred in 

the range 7.3–6.5 ppm. Fig. S1 shows the 1H NMR spectra of N-Boc DA, the 

N-Boc N,O-CMCS-DA conjugate (1b) and, lastly, the 1H NMR spectrum of 

1c. 

The DS of conjugates 1c, 1e and 2c was determined by acid-base 

volumetric titration employing two pH indicators as described in sec- 

tion 2.3.8. Briefly, an excess of ethanolic solution of NaOH was used to 

hydrolyze the conjugate. The excess of NaOH was determined by a ti- 

tration with HCl using phenolphthalein as pH indicator while methyl 

red was used for the neutralization of the acid salt present (Cassano 

et al., 2007; Bukzem et al., 2016). In this way it resulted that the DS 

values of 1c, 1e and 2c were 100 mg and 140 mg of DA for 1c or 2c 

conjugate (1 g) as well as 52 mg of Tyr for 1e conjugate (1 g), re- 

spectively. 

Both starting polymers (1 and 2) and conjugates 1c, 1e and 2c are 

characterized by a polyanionic structure. It is confirmed by the zeta 

potentials of these macromolecules which resulted negative values in the 

range from −18.4 mV to −42.6 mV (Table 1). These findings can 
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Table 1 

Zeta potentials of the starting polymers 1 and 2 and 

conjugates 1c, 1e and 2c.  

Polymer Zeta Potential (mV) 
 

 

1 −20.7 ( ± 1.5) 

2 −21.8 ( ± 2.0) 

1c −18.4 ( ± 2.6) 

1e −32.7 ( ± 2.6) 

2c −42.6 ( ± 1.1) 
 

 

 
be accounted for taking into account that the starting carboXylated 

chitosans as well as the corresponding conjugates are in the eCOO− form 

since the zeta potential measurements have been performed at pH 7, 

where complete dissociation of eCOOH groups should occurs to- gether 

with the deprotonation of the amino groups of the CS derivatives 

herein evaluated. 

 
3.2. In vitro evaluation of mucoadhesive properties of conjugates 1c, 1e and 

2c and their parent polymers 

The mucoadhesive properties of the conjugates 1c, 1e and 2c and their 

parent polymers were determined in vitro by turbidimetric mea- 

surements using miXtures of each of these macromolecular substances in 

SNF containing little amount of DMSO [0.05% (v/v)] to allow their 

complete dispersion. As known, by miXing such miXtures with mucin 

dispersions in the same medium, an incubation time-dependent de- crease 

in transmittance occurs consequent to polymer-mucin aggregates 

formation (Rossi et al., 2000). An incubation time of 24 h seemed ap- 

propriate to compare the mucoadhesive properties of the macro- 

molecular substances examined with those of HEC included herein as 

positive control and endowed with good mucoadhesive characteristics 

(Ivarsson and Wahlgren, 2012). 

As shown in Fig. 2, essentially both the parent polymers and the 

majority of the macromolecular substances examined were character- ized 

by mucoadhesive properties comparable with those of HEC. However, the 

highest decrease in transmittance after 24 h of incubation time was 

observed for N,O-CMCS-DA conjugate 1c which resulted in statistically 

significant difference (p < 0.01) vs HEC. It is worth to notice that the 

differences between N,O-CMCS-DA conjugate 1c vs 

significant (p < 0.05 and p < 0.001, respectively). Instead, the dif- 

ferences in transmittance decrease between parent polymers, N,O- 

CMCS-Tyr 1e and HEC were not significant. 

Hence, it seems that the rank order of the polymers examined from 

the mucoadhesive properties point of view is the following: N,O-CMCS- 

DA 1c > CarboXyCS-DA 2c > N,O-CMCS 1, CarboXyCS 2, N,O-CMCS- 

Tyr 1e ~ HEC. However, it should be mentioned that visual inspection 

of CMCS-DA conjugate 1c after 24 h of incubation time showed that this 

sample turned to black colour, while this did not occur for the same 

sample after 7 h of incubation. The colour change observed should be 

due to the spontaneous autoXidation of free DA formed by hydrolytic 

cleavage in SNF of this ester conjugate 1c and/or to the oXidative in- 

stability of the entire conjugate (Trapani et al., 2018). 

 
3.3. Dopamine release from conjugates 1c and 2c in simulated nasal fluid 

To evaluate whether conjugates 1c and 2c can undergo chemical 

hydrolysis to give the neurotransmitter directly in the simulated nasal 

electrolyte solution, release studies were carried out in SNF without 

enzymes at pH 6. These conjugates were selected because of their 

mucoadhesive properties better than HEC. The results obtained are shown 

in Fig. 3 from which it can be seen that about 43% of DA was released in 3 

h from conjugate 2c, while only about 15% of DA was released in 3 h from 

conjugate 1c. 

 
3.4. Polymers 1,2 and conjugates 1c, 1e, 2c were non-toxic to OECs 

In order to see whether either the parent polymers or their con- jugates 

were toXic in their way to the olfactory bulb, polymers or conjugates were 

incubated with OECs and cell viability was assessed after 24 h by the MTT 

assay. As shown in Fig. 4, parent polymers (N,O- CMCS and CarboXyCS), as 

well as DA, were not toXic to OECs at any concentration tested as compared 

with the appropriate control (un- treated cells). The three conjugates 1c, 

1e and 2c were not cytotoXic as well. 

 
3.5. Enhanced uptake by OECs of DA-conjugates compared with the parent 

polymers 

For uptake studies fluorescent N,O-CMCS 1 and N,O-CMCS-DA 1c 

CarboXyCS-DA   2c    and    N,O-CMCS-Tyr    1e    were    also    statistically were prepared by covalent linkage of FITC (labelling efficiency of 56 μg 

FITC/mg di FITC-CMCS 1 and 75 μg FITC/mg di FITC-CMCS 1c, re- 

spectively). Cell uptake was studied in OECs following incubation for 

either 2 or 24 h. Fig. 5a and b illustrate the cytofluorimetric gating and 

analysis made on the total population that have been used for each 

condition. Gated cells (Fig. 5a) were evaluated for fluorescence in- tensity 

(Fig. 5b), that is then shown in Fig. 5c as histograms. As ex- pected, the 

uptake was a time-dependent process with more polymers internalised at 

24 h than at 2 h. Moreover, it can be appreciated that 

 
 
 
 
 
 
 
 
 

 

Fig. 2. Mucoadhesive properties of N,O-CMCS 1, carboXyCS 2 and their con- 

jugates 1c, 1e and 2c in SNF. HEC in the same medium was taken as positive 

control and considered as 100%. Incubation time of 7 h (red bars) and 24 h 

(blue bars). * p < 0.05 vs control; ** p < 0.01 vs control. Fig. 3. DA released from conjugate 1c (blue) and 2c (red). 
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Fig. 4. CytotoXicity of polymers and conjugates. OECs were challenged with N,O-CMCS 1 or carboXyCS 2 for 24 h at the indicated volumes. DA and conjugates 1c, 1e and 

2c were used at equivalent volumes and obtaining the indicated DA or Tyrosine (Tyr) concentrations. Cells were then assayed for vitality by the MTT assay. Controls 

(CTRL) are untreated cells (100% of vitality), whereas 1% SDS refers to positive controls. ***p < 0.0001 vs control. Data are the results of two-three experiments each 

carried out in siX wells. 
 

CMCS-DA 1c was internalised by OECs in higher amounts than the parent 

polymer CMCS 1 and at both the doses tested. However, these differences 

resulted significant only at 24 h with the highest dose. In- terestingly, this 

dose of CMCS-DA (75 μM) gave a significant increase in the uptake at 24 h 

when it was compared with the earlier time point of 2 h. Overall, these 

results strongly indicate that the uptake by OECs is time and dose-

dependent and also that the DA moiety gives up some advantage to the 

internalization process. 

4. Discussion 

The aim of this work was to prepare, characterize and assess the in 

vitro toXicity and uptake from olfactory bulb-derived cells of carboXy- lated 

chitosan-dopamine or -tyrosine conjugates 1c, 1e and 2c (Scheme 1) and 

evaluate their potential for a nose-to-brain DA delivery. It should 

be considered that these macromolecular conjugates, as other already 

known polymeric conjugates of the neurotransmitter, may be also ad- 

ministered as nanostructured carriers, unlike analogous DA conjugates 

with low molecular weight moieties (Denora et al., 2012). Therefore, we 

designed some carboXylated chitosan-dopamine or -tyrosine con- jugates 

linked by an ester or amide group, exploiting the –COOH 

function of the carboXylated chitosans and the eOH groups of the 

neurotransmitter DA or the eNH2 group of Tyr. Hence, ester conjugates 
1c and 2c are actually miXtures of m- and p-isomers, since each of the 

catechol hydroXyl groups of DA can be involved in the ester bond for- 

mation, just as reported in Scheme 1. In the case of the N,O-CMCS- 

Tyrosine conjugation, the synthetic approach involving the use of O- tert-

Butyl-L-tyrosine-tert-butyl ester hydrochloride led to the formation of 

the amide conjugate 1e (Scheme 1, panel iii)). 

Taking into account that polymers having mucoadhesive properties 
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Fig. 5. Cellular uptake of FITC-CMCS 1 or FITC-CMCS-DA 1c by OECs. The whole population of controls (cells not incubated with polymers) was gated (A) and 

evaluated for fluorescence intensity (B). A marker separated negative cells (on the left) from positive cells (on the right).  Positive cells are shown as percentages (C) 

obtained in two experiments each conducted in triplicate. ***p < 0.001. 
 

can be positively employed in nose-to-brain delivery since they can 

increase the residence time in the nasal cavity improving absorption of 

pharmaceutics (Bourganis et al., 2018; Samaridou and Alonso, 2018), we 

measured such properties for conjugates 1c, 1e and 2c and their parent 

polymers using HEC as a positive control (Trapani et al., 2014). To 

account for the rank order observed for the mucoadhesive properties of 

the mentioned macromolecules (Fig. 2), first of all it should be noted that 

among the polymer structural characteristics required for in- creasing the 

mucoadhesive properties there are the presence of strong 

hydrogen bonding groups (eOH, eCOOH), strong cationic or anionic 
charges, high molecular weight and appropriate chain flexibility 

(Mandracchia et al., 2017b; Palazzo et al., 2017). Both 1 and 2 are 

characterized by the presence of a large number of hydroXyl and car- boXyl 

groups able to interact with the hydroXyl groups of mucin. Moreover, due 

to the presence of carboXyl groups which are ionized on increasing the pH 

of the medium, both 1 and 2 possess a polyanionic structure. This 

structural feature occurs also for the conjugates 1c, 1e and 2c. Hence, 

the mucoadhesive properties of the parent polymers and conjugates 

should be ascribed to hydrogen bonding interactions with the negatively 

charged mucin. As for the choice of HEC as a positive control for 

mucoadhesion measurements, it was based on the following reasons. 

Firstly, Carbopol, which is a well known reference polymer for in vitro 

mucoadhesion tests (Ivarsson and Wahlgren, 2012), could not be used 

throughout this study due to the fact that it precipitates in SNF. Moreover, 

HEC surface charge is essentially close to the neutrality 

(Smistad et al., 2017) but its mucoadhesive properties are consequent 

to hydrogen bonding interactions with mucin as well as polymers 1 and 

2 and conjugates 1c, 1e and 2c. These circumstances are different at all 

from those occurring between CS and mucin. In this last case, indeed, 

the interactions between the polycation CS and the negatively charged 

mucin are mainly electrostatic in nature (Sogias et al., 2008; Ancona et 

al., 2014). Besides this, another recent literature suggestion, that should 

be taken into account to explain the mentioned mucoadhesive properties 

rank order, is that polymer mucoadhesion can be sig- nificantly improved 

by introduction of catechol moieties in the chain backbone of CS (Kim et 

al., 2015). This enhancement of mucoadhesive properties should be 

ascribed to intermolecular associations of the ca- techol group grafted on 

CS to mucin in the first stage of the mu- coadhesion process (i.e., the so 

called contact stage). Such initial in- teractions are followed by the 

formation of covalent bonds between 
catechol group of the CS and amine/cysteine moieties of mucin leading 

to irreversible bonds in the second stage of the mucoadhesion process 

(i.e., the so called consolidation stage) with enhancement of mu- 

coadhesion up to more than four-fold (Kim et al., 2015). In the CS- 

derivatives-DA conjugates herein examined, namely N,O-CMCS-DA 

conjugate 1c and 6-CarboXyCS-DA conjugate 2c, a modified catechol 

group is present being one hydroXyl group of DA involved in an ester 

bond formation. As a consequence, it may be possible that the men- 

tioned structural characteristics lead to moderate enhancement in 

mucoadhesion for conjugates 1c and 2c, whereas this should not occur 
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for 1e, due to the absence of a catechol group. Hence, the findings that 

the mucoadhesion of 1c and 2c was better than HEC, while that of 1e was 

comparable with those of HEC, N,O-CMCS and 6-CarboXyCS, may be so 

accounted for. The mucoadhesive features observed for 1c better than 2c 

may be rationalized considering the flexibility of the former conjugate due 

to the presence of the carboXymethyl groups linked at C- 6 of the 

glucosamine units of the CS structure greater than that of 6- CarboXy 

moiety of the latter conjugate. Thus, the mucoadhesive prop- erties of 1c, 

deduced by turbidimetric measurements, suggest that this conjugate may 

be usefully applied for nose-to-brain delivery of the neurotransmitter DA. 

However, it is widely recognized that, in the as- sessment of mucoadhesive 

properties for the ranking of polymers by in vitro methods, caution should 

be used since conflicting results can be obtained depending on the 

method employed (Ivarsson and Wahlgren, 
2012). Therefore, there is a need to confirm such in vitro results based 

on turbidimetric measurements with in vivo experiments before to draw 

definitive conclusions. 

As for the DA release from conjugates 1c and 2c in SNF without 

enzymes, it should be pointed out that the purpose of this in vitro study 

was to evaluate whether conjugates 1c and 2c can undergo chemical 

hydrolysis in simulated nasal electrolyte solution to give the neuro- 

transmitter, independently of that resulting from enzyme-mediated 

hydrolysis. The obtained results indicate that both conjugates can be 

converted into DA, even though at different extent, by chemical hy- 

drolysis. In our opinion, the relevant difference in DA released between the 

two conjugates may be ascribed once again to the greater flexibility of 

conjugate 1c compared to 2c. This last is characterized by a more 

constrained and rigid structure which is lighten by hydrolysis of the 

corresponding ester function releasing the neurotransmitter DA. Hence, 

the tendency of conjugate 2c to undergo hydrolytic ester bond cleavage 

is greater than conjugate 1c. However, the low DA amount released from 

conjugate 1c may be even advantageous for nose-to-brain delivery 
of the neurotransmitter because of a potential decrease in neuronal 

confers such an advantage may be inferred from the heightened uptake 

of various nanoparticles when coated with polydopamine (PDA) (Liu et 

al., 2013; Poinard et al., 2019). It was suggested that the enhanced uptake 

of these nanoparticles could be due to their hydrophilicity and the 

interaction of the negatively charged phenol groups on the PDA surface 

with the positively charged choline groups on the lipid mem- brane (Liu et 

al., 2013). In alternative, it has been proposed that do- pamine transporter 

(DAT) occurs in olfactory bulb (Cockerham et al., 2016) suggesting that the 

CMCS-DA conjugate 1c may be also a DAT substrate, however the 

expression of DAT should be investigated further in primary OECs used in 

this study. It is worth noting that OECs have been considered a promising 

source of cell-based therapies for neuro- degenerative disorders (Pellitteri 

et al., 2016). OECs have been used because they are able to secrete  

trophic factors with  neuroprotective 
effects and to promote plasticity in the lesioned area (Franssen et al., 

2007). For example, axon regeneration in CNS injury site has been imputed 

to neurotrophin secretion and to conduit formation that ex- press 

extracellular matriX proteins that have been shown to directly promote 

neuronal survival, neurite initiation and axon extension, and particularly 

axonal guidance (Yang et al., 2015). OECs in the olfactory bulb, if loaded 

with DA in situ, might be considered to represent a source that is 

therapeutic at different levels, including the safe delivery of DA for the 

PD. 

 
5. Conclusions 

CarboXylated chitosan-dopamine or -tyrosine conjugates 1c, 2c and 1e 

were successfully synthesized and characterized by FT-IR and 1H- and 13C 

NMR analyses. Moreover, these new chitosan derivatives were evaluated 

in SNF for their mucoadhesive properties and results showed that the 

polymers examined can be classified from the mucoadhesive properties 

point of view in the following rank order: N,O-CMCS-DA 

toXicity related to the reduced stimulation of dopaminergic neurons 1c  >  CarboXyCS-DA  2c  >  N,O CMCS,  CarboXyCS,  CMCS-Tyr 

(Kura et al., 2013). On the other hand, DA as neurotransmitter is a potent 

substance and its biological effects occurs even if present in little amount. 

However, to gain useful information on the release features, in vivo studies 

on these conjugates are mandatory. Finally, by comparing the release 

kinetic of poly(aspartamide) based DA conjugates (Juriga et al., 2018) 

with that herein observed for conjugates 1c and 2c, it resulted that the 

poly(aspartamide) based DA conjugates provided prolonged drug 

delivery, unlike conjugates 1c and 2c which show an initial prompt 

neurotransmitter release. We believe that such outcome may be related to 

the different linkage involved in the conjugates herein considered. More 

precisely, in poly(aspartamide) based DA conjugates the neurotransmitter 

is linked to the polymeric chain through an amide bond, which is more 

resistant to hydrolytic cleavage, unlike the ester conjugates 1c and 2c. 
In light of a nose-to-brain administration of DA-containing con- 

jugates, it should be considered that the intranasal route would have the 

advantage of bypassing the BBB offering a noninvasive and effective 

treatment of Central Nervous System (CNS) disorders. When the drug is 

administered into the nasal cavity, it firstly experiences the mucociliary 

clearance in the vestibular region, hence the property of mucoadhesion 

would limit the mucociliary clearance of the drug. Afterward, the drug 

moves to the posterior region of nasal cavity where it comes in contact 

with the olfactory region. At this level, the drug would interact with the 

endings of olfactory receptor neurons and is then transported through the 

brain following the nerve channel created by OECs, crosses the cribriform 

plate and enters into the cerebrospinal fluid and olfactory bulb (Agrawal 

et al., 2018). Thereby, the lack of cytotoXicity of poly- mers and derived 

conjugates experienced in our results are in good achievement of a safe 

transport of these compounds. Interestingly, 
polymer CMCS 1 and its derivative CMCS-DA were internalized by 

OECs very poorly after 2 h, while only the CMCS-DA conjugate achieved 

around 30% of positive cells at 24 h. Why the presence of DA 

1e ~ HEC. As for the neurotransmitter DA release, in vitro studies showed 

that both the conjugates 1c and 2c give rise in SNF to a prompt 

neurotransmitter release being the DA amount released from conjugate 1c 

lower than 2c. These peculiar features may be advantageous in a potential 

their application for PD treatment. In this study, we chose OECs as 

belonging to olfactory system which is the first to show deficit in some 

neurodegenerative diseases, such as PD. The cytotoXicity of conjugates 1c, 

2c and 1e assessed on OECs resulted negligible, and this would 

demonstrate their good biocompatibility and possible applica- tion for 

nose-to-brain delivery. Moreover, the uptake of conjugate 1c would be 

promising to generate a novel tool for delivering DA to the brain. 
Overall, the results of these studies suggest that the carboXylated 

chitosan-dopamine conjugate 1c possess an interesting potential for 

improving the brain delivery of the neurotransmitter DA following nasal 

administration. Further studies are in progress to assess the in vivo 

performance of this conjugate and the corresponding results will be 

reported in due course. 
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