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Please find enclosed the manuscript entitled “Carboxymethyl chitosan Dopamine Conjugates: 
Synthesis and Evaluation for Intranasal anti Parkinson Therapy” by S. Di Gioia et al. submitted 
to the International Journal of Biological Macromolecules. This is the revised version of the 
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(Acta Biomater 76 (2018) 225-238.), considering these polymer-DA conjugates very soluble in water 
or, alternatively, poorly soluble in this last solvent. Thus, we provide two novel panels (i.e., panels c 
and d) in Figure 6 and the novel Table 2 to express appropriate drug release data and to provide a 
deeper interpretation from a mechanism/theory point of view of these data, to understand the use of 
the conjugates. The important conclusion of this release kinetic study was that conjugate 3 provides 
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have inserted on page 13 a paragraph where the release kinetic data of conjugates 2 and 3 are 
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solvent. Thus, we provide two novel panels (i.e., panels c and d) in Figure 6 and the novel Table 2 to 
express appropriate drug release data and to provide a deeper interpretation from a mechanism/theory 
point of view of these data, to understand the use of the conjugates. 
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2. If applicable, is the method/study reported in sufficient detail to allow for its replicability and/or 
reproducibility?  

Please provide suggestions to the author(s) on how to improve the replicability/reproducibility of 
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at all. In the revised version, we have inserted on page 13 a paragraph where the release kinetic data 
of conjugates 2 and 3 are discussed in the light of the Juriga et al.’s work (Acta Biomater 76 (2018)
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Reviewer for this comment. 
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Provide further comments here: 



------------------------- 

3. If applicable, are statistical analyses, controls, sampling mechanism, and statistical reporting (e.g., 
P-values, CIs, effect sizes) appropriate and well described?  

Please clearly indicate if the manuscript requires additional peer review by a statistician. Kindly 
provide suggestions to the author(s) on how to improve the statistical analyses, controls, sampling 
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easily respond.  
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hoc test and differences were considered significant when p < 0.05. 

Reviewer #2: Mark as appropriate with an X: Yes [] No [] N/A [X] 
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(some of the) existing ones?  

Please provide specific suggestions for improvements, removals, or additions of figures or tables. 
Please number each suggestion so that author(s) can more easily respond.  
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R 4. The insertion of Table 2 and Figure 6 panels c) and d) markedly improved the quality of  
presentation and discussion of our results at level of drug release studies. Moreover, we made any 
possible effort to improve the resolution of some figures and in such a way the manuscript benefits, 
in our opinion. 

Reviewer #2: The clarity of some figures is poor. 
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------------------------- 
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where the release kinetic data of conjugates 2 and 3 are discussed in the light of the Juriga et al.’s
work (Acta Biomater 76 (2018) 225-238.). Thus, the important conclusion has been deduced that the 
chitosan-based nanocarrier conjugate 3 possesses promising properties for brain delivery by 
intranasal administration. Most interesting are also the findings concerning the possibility that 
conjugates 2 and 3 can self-assemble to form nanosized structures and it is supported by TEM analysis 
and Photon Correlation Spectroscopy results. We have mentioned in the revised manuscript that in a 
successive work we wish to complete the characterization of these nanosized-structures by studying, 
in particular, their surface features (to assess, inter alia, the neurotransmitter localization in the 
nanosized structure) and mucoadhesive properties. The antioxidant activity of conjugates 2 and 3 has 
been demonstrated by the DPPH test most employed in literature for this purpose. As for the 
cytotoxicity towards SH-SY5Y cells and uptake of amide conjugates by SH-SY5Y cells, these studies 
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6. Have the authors clearly emphasized the strengths of their study/methods?  
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Reviewer #1: I don't find any authors response wrt reviewers comments. Please provide the same so 
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Please, find our apologies as mentioned above. 

R.6. In our opinion, we have appropriately pointed out in the manuscript that conjugate 3 provides a 
DA release quicker and in greater extent than conjugate 2. These release kinetic features make the 
amide 3 promising candidate for neurotransmitter delivery by intranasal administration resulting the 
corresponding DA release not excessively long and, thus, acceptable from a practical point of view. 
Further favourable characteristics of conjugate 3 evidenced in the manuscript are its DPPH radical 
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Reviewer #2: Yes 

------------------------- 

7. Have the authors clearly stated the limitations of their study/methods?  

Please list the limitations that the author(s) need to add or emphasize. 

Please number each limitation so that author(s) can more easily respond.  

Reviewer #1: I don't find any authors response wrt reviewers comments. Please provide the same so 
that the recommendation is possible and answers to the questions.  

Please, find our apologies as mentioned above. 
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study. Thus, we have already mentioned above that in a successive work we wish to complete the 
characterization of the nanosized-structures formed by self-assembly of conjugate 2 and 3. Moreover, 
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the manuscript that the calculations relative to the release kinetic of DA from conjugates 2 and 3 are 
based on a limited number of data points and it was the consequence to follow the release for a long 
time (i.e., fifteen days). However, we evidenced in the manuscript that, even though these calculations 
are based on a limited number of data points, a certain trend may be deduced. Moreover, we have 
clearly stated in the manuscript that, being unknown the solubility features of conjugate 2 and 3, we 
performed the mentioned calculations, considering them poorly or, alternatively, soluble enough in 
water. 
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8. Does the manuscript structure, flow or writing need improving (e.g., the addition of subheadings, 
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Please provide suggestions to the author(s) on how to improve the manuscript structure and flow. 
Please number each suggestion so that author(s) can more easily respond.  
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that the recommendation is possible and answers to the questions.  
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R.8 We think that the manuscript structure does not need improving. In particular, in our opinion it 
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details from one section to another. 

Reviewer #2: No 
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9. Could the manuscript benefit from language editing?  
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recommendation is possible and answers to the questions.  
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R.9 We agree with the Reviewer that the manuscript does not need language editing. 

Reviewer #2: The authors have addressed most of the issues, and the quality of the manuscript is 
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R. 9.1. In this revised version, we made any possible effort to improve the resolution of figures. The 
resolution of Figures 2, 8, 9 and 10 was increased and the edited Figures were mentioned in the 
manuscript and also sent to the Editorial Office. 

R. 9.2. As mentioned above, in a successive work we wish to complete the characterization of the 
nanosized-structures formed by self-assembly of conjugate 2 and 3 also including their production 
yield calculation. 

R.9.3. We thank the Reviewer for this comment because offers the possibility to evidence the 
difference between the hydrophobic domains of the classical polymeric micelles with those proposed 
by us for the self-assembly process of N,O- or O-CMCS-DA conjugates 2 and 3. In the revised version 
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With respect to the Parkinson disease (PD), herein, we aimed at synthetizing and characterizing two 
novel macromolecular conjugates where dopamine (DA) was linked to N,O-carboxymethyl chitosan 
or O-carboxymethyl chitosan, being both conjugates obtained from an organic solvent free synthetic 
procedure. They were characterized by FT-IR, 1H-NMR spectroscopies, whereas thermal analysis 
(including Differential Scanning Calorimetry and Thermal Gravimetric Analysis) revealed good 
stability of the two conjugates after exposure at temperatures close to 300°C. Release studies in 
simulated nasal fluid elucidated that a faster release occurred since O-carboxymethyl chitosan-DA 
conjugate maybe due to the less steric hindrance exerted by the polymeric moiety. The CMCS-DA 
conjugates prepared in aqueous medium may self-assembly to form polymeric micelles and/or may 
form polymeric nanoparticles. TEM and Photon correlation spectroscopy lent support for polymeric 
nanoparticle formation. Moreover, such CMCS-DA conjugates showed antioxidant activity, as 
demonstrated by DPPH radical scavenging assay. Finally, cytocompatibility studies with 
neuroblastoma SH-SY5Y cells showed no cytotoxicity of both conjugates, whereas their uptake 
increased from 2.5 to 24 h and demonstrated in 40-66% of cells. 
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Abstract

20

With respect to the Parkinson disease (PD), herein, we aimed at synthetizing and characterizing two 
novel macromolecular conjugates where dopamine (DA) was linked to N,O-carboxymethyl chitosan 
or O-carboxymethyl chitosan, being both conjugates obtained from an organic solvent free synthetic 
procedure. They were characterized by FT-IR, 1H-NMR spectroscopies, whereas thermal analysis 25

(including Differential Scanning Calorimetry and Thermal Gravimetric Analysis) revealed good 
stability of the two conjugates after exposure at temperatures close to 300°C. Release studies in 
simulated nasal fluid elucidated that a faster release occurred since O-carboxymethyl chitosan-DA 
conjugate maybe due to the less steric hindrance exerted by the polymeric moiety. The CMCS-DA 
conjugates prepared in aqueous medium may self-assembly to form polymeric micelles and/or may 30

form polymeric nanoparticles. TEM and Photon correlation spectroscopy lent support for polymeric 
nanoparticle formation. Moreover, such CMCS-DA conjugates showed antioxidant activity, as 
demonstrated by DPPH radical scavenging assay. Finally, cytocompatibility studies with 
neuroblastoma SH-SY5Y cells showed no cytotoxicity of both conjugates, whereas their uptake 
increased from 2.5 to 24 h and demonstrated in 40-66% of cells. 35

Keywords: Polymeric conjugates, Dopamine, Storage stability, Cytotoxicity, Uptake  

List of chemical compounds studied in the article: Dopamine hydrochloride (Compound CID: 65340), 
Chitosan (Compound CID: 129662530), N,O-carboxymethyl chitosan–Dopamine amide conjugate, 
O-carboxymethyl chitosan–Dopamine amide conjugate.  40

1. Introduction 
Neurodegenerative diseases (NDs) are characterized by progressive loss of neuron function whose 
occurrence increases with the age of the patient [1]. Thus, it has been even predicted that NDs will 
become the second leading cause of death after cardiovascular diseases in developed countries by 45

2040 due, at least in part, to the progressively aging of population [2]. Among the NDs, including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease, amyotrophic lateral
sclerosis, frontotemporal dementia and the spinocerebellar ataxias, PD is the second widespread 
disorder after AD and it is endowed with the increasing impairment of dopaminergic neurons in the 
Substantia Nigra as well as with significant decrease in concentration of dopamine (DA) in the 50

striatum [3]. From a symptomatic point of view, PD is characterized by movement disorders like 
tremors, rigidity, bradykinesia, memory loss and hesitant speech as well as by several non-motor 
symptoms such as sleep disorders and gastrointestinal ones [4, 5]. The current pharmacological 
treatment of PD is only symptomatic and it is based on the “dopamine replacement strategy”,
involving the oral administration of the DA precursor levodopa (L-DOPA) in order to restore 55

acceptable levels of the neurotransmitter in the brain. However, long-term administration of L-DOPA 
brings about adverse effects including motor complications and dyskinesia [6]. Thus, even though 
many preclinical studies have been carried out to find new therapeutic agents for PD, the majority of 
new drug candidates failed in clinical trials mainly because they are unable to cross the blood brain 
barrier (BBB) in therapeutic amounts. Hence, as occurs also for other NDs, there is a huge need to 60
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develop both symptomatic and disease-modifying treatments for PD [7]. However, even though the 
main cause(s) of PD is (are) still not fully understood, new therapeutic targets useful to limit the loss 
of DAergic neurons have been evidenced including alpha-synuclein aggregation and 
phosphorylation, proteasome and lysosome approach, mitochondrial disruptions and oxidative stress 
as well as glial environment and neuroinflammation [7]. 65

In the last decade, an interesting and non-invasive approach to bypass the BBB in NDs has been 
extensively investigated. It consists in the use of the intranasal (IN) administration which allows a 
direct access to the brain using the olfactory and/or trigeminal connections between the nose and the 
brain [8-11]. Such nose-to-brain delivery possesses not only the advantage to overcome the BBB but 
also to avoid hepatic and gastrointestinal metabolism as well as to decrease systemic side effects since 70

the plasma exposure is reduced [12]. Despite these advantages, however, nose-to-brain delivery has 
some limitations that must be taken into account when this approach is followed for the treatment of 
neurological disorders including NDs. This delivery route, indeed, is difficult when high doses of 
drug are to be administered due to the limited volume of each nostril in humans, moreover the 
residence times of formulations within the nasal cavity may be short due to mucociliary clearance 75

with important consequences on drug absorption. Again, it should be taken into account the presence 
of enzymes in the nasal cavity and, consequently, the need to protect sensitive drugs from enzymatic 
degradation and, finally, it should be considered that the nasal formulation does not cause irritation 
in the nasal cavity [12].  
In the field of nose-to-brain delivery, several studies showed that the encapsulation of the drugs in 80

nanocarriers can improve drug transport across BBB enhancing the bioavailability at brain level. 
Thus, nanoparticles prepared from chitosan and its derivatives have been shown better nose-to-brain 
delivery properties perhaps due to the temporarily opening capability of intercellular tight junctions 
of these polymers and/or to their mucoadhesive characteristics which would prolong the residence 
time of the formulation within the nasal cavity [12]. Again, advances in nanotechnology led to the 85

synthesis of nanoparticles of small size (< 100 nm) by laser ablation even with application in BBB 
crossing [13, 14]. Also lipid based nanocarriers, including solid lipid nanoparticles (SLNs), 
nanostructured lipid carriers (NLC) and liposomes of small size (< 100 nm) have a good potential for 
nose-to-brain delivery since they can encapsulate hydrophilic or hydrophobic drugs with good 
efficiency [15-18]. Moreover, they can easily squeeze through intercellular spaces between olfactory 90

cells and their mucoadhesive/mucopenetration properties can be appropriately tailored to prolong the 
residence time in the nasal cavity facilitating nose-to-brain transport [15, 17]. 
In this context, recently we have developed N,O-carboxymethyl chitosan-DA ester and amide 
conjugates (ester or amide N,O-CMCS-DA) and evaluated both their in vitro mucoadhesive properties 
in simulated nasal fluid (SNF) and their uptake by Olfactory Ensheating Cells (OECs) for potential 95

application in nose-to-brain delivery of the neurotransmitter to restore acceptable levels of DA in the 
brain of parkinsonian patients [19, 20]. These macromolecular conjugates could possess several 
advantages including prolonged circulation, controlled release and improved mucoadhesive 
properties. Moreover, such conjugates could offer the relevant possibility to formulate polymeric 
nanoparticles with limited premature leakage of the biologically active substance (i.e., DA) since it 100

is linked to the polymeric backbone by a covalent chemical bond. The premature leakage of the cargo 
encapsulated in nanocarriers is an important drawback to be considered particularly for most potent 
substances as DA. Among the conjugates studied, the N,O CMCS ester 1 and the corresponding N,O-
CMCS amide conjugates 2 were evaluated (Figure 1) [19, 20]. These conjugates were prepared 
according to synthetic procedures involving organic solvent (DMF) and coupling reagents. The main 105
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results of the previous studies were the observed higher stability of N,O-CMCS-DA amide conjugate 
compared to the ester ones as well as the high internalization of this amide conjugate by OECs.  
Following these studies, we considered of interest to synthesize both conjugate 2 and the new amide 
macromolecular conjugate of the neurotransmitter 3 (Figure 1), resulting from the conjugation of the 
primary amino group of neurotransmitter with the –COOH function of O-CMCS polymer, following 110

eco-friendly procedures of synthesis in pharmaceutical laboratories. This last carboxymethyl chitosan 
derivative is soluble in a wide range of pH due to the introduction of carboxymethyl group and it is 
characterized by the presence of the carboxymethyl substituent on the primary –OH group in position-
6 of the glucose nucleus. Chitosan, indeed, possesses three reactive groups in the molecule and 
namely a primary hydroxyl group, a secondary hydroxyl group and an amino group. Depending on 115

the reaction conditions used, N-carboxymethyl chitosan (N-CMCS), O-carboxymethyl chitosan (O-
CMCS) or N,O-carboxymethyl chitosan (N,O-CMCS) may be prepared [21, 22]. Thus, our working 
hypotheses for these novel conjugates were to evaluate whether i) it is possible to develop a synthetic 
approach employing, in agreement with green chemistry principles, water as solvent and the 
elimination of organic reagents not absolutely necessary. It in order to minimize the toxicity potential 120

of conjugates 2 and 3 and, hence, to improve their performance for DA replacement in anti-Parkinson 
therapy; ii) the position of the carboxymethyl substituent on the chitosan backbone could influence 
the features of the resulting conjugates including release of the neurotransmitter and uptake by 
neuronal SH-SY5Y cell model line. 

Hence, in the present paper, we describe the procedure we used for the synthesis of N,O-CMCS-DA 125

2 and O-CMCs-DA 3 conjugates in aqueous buffered medium (Figure 1). The new amide conjugates 
were characterized by FT-IR, 1H-NMR spectroscopies and thermal analysis (Thermogravimetric 
Analysis (TGA) and Differential Scanning Calorimetry (DSC)), DA release kinetic as well as it was 
examined the possibility that CMCS conjugates 2 and 3 could self-assembly forming micelles or 
further nanosized structures in the aqueous medium. In order to consider the biocompatibility and 130

translational capability of the two amide conjugates, cell viability and uptake tests were carried out 
in neuroblastoma SHSY-5Y cells.  

2. Materials and Methods 

135

2.1. Materials  

N,O-Carboxymethyl Chitosan (N,O-CMCS, Molecular weight in the range of 30-500 kDa, 
deacetylation degree, 94.2%; viscosity 22 mPa sec, according to the provider’s instructions) was 
purchased from Heppe Medical Chitosan GmbH (Halle, Germany). O-Carboxymethyl Chitosan (O-140

CMCS, Molecular weight in the range of 100-300 kDa, deacetylation degree, 90%; substitution 
degree 88 %, according to the supplier’s instructions) was purchased from DBA (Milan, Italy). Ethyl-
dimethyl-aminopropylcarbodiimide (EDC), dopamine hydrochloride (DA), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), fluorescein 5(6)-isothiocyanate (FITC), and PBS were purchased from 
Sigma-Aldrich (Milan, Italy). Dialysis tubes with a MWCO 12-14 kDa were purchased from Spectra 145

Labs (Milan, Italy). Throughout this work, double distilled water was used. All other chemicals used 
were of reagent grade.  
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[Insert Figure 1] 
150

2.2. Apparatus 
The conjugates 2 and 3 were prepared following the synthetic procedure summarized in Scheme 1 
and characterized by Proton nuclear magnetic resonance (1H NMR) spectroscopy and Fourier 
transform infrared (FT-IR) spectroscopy as well as by thermogravimetric Analysis (TGA) and 
differential scanning calorimetry (DSC). 155
1H NMR spectra were recorded on a Brüker spectrometer (Billerica, Massachusetts, US) operating at 
600 MHz and the analyses were performed at 293 °K on dilute solutions of each conjugate using D2O 
as solvent. In particular, to allow the determination of the substitution degree of N,O-CMCS-DA 2 
and O-CMC-DA 3 via 1H-NMR spectrometry, dispersions in D2O were prepared for both conjugates 
at a concentration of 4 mg/mL and heated at 40°C for few minutes before the analysis. Chemical 160

shifts are reported in parts per million (δ). Spectra were processed using Mnova (Mestrelab Research, 
A Coruña, Spain). 
FT-IR spectra were obtained in KBr discs using a Perkin Elmer 1600 FT-IR spectrometer (Perkin 

Elmer, Milan, Italy). The range examined was 4,000–400 cm−1 with a resolution of 1 cm−1.  

Thermogravimetric analysis (TGA) was performed on a PerkinElmer TGA-400 instrument 165

(PerkinElmer Inc, Waltham, MA), heating samples (5-10 mg) in the range 30-600°C under inert 
nitrogen flow at the heating rate of 20°C/min. For each sample, thermograms (TG) and derivative 
curves (DTG) were acquired and elaborated with the TGA Pyris software (version 13.3.1.0014, 
Waltham, USA).  
Differential scanning calorimetry (DSC) thermograms were obtained using a Mettler Toledo DSC 170

822e STARe 202 System (Mettler Toledo, Milan, Italy), equipped with a DSC MettlerSTARe 
Software. For DSC analysis, aliquots of about 10 mg of both freeze-dried conjugates 1 and 2, pure 
O-CMCS, pure N,O-CMCS were placed in an aluminium pan and hermetically sealed. The scanning 
rate was 5°C/min under a nitrogen flow of 20 cm3/min and the temperature range was from 25 to 
300°C and 25 to 275°C for DA and pure polymers/conjugates, respectively. The calorimetric system 175

was calibrated using indium (purity 99.9%) and following the procedure of the MettlerSTARe 
Software. Each experiment was carried out in triplicate.  
Transmission Electron Microscopy (TEM) images of samples containing both conjugates were 
recorded on a JEOL Jem1011 microscope (Tokyo, Japan) operating at an accelerating voltage of 100 
kV.  180

The hydrodynamic diameters, polydispersity and zeta potential values of N,O-CMCS-DA 2 and O-
CMCS-DA conjugates 3 self-assembled into nanoparticles were determined by using a Zetasizer 
NanoZS, ZEN 3600 (Malvern Instruments, Worcestershire, U.K.) instrument according to photon 
correlation spectroscopy (PCS) mode.  

2.3 Synthesis of DA amide conjugates  185

To prepare conjugate 2 and 3, the Fan’s protocol for the preparation of the gelatin-DA conjugate in 
aqueous environment based on the carbodiimide (EDC) chemistry was followed with significant 
modifications [23]. In particular, besides the use of aqueous medium, we also avoided the use of N-
hydroxysuccinimide or N-hydroxysulfosuccinimide, well-known agents increasing the efficiency of 
EDC-mediated coupling reactions. This in order to minimize the toxicity potential of the resulting 190

conjugates due to the presence of traces of organic solvent and reagents not absolutely necessary. 
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Thus, the reaction conditions used for the synthesis of this conjugate 2 and 3 resulted quite different 
from those used by Fan et al. [23]. 
2.3.1. Synthesis of N,O-Carboxymethyl Chitosan-DA amide conjugate 2 in aqueous buffered medium 
To a solution of N,O-CMCS (0.2 g) in diluted HCl (0.1 N-50 mL) showing pH= 6, DA (0.1 g, 0.57 x 195

10-3 mol) was added together with 32 mg of EDC and the mixture was left to react under magnetic 
stirring in argon atmosphere for 48 h at room temperature (r.t.). The polymer/neurotransmitter weight 
ratio used was that employed by Fan et al. [23]. Afterwards, the reaction mixture was dialyzed in 
distilled water for three days and then lyophilized (Lio Pascal 5P, Milan Italy). The obtained product 
(N,O-Carboxymethyl Chitosan-DA amide conjugate 2, N,O-CMCS-DA) was collected in good yield 200

(about 37%) and characterized by FT-IR, 1H NMR, TGA and DSC.  
N,O-CMCS-DA amide conjugate 2: FT-IR (KBr) ν (cm-1): 3246 (NH, OH), 1629 (C=O), 1110 (OH).  

2.3.2. Synthesis of O-Carboxymethyl Chitosan-DA conjugate 3 
In a solution composed of 10 mL of diluted HCl (0.1N) and 40 mL of distilled water, 0.15 g of O-
CMCS were poured, so achieving pH = 6 and, afterwards, 0.21 g of DA and 38 mg of EDC were 205

added. Unlike the conjugate 2 synthesis, in this case the polymer/neurotransmitter weight ratio was 
that used in our previous work on the synthesis of the N,O-Carboxymethyl Chitosan-DA amide 
conjugate [20]. The resulting mixture was left under magnetic stirring in argon atmosphere for 48 h 
at r.t. Afterwards, the product was dialyzed in distilled water for three days and then lyophilized (Lio 
Pascal 5P, Milan Italy). The obtained product (O-Carboxymethyl Chitosan-DA amide conjugate 3, 210

O-CMCS-DA) was collected in good yield (about 24%) and, as above, characterized by FT-IR, 1H 
NMR TGA and DSC. O-CMCS-DA amide conjugate 3: FT-IR ν (cm-1): 3412 (NH, OH), 2923 (CH 
aliphatic), 1639, 1617 (C=O), 1071 (OH).  
2.3.3 Determination of substitution degree (DS) of DA-CMCS amide conjugates by titrations or 
hydrolysis under strong acidic conditions 215

The substitution (DS) of N,O-CMCS-DA 2 and O-CMCS-DA 3 conjugates was determined by 
potentiometric titration after alkaline hydrolysis according to a  procedure previously described by us 
with slight modification [19, 20]. A weighted amount of each conjugate sample (50 mg) was dissolved 
in a solution of NaOH (0.25 N) in ethanol (5 mL) and the mixture was stirred at reflux for 24 h. Then, 
at room temperature a potentiometric titration on the dark-yellow mixture (1 mL) degree was carried 220

out using the automatic titrator (TITREX-1000, Wertheim, Germany) with a pH meter. Each 
potentiometric titration was carried out in triplicate. 
During titration, two equivalent points were determined using a standardized solution of HCl (0.1 N). 
The first point referred headline in excess of NaOH (V1 equivalent point); the second equivalent point 
referred to the neutralization of the acid salt present (V2 equivalent point). The moles of HCl 225

occurring between the first and the second equivalent point corresponding to the moles of free amide 
and the DS% were, therefore, determined by the following Equation (1): 

DS% = [mass (sample) – mass (free amide)]x100/mass (sample)          (1) 
where mass (sample) corresponds to 1 mL (10 mg) of each conjugate sample before alkaline 
hydrolysis; moles of free amide or ester are equal to: 230

(V2 equivalent point - V1 equivalent point) x [HCl] determined by potentiometric titration as the 
average of three titrations. 
The DS% concerning DA of each CMCS-DA amide conjugate was also measured according to 
hydrolysis under strong acidic conditions previously described [24]. Briefly, 2 mg of CMCS-DA 
amide conjugate were weighed and dissolved in HCl 1 N (pH 1) under stirring and light protection at 235

r.t. for 3 h. Afterwards, the solution was centrifuged (16,000× g, for 45 min, Eppendorf 5415D, 
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Germany) and the obtained supernatant was analysed by HPLC to assess the DA amounts (Section 
2.2). The DS% was calculated as mg DA/mg CMCS‐DA amide conjugate x 100 [24].  
2.3.4 Preparation of FITC-N,O-CMCS-DA and FITC-O-CMCS-DA conjugates  
For cellular uptake studies, N,O-carboxymethyl chitosan-DA conjugate 2 and O-carboxymethyl 240

chitosan-DA conjugate 3 were labelled with fluoresceine isothiocyanate (FITC) by using a previously 
reported protocol with slight modifications [19, 20]. Briefly, for N,O-CMCS-DA amide conjugate 2, 
(70 mg) were dissolved in 0.1 N HCl (3.2 mL) and then the pH was adjusted to 6.5 with 0.1 N NaOH 
(0.01 mL). For O-CMCS-DA amide conjugate 3, (70 mg) was dissolved in double distilled water (4.5 
mL) and then the pH was adjusted to 6.5 with 0.1 N HCl (0.37 mL). For both labelling procedures, 245

FITC was dissolved at 20 mg/mL concentration in ethanol and 0.75 mL of this solution were added 
to amide conjugates 2 and 3, under magnetic stirring at r.t. for 72 h under light protection. Afterwards, 
the fluorescent mixtures were dialyzed against double distilled water for 3 days and freeze-dried for 
72 h. The labelling efficiencies of FITC-N,O-CMCS-DA and FITC-O-CMCS DA amide conjugates 
were determined calibrating the fluorometer (Perkin Elmer, Milan, Italy) in the range 1-140 ng/mL 250

of FITC obtained by diluting 100 μg/mL of a methanol solution of FITC with phosphate buffer at pH 
8.0 (excitation wavelength: 488 nm; emission wavelength: 525 nm; slits: 2.5 nm). Furthermore, to 
determine the substitution degree (DS), the FITC-CMCS-DA amide conjugate underwent acid 
hydrolysis [25]. Two mg of the FITC-CMCS-DA amide conjugate were weighed and dissolved in 2 
mL of HCl 1 N (pH 1), stirred and protected from light, at r.t. for 3 h. Then, the resulting mixture was 255

centrifuged (16,000× g, for 45 min, Eppendorf 5415D, Hamburg, Germany) and the supernatant was 
analyzed by HPLC to assess the DA amounts. The DS was calculated as mg DA/mg FITC-CMCS-
DA amide conjugate [25]. 

2.4. Quantitative determination of dopamine 

DA quantification was carried out by HPLC as previously reported [26]. Briefly, the mobile phase 260

consisted of 0.02 M potassium phosphate buffer, pH 2.8: CH3OH 70:30 (v/v), and the elution of the 
column in isocratic mode occurred at the flow rate of 0.7 mL/min. Under such chromatographic 
conditions, DA retention time was equal to 5.5 min, whereas retention time of both conjugates was 
equal to 4.9 min. 

2.5. Storage Stability of DA-CMCS conjugates at low temperature 265

With the aim to check the storage stability at -20°C, aliquots of 3-5 mg of each freeze-dried DA-
CMCS-conjugate were stored in the freezer at the above mentioned temperature. 
Sampling was done at 1, 2, 4 and 8 weeks in order to verify DS of DA over the time. In each sampling 
time, the aliquot of the DA-CMCS-conjugate was incubated with 1 mL HCl (0.1N) for 30 min to 
allow the cleavage of the amide linkage polymer-DA and, afterwards, the resulting mixture was 270

centrifuged (16,000 × g, 45 min, Eppendorf 5415D, Hamburg, Germany). 
In the supernatant the DA content was determined by HPLC as described in Section 2.4. 

2.6. In vitro neurotransmitter release from conjugates 2 and 3 in Simulated Nasal Fluid 
The neurotransmitter DA release in SNF [19] (pH 6.0, without enzymes) from N,O-CMCS-DA or O-275

CMCS-DA conjugates was carried out starting from a weighted amount of conjugate corresponding 
to 1-1.2 mg of DA and dispersing it in 2.5 mL of SNF containing 0.05% (v/v) of DMSO and 
thermostated at 37 ± 0.1°C in an agitated (40 rpm/min) water bath (Julabo, Milan, Italy). At scheduled 
time points, 0.25 mL of the receiving medium were withdrawn and replaced with 0.25 mL of fresh 
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medium Then, each sample was centrifuged at 16,000 × g for 45 min, (Eppendorf 5415D, Germany), 280

and the amounts of the neurotransmitter delivered were quantified in the resulting supernatants by 
HPLC, as above described, and plotted against the time. All the release experiments in SNF were 
carried out in triplicate. 

2.7. Self-aggregation of CMCS-DA conjugates 2 and 3 to form nanosized structures 285

Dilute stock suspensions of conjugates 2 and 3 were prepared by dispersion of 2 mg of each conjugate 

in 200 L of PBS (pH 7.4). Centrifugation of the samples at 13,200 rpm for 45 min (Eppendorf 
5415D, Germany) allowed to discard the pellet and isolating the corresponding supernatant from 
which 25 µL were dropped onto carbon-coated copper grids and then stained with 1% (w/v) 
phosphotungstic acid solution for 1 min. Afterwards, the grids were rinsed with deionized water and 290

left to dry under air overnight. Then, TEM observations of the resulting nanoparticles (NPs) were 
performed in order to obtain their morphology and an average TEM size. TEM images of both 
conjugates were recorded on a JEOL Jem1400 microscope (Tokyo, Japan) operating at an 
accelerating voltage of 120 kV. Particle size data arising from TEM analysis were also compared 
with the ones acquired according to Photon Correlation Spectroscopy (PCS) of the Zetasizer NanZS 295

(ZEN 3600, Malvern, UK) apparatus after treatment with a probe sonication with a Vibra-cell 
sonicator (Sonics and Materials, U.K.) for 15 min at the output of energy equal to 750W in an ice 
water bath. The particle size and polydispersion (PDI) values were measured at 25 °C after dilution 
in double distilled water (1:1, v/v). For ζ-potential measurements laser Doppler anemometry 
technique was adopted (ZetasizerNanoZS, ZEN 3600, Malvern, UK) after dilution 1:20 (v.v) with 300

KCl (1 mM, pH 7.0). 

2.8. In vitro evaluation of antioxidant activity: Assay of DPPH radical scavenging activity  
The in vitro antioxidant activity of the pure polysaccharides, O-CMCS-DA and N,O-CMCS-DA and 
the two corresponding conjugates (N,O-CMCS-DA 2 and O-CMCS-DA 3) was evaluated using the 305

DPPH test reported in literature slightly edited [27]. Firstly, ethanol was used as solvent for DPPH 
test to obtain a stock solution at the concentration of 0.001% w/v and, then, diluted to 8 x 10-4% (w/v). 
Dispersion of 5 mg of each sample in 0.5 mL of double distilled water was reacted with 2.5 mL of 
the diluted DPPH solution for 60 min at room temperature in the dark. The corresponding absorbances 
were recorded at the wavelength of 514 nm by using PerkinElmer Lambda Bio 20 spectrophotometer 310

(PerkinElmer, Milan, Italy). Blanks were obtained by filling the cuvettes with 0.5 mL of ethanol and 
2.5 mL of the 8 x 10-4% (w/v) solution in DPPH. For all formulations under investigation, antioxidant 
activity (AA) was calculated from Equation (2) and expressed in percentages: 

AA (%) = (1 – As/Ab) x 100             (2) 
where As is the sample absorbance, and Ab the absorbance of the radical. All the experiments were 315

carried out in triplicate. 
However, it is now accepted that the results obtained by Equation (2) are useful only for qualitative 
but not for accurate quantitative evaluations which should be made considering the IC50 values 
defined as the concentration of the sample that caused 50% inhibition of DPPH radical formation 
[28]. 320

2.9. Cytotoxicity evaluation in SH-SY5Y cell model line  
SH-SY5Y cells were grown as previously described [24]. Briefly, cells were plated in a 96-well plate 
(BD, USA) at a density of 1 × 10 4 per well in 100 μL of complete medium and incubated overnight 
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to allow cell attachment. Then, the culture medium was replaced with 100 μL of fresh medium 325

containing different dilutions of N,O-CMCS-DA conjugate 2 (final concentration of dopamine: 18.75 

µM and 4 µM, corresponding to 1336 g/mL and 334 g/mL) and O-CMCS-DA conjugate 3 (final 

concentrations of dopamine: 75 µM, 18.75 µM, 4 µM, corresponding to 11.5 μg/mL, 2.9 μg/mL, 0.7 

μg/mL). Volumes of O-CMCS without DA were chosen to obtain the same CMCS amounts of the 

O-CMCS-DA conjugate 3 (11.5 g/ml, 2.9 g/ml, 0.7 g/ml). Under these conditions cells were 330

grown at 37 °C for 24 h. 1% Triton-X100-treated cells were used as a positive control. After 
treatments, cell viability was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl 
tetrazolium bromide), as previously described [20]. The cell viability was calculated as follows: 
% viability = [(Optical density {OD} of treated cell − OD of blank)/(OD of vehicle control − OD of
blank) × 100], considering untreated cells as 100%.  335

2.10. Uptake of amide conjugates by SH-SY5Y cells 
SH-SY5H cells were plated at the number of 80,000 per each well of a 24-well plate. Cells were 
incubated with 500 μL of fresh medium containing different dilutions of O-CMCS-DA conjugate 3 
(final concentrations of dopamine: 75 µM, 18.75 µM, 4 µM, corresponding to 11.5 μg/mL, 2.9 340

μg/mL, 0.7 μg/mL) and N,O-CMCS-DA conjugate 2 (final concentration of dopamine: 75 M, 18.75 

µM and 4 µM, corresponding to 5344 g/mL, 1336 g/mL and 334 g/mL). After 2.5 or 24 h, each 
well was treated with 0.05% trypan blue in PBS (in order to quench extracellular fluorescence), 
trypsinized, resuspended in 0.5 mL of PBS, and analysed by the BD FACSLyric™ Flow Cytometry
(BD Biosciences, Franklin Lakes, NJ, USA). Fluorescence for FITC was measured at the wavelength 345

of 488 nm, determining the percentage of FITC-positive cells after setting the gating on 99% 
(excluding cell debris) and by subtracting the fluorescence of untreated control cells. Ten thousand 
cells were examined in each experiment, evaluating the percentage of positive cells for FL1H 
fluorescence and the relative mean fluorescence per cell (MFI).  

350

2.11. Statistics 

Statistical analyses were carried out by Prism v. 5, GraphPad Software Inc., USA. Results were 
expressed as mean ± SD. Multiple comparisons were based on one-way analysis of variance 
(ANOVA) with Bonferroni or Tukey post hoc test and differences were considered significant when 
p < 0.05. 355

3. Results 

[Insert Scheme 1] 
 360

3.1. Synthesis and structural characterization of the amide conjugates 2 and 3  
EDC mediated coupling reaction between N,O-CMCS or O-CMCS and DA was used to prepare N,O-
CMCS-DA amide conjugate 2 and O-CMCS-DA amide conjugate 3, respectively (Scheme 1). In 
particular, the condensation reaction was carried out by stirring the reagents in aqueous buffered 
medium at pH 6.0 for 48 h at r. t. and the reaction products were purified by dialysis in distilled water 365

for three days and lyophilisation. Conjugates 2 and 3 were structurally characterized by spectroscopic 
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methods i.e., FT-IR and 1H NMR. In the FT-IR spectrum of N,O-CMCS-DA amide conjugate 2 a 
characteristic absorption band centered at 1629 cm-1 was present and it was attributed to the carbonyl 
groups of the conjugate 2 (Figure 2a). In the FT-IR spectrum of O-CMCS-DA amide conjugate 3, the 
splitted band at 1639 cm-1 and 1617 cm-1 was diagnostic of the amide carbonyl group (Figure 2b). 370

Notably, in the FT-IR spectra of both N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3, no 
absorption band at 1730 cm-1 occurs suggesting that in these chitosan derivatives the carboxymethyl 
substituent is present in  –COONa form [22]. 

 [Insert Figure 2] 375

In Figure 3, the 1H NMR spectrum of the polysaccaride O-CMCS in D2O (Figure 3a), showed 
multiplets from 3.91 to 3.27 ppm that were assigned to protons H3, H4, H5, H6 and the signal at 4.41 
to methylene protons H7, in accordance with Du and Hsieh’s peak attribution [29]. In Figure 3b, the 
1H NMR spectrum of the reaction product after functionalization of O-CMCS with DA is reported. 380

Two new sets of signals, located at 6.26, 6.41, 6.51, 6.59, 6.66 ppm, were shown corresponding to 
the aromatic protons of DA, covalently-bonded to the polymer by an amide bond, probably due to 
two conformers of O-CMCS-DA conjugate 3. The signals at 6.26 and 6.41 ppm belong to two 
aromatic protons of the majority signal set, those at 6.51 and 6.59 ppm belong to the minority one, 
while the third aromatic dopamine proton gives a single signal, for both conformers, to 6.66 ppm.The 385

percentage of monomeric units substituted with DA (DA-subst) was determined comparing the 
integral of the signal at 6.66 ppm with that of the multiplets from 3.83 ppm to 3.22 ppm, which takes 
into account the H3, H4, H5, 2 x H6 protons, using the Equation: DA-subst = IH-Ar x 5 / IH3,H4,H5,H6, 
where IH-Ar is intensity of the signal for the aromatic proton at 6.66 ppm and IH3,H4,H5,H6 is intensity of 
the signal for H3, H4, H5 and both H6 protons, and it turns out to be 11%.390

[Insert Figure 3] 
 

Similarly, in Figure 4, the 1H NMR spectra of N,O-CMCS, conjugate 2 (Figure 4a), in D2O and after 
its functionalization with DA (Figure 4b) are shown. In this case, comparing the integral of the signals 395

of the aromatic protons (6.50-6.64 ppm) with that of the multiplets 3.71-3.28 ppm (corresponding to 
H3, H4, H5, H6 protons [29]), the percentage of incorporated DA turns out to be 7%, calculated by 
the equation DA-subst = IH-Ar x 5 / IH3,H4,H5,H6 x 3, where IH-Ar is the sum of the intensity of the signal 
for the aromatic protons and IH3,H4,H5,H6 is intensity of the signal for H3, H4, H5 and both H6 protons. 
However, the analysis of the 1H-NMR spectrum does not allow to distinguish between DA bound in 400

position 2 and 6 of the six-term ring. 

[Insert Figure 4] 

405



11

The amounts of DA covalently bound to N,O-CMCS-DA and O-CMCS-DA amide conjugates 2 and 
3, respectively, were also determined by chemical means following the procedures reported in Section 
2.2.3. From titration data focusing on quantification of -COOH groups, the DS% of N,O-CMCS-DA 
conjugate 2 was 5.36% corresponding to 536 μg (-COO derivatized)/10 mg N,O-CMCS-DA 
conjugate 2. The DS% of O-CMCS-DA conjugate 3 was 12.65% corresponding to 1.265 mg (-COO 410

derivatized)/10 mg O-CMCS-DA conjugate 3. From hydrolysis under strong acidic conditions the 
DS% values were found equal to 2.3 ± 0.8% for N,O-CMCS-DA conjugate 2 and 6 ± 0.9% for O-
CMCS-DA conjugate 3. Comparing these data it appears that the DS% values of conjugates 2 and 3 
measured by spectroscopic (1H-NMR spectrum) and titration methods are in good agreement, while 
those obtained by hydrolysis under strong conditions are underestimated enough. This outcome may 415

suggest that the conditions used for such hydrolysis under strong acidic conditions (mixture at pH 1 
stirred at r.t. for 3 h) are not appropriate to obtain complete hydrolysis of the starting conjugate. 
As for the FITC-N,O-CMCS-DA and FITC-O-CMCS DA amide conjugates the measured DS% 
values of the neurotransmitter were 0.7 ± 0.05% for the former conjugate and 2.2 ± 0.9% for the latter 
conjugate, respectively. The labelling efficiency referred to FITC (mg FITC/mg FITC-DA-conjugate) 420

for the FITC-N,O-CMCS-DA and FITC-O-CMCS DA amide conjugates were 13 ± 0.4% and 5 ± 
0.6%, respectively. 

3.2. Thermal analysis 

Thermal analysis on the herein examined conjugates included both studies of TGA and DSC. 425

3.2.1. Thermo-Gravimetric Analysis (TGA)  

TGA thermograms and derivative traces are reported in Figure 5 panel (a) and in the relevant inset, 
respectively, whereas all the main events are summarized in Table 1. 

[Insert Figure 5] 430

In all the analysed samples for TGA, excluding DA, the water content was in the range of 10-13%, 
which is typical for polysaccharides. DA degraded under one thermal event centred at 327°C, with a 
residue at 600°C of 29%. Pure N,O-CMCS polymer exhibited two main decompositions peaks at 
295°C and 307.4°C, while the residue at 600°C was equal to 51% (Figure 5), as also reported in a 435

previous work [30]. As far as pure O-CMCS is concerned, a single sharp decomposition step was 
recorded, centred at 290°C, corresponding to a weight loss of 30.7%, while the residue at 600°C was 
equal to 57.2%. Finally, as far as the two conjugates 2 and 3 are concerned, after a first step relevant 
to the moisture/volatiles loss, a broad decomposition step, centred at 307.7°C and 304.9°C (weight 
losses of 30.7%, and 56.3% respectively) occurred for N,O-CMCS-DA and O-CMCS-DA, 440

respectively. The residue at 600°C was equal to 26.8% and 30.5% and for N,O-CMCS-DA conjugate 
2 and O-CMCS-DA conjugate 3, respectively.  

3.2.2. Differential Scanning Calorimetry (DSC) 
In Figure 5 panel (b), DSC thermal curves of different polymers/conjugates were shown. For both 
polymers N,O-CMCS and O-CMCS, (i.e., Figure 5 panel (b), curves b and d, respectively), a semi-445

crystalline solid state was deduced from DSC thermograms referring to both polymers with melting 
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point of 153°C and 159°C for N,O-CMCS and O-CMCS, respectively. An amorphous state was 
observed for both N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3 (Figure 5, panel (b), 
curves c and e), with the disappearance for both of them of the melting point peak of the 
corresponding polymer. Furthermore, none of the conjugates showed the melting point peak, as such 450

or shifted, of the pure neurotransmitter DA, confirming the existence of an amorphous solid state for 
these CMCS conjugates (Figure 5 panel (b), curves c and e). 

[Insert Table 1] 
455

3.3. Storage Stability of DA-CMCS-conjugates at T= -20°C 
To estimate the storage stability of conjugates herein studied, both powders of N,O-CMCS-DA 
conjugate 2 and O-CMCS-DA conjugate 3 were stored in a freezer at T = -20°C up to eight weeks 
and the DS% over the time are shown in Figure 6 panel (a). We chose to use the method of hydrolysis 460

under strong conditions because a faster determination of DS% takes place, even though we knew 
that in this way an underestimated value of DS% is deduced. In particular, O-CMCS-DA conjugate 
3 reduced DS %, starting from one week where DS% collapsed to 40% and after 8 weeks 32% was 
found (Figure 6 panel (a)). Moreover, in the corresponding HPLC chromatograms, the peak of DA 
maintained its shape, typical retention time value and no further peaks appeared. In contrast, for N,O-465

CMCS-DA conjugate 2, HPLC chromatograms showed an enlarged peak with an increase of few min 
in the retention time value than in the case of intact DA and such behaviour occurred since one week 
of storage (Figure 6 panel (a)).  

3.4. In vitro drug release from conjugates 470

In Figure 6 panel (b) the in vitro release profiles of N,O-CMCS-DA conjugate 2 and O-CMCS-DA 
conjugate 3 in SNF (pH 6.0 without enzymes) are shown. While after 2 days only about 10% of the 
neurotransmitter was delivered from conjugate 2, DA release from the amide 3 was quicker being 
after 2 days 24% of DA released in the SNF receiving medium. Notably, it should be considered that 
under the conditions used (pH 6.0 without enzymes) during release test of the N,O-CMCS-DA 475

conjugate 2 further degradation products of the neurotransmitter were detected as additional HPLC 
peaks showed in the corresponding chromatograms since 3 days up to 14 days [31]. For O-CMCS-
DA conjugate 3, such additional peaks appeared only when HPLC chromatograms were recorded 
from 10 to 14 days. 

[Insert Figure 6] 480

3.5. CMCS-DA conjugates can self-assemble to form nanosized structures 
An interesting property of the CMCS-DA conjugates herein studied is that they can self-assembly to 

form nanosized structures. Thus, by dispersing each conjugate (2 mg) in 200 L of PBS (pH 7.4) 

followed by centrifugation and by dropping 25 L of the resulting supernatant onto grids for TEM 485

and then stained with phosphotungstic acid, TEM analysis clearly demonstrated the nanostructured 
assembly of conjugates with NP formation. Figure 7(a) and 7(b) show NPs obtained from N,O-
CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3, respectively. In particular, from conjugate 3 
smaller and spherical NPs were obtained, whereas from conjugate 2 larger particles (average TEM 
size of 187 ± 41 nm) probably due to the fusion of individual particles (see the inset of Figure 7(a)) 490

were detected. On the other hand, besides a negligible amount of microsized structures, by PCS 



13

analysis a bimodal distribution was detected in both cases with a little quantity having a particle size 
< 100 nm and a prevalent one with a particle size > 100 nm (Figure 7(c) and 7(d)). 
In Table 2, the hydrodynamic diameters, polydispersity and zeta potential values of conjugates 2 and 
3 self-assembled into NPs determined by Zetasizer NanoZS, ZEN 3600 instrument are shown.  495

[Insert Figure 7] 

[Insert Table 2] 
500

3.6 In vitro antioxidant activity of conjugates 2 and 3  
The antioxidant activity of N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3 was studied 
according to a slightly modified spectrophotometric assay based on the use of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical enabling us to assess the ability of studied chemical substances 505

to act as free radical scavengers [27, 32]. In this assay, antioxidants are able to reduce the stable DPPH 
radical (purple) to non-radical form DPPH-H (yellow). Polymers as such, namely N,O-CMCS and O-
CMCS in our hands showed negligible DPPH radicals scavenging activity since they did not produce 
any yellow mixture. Instead, the DA conjugates 2 and 3 resulted to be in vitro capable to elicit DPPH 
radicals scavenging activity evidenced by yellow mixture formation and, hence, possess an 510

antioxidant effect. On the other hand, even the neurotransmitter DA is endowed with radical 
scavenging ability which is reported to be 86% at 0.1 mM [33]. Thus, it can be stated that the DPPH 
radical scavenging activity of starting polymer and corresponding conjugates herein studied 
decreased in the following rank order: DA > O-CMCS-DA conjugate 3 > N,O-CMCS-DA conjugate 
2 >>>> O-CMCS ~ N,O-CMCS. 515

3.7. MTT assay  
In order to verify the cyto/biocompatibility of conjugates 2 and 3 with the target neuronal cells, SH-
SY5Y cells were treated with N,O-CMCS or O-CMCS based conjugates at the indicated 
concentrations. O-CMCS was used also as a formulation not carrying DA. None of these formulations 
was cytotoxic, although a nonsignificant decrease in cell viability was observed with 75 μM of N,O-520

CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3 (Figure 8). 
 

[Insert Figure 8] 

3.8. Uptake studies 525

For uptake studies fluorescent O-CMCS-DA conjugate 3 or N,O-CMCS-DA conjugate 2 were 
prepared by covalent linkage of FITC (see Materials and Methods). Cell uptake was studied in SH-
SY5Y cells following incubation for either 2.5 or 24 h. Fig. 9 illustrates the cytofluorimetric gating 
(panels a and c) and overlay analysis (panels b and d) made on the total population that have been 
used for cells incubated with N,O-CMCS-DA conjugate 2 only as an example. Overlay of gated cells 530

demonstrated that cells took up FITC-conjugated conjugate in a dose- and time-dependent manner 
(Figure 9b and d). Figure 10 shows these data as histograms. As expected, the uptake was a time-
dependent process with more conjugates internalised at 24 h than at 2 h. Specifically, after 2.5 h there 
was a steep increase of percentages of FITC-positive cells with both conjugates, reaching ~34% and 
~39% with N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3, respectively (Figure 10a). At 535
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24 h of incubation, the percentage of FITC-positive cells arose to ~66% with O-CMCS-DA conjugate 

3 and ~40% with N,O-CMCS-DA conjugate 2 at the highest concentration of 75 M (Fig. 10b). MFI 
showed also a dose-dependent increase at 2.5 h, in particular with N,O-CMCS-DA conjugate 2 
(Figure 10c); however, there was not an increment at 24 h, except for O-CMCS-DA conjugate 3 at 

75 M (Figure 10d). Overall, these data indicate that the two conjugates are taken up by a high 540

number of cells in a time-dependent fashion although the average number of conjugates remained 
similar, with the notable exception of O-CMCS-DA conjugate 3 at the highest DA concentration. 

[Insert Figure 9] 545

[Insert Figure 10] 

4. Discussion 
There is great interest for developing new and more effective therapeutic strategies as disease-550

modifying treatments for PD based on polymeric and lipid nanocarriers able to cross the BBB and to 
combat this rapidly rising in incidence and harmful disease. In this context, we are involved in a 
project aimed at developing polymer-DA conjugates which should possess the advantage of limited 
premature leakage of cargo (i.e., DA) during manipulations and administration due to the presence of 
a covalent chemical bond between polymeric backbone and neurotransmitter. The polymer we studied 555

was N,O-CMCS, a water-soluble derivative of chitosan, endowed with several properties such as 
biocompatibility, biodegradability, mucoadhesion and non-toxicity [34]. We have previously 
described the synthesis by using DMF as solvent of the ester and amide conjugates 1 and 2, 
respectively, as well as the high internalization of conjugate 2 by OECs (Figure 1) [19, 20]. The main 
aim of the present work was to develop a synthetic procedure of the amide conjugates 2 and 3 (Figure 560

1) carried out in aqueous medium in order to minimize the toxicity potential of the resulting 
conjugates as well as to follow eco-friendly procedures of synthesis in pharmaceutical laboratories. 
In addition, a further aim was to evaluate the effect of the carboxymethyl substituent position onto 
glucose nucleus of chitosan in order to gain insights into this structural modification. To this end, we 
included in this study also the polymer O-CMCS characterized by the presence of the carboxymethyl 565

substituent exclusively on the primary –OH group in position-6 of the parent polymer chitosan. 
We succeeded in reaching these goals following a modified reported procedure based on carbodiimide 
(EDC) chemistry [23]. As for the EDC mediated coupling reaction between N,O-CMCS or O-CMCS 
and DA to prepare the amide conjugates 2 and 3, the coupling reagent EDC can react with the 
carboxyl groups of the carbohydrate polymers to form an O-acylisourea intermediate which, in turn, 570

provides the required amide conjugate by reaction with the NH2 group of the neurotransmitter as 
outlined in Scheme 1.  
When the backbones of N,O-CMCS and O-CMCS were subjected to the amidification with DA in 
water as solvent, the yield values of the corresponding conjugates were 37% and 24% for N,O-CMCS-
DA conjugate 2 and O-CMCS-DA conjugate 3, respectively. It should be noted that the amide 575

conjugate N,O-CMCS-DA 2 previously prepared employing organic solvent (DMF) was obtained in 
70% yield [20]. On the other hand, comparing the yields in water as solvent, it resulted that conjugate 
3, even though prepared in lower yield, it is characterized by a higher DS% (12.65% vs 5.36% 
determined by potentiometric titration for 3 and 2, respectively). This result could be rationalized 
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considering that in O-CMCS the carboxymethyl group substituent on the primary –OH group in 580

position-6 of the glucose nucleus is available for the reaction with EDC and NH2 group of the 
neurotransmitter more than that occurs for the carboxymethyl group substituents of N,O-CMCS 
polymer.  
The thermal stability of DA, N,O-CMCS, O-CMCS, and corresponding conjugates with DA was 
investigated by TGA to give a quantitative measure of their mass changes on increasing the 585

temperature (Figure 5). Both the developed DA-conjugates from TGA thermograms evidenced 
thermal stability (up to about 190°C) which are acceptable for pharmaceutical applications [35]. In 
details, from TGA curves (Figure 5a), the main thermal events ascribable to both the chitosan 
derivatives under investigation could consist of deacetylation and decomposition of the parent 
chitosan's main chains [36]. Moreover, it can be hypothesized that the cleavage of substituent groups 590

in the carboxymethylated derivatives fell in the same temperature range (270-330°C). In any case, 
comparing with unmodified chitosan, the thermal stability of chitosan derivatives slightly decreased, 
as also reported [37]. While in the case of pure substances, a sharp weight loss was observed, starting 
at higher temperatures, in the case of conjugates a slow weight loss occurred at lower temperatures. 
Indeed, broader peaks are observed in DTGA profiles of both the DA-conjugates, probably due to the 595

overlapping of the decomposition steps relevant to CMCS (N,O- and O-) moieties and DA. Overall, 
TGA has been already employed to determine the thermostability of delivery systems targeting brain 
diseases, as reported in literature [30, 38] and information arising from such methodology has been 
combined with data obtained from DSC analysis. DSC thermograms reported in Figure 5b evidenced 
the amorphous state of both N,O-CMCS-DA 2 and O-CMCS-DA 3, without any 600

endothermal/esothermal event occurring in the range of temperatures explored, whereas the 
thermogram of pure N,O-CMCS showed an endothermic peak at 150°C and the thermogram of O-
CMCS showed an endothermic peak at 153°C. 
Some information on the physical stability of N,O- and O-CMCS-DA conjugates on storage at -20°C 
can be gained from Figure 6 panel (a). As can be seen, conjugate 2 possess higher stability under 605

storage at T= -20°C than O-CMCS-DA conjugate 3. Moreover, a further different behaviour noted 
between the two conjugates refers to the shape and retention time of the peak corresponding to the 
neurotransmitter in HPLC chromatograms. This peak maintained its shape, typical retention time 
value and no further peaks appeared in the case of O-CMCS-DA conjugate 3 suggesting that no DA 
autoxidation occurred during storage frame time. Instead, for N,O-CMCS-DA 2, HPLC 610

chromatograms showed an enlarged peak with a little increase in retention time of DA signal together 
with the apparent increase of DS % occurring since four up to eight weeks. It may be probably due 
to DA autoxidation induced by air oxygen which was demonstrated to be a very slow process unlike 
the aerobic and anaerobic DA autoxidation in solution [39]. 
Consistent enough with the physical stability on storage data were also those from in vitro DA release 615

from conjugates (Figure 6 panel (b)). The general trend showed in both release profiles, indeed, was 
of a prompt DA release (burst effect) within the first two days followed by a sustained release period. 
However, the bust effect noted for conjugate 3 was more intense than that showed by conjugate 2, 
just as deduced by physical stability on storage data and, moreover, unlike that occurs for O-CMCS-
DA, it was noted the complete disappearance of the neurotransmitter in the release profile of N,O-620

CMCS-DA 2. This last outcome may support the above made hypothesis to explain the apparent 
increase of DS % of conjugate 2 occurring since four up to eight weeks of storage. 
Several recent literature suggestions pointed out the self-aggregation of phenolic compounds 
conjugated with polysaccharides including N,O- or O-CMCS [28, 40, 41]. It prompted us to verify 
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whether also the conjugates 2 and 3 prepared in aqueous medium could similarly self-assembly into 625

nanoscale structures as NPs. We succeeded in this task as demonstrated by TEM analysis after 
dispersion of each conjugate in PBS (pH 7.4) and following the procedure reported in Section 2.7. 
However, a different behaviour between the two conjugates was noted. In detail, while from conjugate 
3 smaller and spherical NPs were observed by PCS (average size of 292 ± 2 nm), from conjugate 2 
larger particles (average size of 459 ±7 nm) were detected. Moreover, by comparing the average 630

diameters observed by TEM it was noted that they were smaller than the corresponding deduced by 
PCS (i.e., 187 ±7 nm by TEM compared with 459 ±7 nm by PCS). This discrepancy is a well-
documented outcome in literature and it has been ascribed to the procedure involved in preparation 
of samples for which, due to solvent effect, the diameter measured by PCS (hydrodynamic diameter) 
results larger than that determined by TEM. As for the self-assembly process of N,O- or O-CMCS-635

DA conjugates 2 and 3, it can be rationalized taking into account that both these conjugates may be 
considered amphiphilic polymers just as occurs for other phenolic compounds conjugated with 
polysaccharides [28, 40, 41]. In both conjugates, indeed, hydrophobic domains can be envisaged due 
to specific π–π- as well as hydrogen bonding-interactions between the catechol moieties of these 
conjugates (Figure S1). These hydrophobic domains may form the internal core of polymeric micelles 640

with an external shell constituted by CMCS hydrophilic moieties [41]. Hence, the self-assembly 
process of conjugates 2 and 3 may involve polymeric micelle formation in DA-grafted CMCSs. The 
observed better quality of NPs from conjugate 3 in terms of size may be due to the uniform 
introduction of the CH2-CO-NH-(CH2)2-Aryl-substituent on the C-6 hydroxyl of the glucose nucleus 
which allows the formation of regular and more effective π–π interactions between the mentioned645

aromatic regions than those occurring in conjugate 2 (Figure S1). In this last conjugate, indeed, the 
mentioned Aryl-substituents occur either at C-6 hydroxyl group or at the NH2 moiety, making the 
mentioned interactions even at long-range and, hence, less regular and effective hydrophobic 
domains. Hence, it can be stated that the position of the carboxymethyl substituent on the CMCS 
backbone is quite important in determining the features of the resulting nanocarrier. A peculiar 650

property of micelles is that they are stable at concentration higher than the Critical Micellar 
Concentration (CMC) while they disassemble by dilution at concentration below the CMC. In our 
case, however, even the disassembled conjugates 2 and 3 may be nano-structured leading to NP 
formation. It is already known, indeed, that grafted chitosans bearing aryl-groups can form polymeric 
NPs [42]. Hence, besides polymeric micelles, conjugates 2 and 3 may form polymeric NPs as 655

nanosized structures. Considering that often polymeric micelles are smaller than 100 nm in size, at 
present it cannot be excluded that particles in little amount with a particle size < 100 nm detected in 
size distribution plots (Figure 7 (c) and 7 (d)) are constituted by polymeric micelles, while those in 
predominant amount with a particle size > 100 nm are represented by NPs. The negative zeta 
potentials of these nanocarriers (Table 2) are consistent with the absence of any absorption at 1730 660

cm-1 in FT-IR spectra of both conjugates suggesting the presence of free carboxymethyl substituents 
in –COONa form. Moreover, the observed PDI values suggest a satisfactory polydispersion. 
However, further characterization and evaluation of such nanocarriers as delivery systems of the 
neurotransmitter is in progress and the results of these studies will be reported in due course.  
As mentioned in introduction section, mitochondrial disruptions and oxidative stress have been 665

suggested to play an important role in the loss of DAergic neurons occurring in parkinsonian patients 
and such processes are mediated by ROS (reactive oxygen species) and free radicals like H2O2 and 
OH- [7]. It induced us to evaluate the significant antioxidant potential of conjugates 2 and 3 measured 
by DPPH, unlike the starting polymers N,O-CMCS and O-CMCS. This is also supported by a 
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literature report showing that the DPPH scavenging activity of O-CMCS is only 2.98% at 2.5 mg/mL 670

[28]. Following the literature hints reported for phenolic compounds conjugated with 
polysaccharides, N,O- or O-CMCS-DA could react with DPPH radical by donating hydrogen atom 
to form stable DPPH-H and N,O- or O-CMCS-DA radicals. Next, N,O- or O-CMCS-DA radical could 
be further withdrawn hydrogen atom to form stable N,O- or O-CMCS-DA quinone compounds as 
shown in Figure S2 [43]. Hence the DPPH radical scavenging activity of N,O- or O-CMCS-DA 675

conjugates 2 and 3 may be mainly due to the catechol moieties occurring in these macromolecular 
substances and, therefore, possess an antioxidant effect with the latter conjugate at a higher extent 
than the former.  
For uptake studies, fluorescent conjugates were obtained and for both FITC-O-CMCS-DA conjugate 
3 and FITC- N,O-CMCS-DA conjugate 2 the DS in the dye FITC was found to be equal to 5 and 13 680

g FITC/mg of fluorescent conjugate, namely significantly lower than the previously studied FITC- 

N,O-CMCS-DA 1 exhibiting 100 g FITC/mg of FITC-N,O-CMCS-DA [20].  However, while in our 
previous work, FITC-N,O-CMCS-DA 1 was taken up by ~70% of OECs already at 2 h, 
neuroblastoma cells were less permissive to uptake at 2.5 h, reaching a good level of internalisation 
only at 24 h. Whether these results are due to less FITC molecules associated with conjugates or to a 685

different cell line, it is difficult to discern. The lower MFI (~8000 verso ~2000 arbitrary units) may 
indicate that the lower FITC content may have given these results. Nevertheless, the therapeutic dose 

of DA (i.e. 75 M, corresponding to 11.5 μg/mL, with Tang et al. [44] showing that DA-carrying 
nanoparticles was effective in alleviating motor symptoms in a rat model of PD at the dose of ~ 7.4 
μg/mL) was taken up by a good number of cells, (i.e. up to 66% with O-CMCS-DA 3), indicating 690

that further experiments would clarify if these percentages allows for an efficacious arrival of DA 
into the relevant neuronal cells of the subcortical nuclei. 
Overall, it seems that N,O- or O-CMCS-DA conjugates 2 and 3 may constitute an example of the so 
called “multifunctional nanomedicines” that combine multiple biological functions into a single
nanosystem and whose usefulness in brain diseases has been recently evidenced [45]. Thus, 695

conjugates 2 and 3 can provide neurotransmitter DA useful for “dopamine replacement strategy” and
an antioxidant effect which limits the ROS production. 

5. Conclusions 
We succeeded to conjugate the primary amino group of neurotransmitter DA with the –COOH 700

function of N,O-CMS or O-CMCS leading to amide conjugates 2 and 3 in aqueous environment 
following eco-friendly procedures of synthesis trying to minimize the toxicity potential of the 
conjugates obtained. From a structural point of view, conjugates 2 and 3 were characterized by 
spectroscopic means (i.e., FT-IR and 1H-NMR) and percentage of substitution degree. Thermal 
analysis showed that 2 and 3 are endowed with thermal stability and an amorphous state was observed 705

for both, unlike the starting polymers N,O-CMS and O-CMCS. Interestingly, it was found that 
CMCS-DA conjugates may self-assembly to form polymeric micelles and/or NPs, these last 
supported by TEM observations. The better quality in size of NPs from conjugate 3 may be due to 
more efficient π–π- and hydrogen bonding- interactions between aromatic regions than those 
occurring in conjugate 2. Moreover, DA release from conjugate 3 was quicker in the SNF receiving 710

medium as well as its uptake increased of ~66% with O-CMCS-DA conjugate 3 at the highest 

concentration of 75 M compared with~40% for conjugate 2. Hence, the obtained results indicate 
that the position of the carboxymethyl group on the CMCS backbone plays an important role in 
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determining the features of the resulting nanocarrier confirming so our starting hypothesis. Further 
characterization and evaluation of such NPs as DA delivery systems are in progress and the results 715

will be reported in due course. Besides this, a further interesting conclusion is that conjugates 2 and 
3 show antioxidant activity, with the latter conjugate at a higher extent than the former, as 
demonstrated by DPPH radical scavenging assay. Thus, such new examples of chitosan-based 
nanocarriers to be used by intranasal administration possess promising properties for brain delivery 
as “multifunctional nanomedicines” [45, 46].  720
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Abstract

With respect to the Parkinson disease (PD), herein, we aimed at synthetizing and characterizing two 20

novel macromolecular conjugates where dopamine (DA) was linked to N,O-carboxymethyl chitosan 
or O-carboxymethyl chitosan, being both conjugates obtained from an organic solvent free synthetic 
procedure. They were characterized by FT-IR, 1H-NMR spectroscopies, whereas thermal analysis 
(including Differential Scanning Calorimetry and Thermal Gravimetric Analysis) revealed good 
stability of the two conjugates after exposure at temperatures close to 300°C. Release studies in 25

simulated nasal fluid elucidated that a faster release occurred since O-carboxymethyl chitosan-DA 
conjugate maybe due to the less steric hindrance exerted by the polymeric moiety. The CMCS-DA 
conjugates prepared in aqueous medium may self-assembly to form polymeric micelles and/or may 
form polymeric nanoparticles. TEM and Photon correlation spectroscopy lent support for polymeric 
nanoparticle formation. Moreover, such CMCS-DA conjugates showed antioxidant activity, as 30

demonstrated by DPPH radical scavenging assay. Finally, cytocompatibility studies with 
neuroblastoma SH-SY5Y cells showed no cytotoxicity of both conjugates, whereas their uptake 
increased from 2.5 to 24 h and demonstrated in 40-66% of cells. 

Keywords: Polymeric conjugates, Dopamine, Storage stability, Cytotoxicity, Uptake  35

List of chemical compounds studied in the article: Dopamine hydrochloride (Compound CID: 65340), 
Chitosan (Compound CID: 129662530), N,O-carboxymethyl chitosan–Dopamine amide conjugate, 
O-carboxymethyl chitosan–Dopamine amide conjugate.  

1. Introduction 40

Neurodegenerative diseases (NDs) are characterized by progressive loss of neuron function whose 
occurrence increases with the age of the patient [1]. Thus, it has been even predicted that NDs will 
become the second leading cause of death after cardiovascular diseases in developed countries by 
2040 due, at least in part, to the progressively aging of population [2]. Among the NDs, including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease, amyotrophic lateral45

sclerosis, frontotemporal dementia and the spinocerebellar ataxias, PD is the second widespread 
disorder after AD and it is endowed with the increasing impairment of dopaminergic neurons in the 
Substantia Nigra as well as with significant decrease in concentration of dopamine (DA) in the 
striatum [3]. From a symptomatic point of view, PD is characterized by movement disorders like 
tremors, rigidity, bradykinesia, memory loss and hesitant speech as well as by several non-motor 50

symptoms such as sleep disorders and gastrointestinal ones [4, 5]. The current pharmacological 
treatment of PD is only symptomatic and it is based on the “dopamine replacement strategy”,
involving the oral administration of the DA precursor levodopa (L-DOPA) in order to restore 
acceptable levels of the neurotransmitter in the brain. However, long-term administration of L-DOPA 
brings about adverse effects including motor complications and dyskinesia [6]. Thus, even though 55

many preclinical studies have been carried out to find new therapeutic agents for PD, the majority of 
new drug candidates failed in clinical trials mainly because they are unable to cross the blood brain 
barrier (BBB) in therapeutic amounts. Hence, as occurs also for other NDs, there is a huge need to 
develop both symptomatic and disease-modifying treatments for PD [7]. However, even though the 
main cause(s) of PD is (are) still not fully understood, new therapeutic targets useful to limit the loss 60
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of DAergic neurons have been evidenced including alpha-synuclein aggregation and 
phosphorylation, proteasome and lysosome approach, mitochondrial disruptions and oxidative stress 
as well as glial environment and neuroinflammation [7]. 
In the last decade, an interesting and non-invasive approach to bypass the BBB in NDs has been 
extensively investigated. It consists in the use of the intranasal (IN) administration which allows a 65

direct access to the brain using the olfactory and/or trigeminal connections between the nose and the 
brain [8-11]. Relationships between epithelial/vascular structures and nerve endings in the nasal 
cavity indicate that the olfactory nerve, comprised of bipolar neurons projecting through the olfactory 
epithelium and he cribriform plate, is the preferential route for central nervous system (CNS) transport 
with less systemic absorption. Intracellular and paracellular mechanisms allow drugs/nanocarriers to 70

enter into the subarachnoid space and eventually in the CNS tissues using cerebrospinal fluid 
convectional transport [12]. Evidences in animal models report that intranasally administered drugs 
reach the olfactory bulb as soon as 10 min post-administration and the striatum and other distal 
locations in 30 min [13]. Such nose-to-brain delivery possesses not only the advantage to overcome 
the BBB but also to avoid hepatic and gastrointestinal metabolism as well as to decrease systemic 75

side effects since the plasma exposure is reduced [14]. The use of intranasal administration route 
sometimes allows to gain pharmacodynamic effects even superior when compared with the 
administration of the same drug by oral route which offers the advantage of patient acceptance and 
endorsement of pharmaceutical industry [14, 15]. Despite these advantages, however, nose-to-brain 
delivery has some limitations that must be taken into account when this approach is followed for the 80

treatment of neurological disorders including NDs. This delivery route, indeed, is difficult when high 
doses of drug are to be administered due to the limited volume of each nostril in humans, moreover 
the residence times of formulations within the nasal cavity may be short due to mucociliary clearance 
with important consequences on drug absorption. Again, it should be taken into account the presence 
of enzymes in the nasal cavity and, consequently, the need to protect sensitive drugs from enzymatic 85

degradation and, finally, it should be considered that the nasal formulation does not cause irritation 
in the nasal cavity [14].  
In the field of nose-to-brain delivery, several studies showed that the encapsulation of the drugs in 
nanocarriers can improve drug transport across BBB enhancing the bioavailability at brain level. 
Thus, nanoparticles prepared from chitosan and its derivatives have been shown better nose-to-brain 90

delivery properties perhaps due to the temporarily opening capability of intercellular tight junctions 
of these polymers and/or to their mucoadhesive characteristics which would prolong the residence 
time of the formulation within the nasal cavity [14]. Again, advances in nanotechnology led to the 
synthesis of nanoparticles of small size (< 100 nm) by laser ablation even with application in BBB 
crossing [16, 17]. Also lipid based nanocarriers, including solid lipid nanoparticles (SLNs), 95

nanostructured lipid carriers (NLC) and liposomes of small size (< 100 nm) also have a good potential 
for nose-to-brain delivery since they can encapsulate hydrophilic or hydrophobic drugs with good 
efficiency [18-21]. Moreover, they can easily squeeze through intercellular spaces between olfactory 
cells and their mucoadhesive/mucopenetration properties can be appropriately tailored to prolong the 
residence time in the nasal cavity facilitating nose-to-brain transport [18, 20]. 100

In this context, recently we have developed N,O-carboxymethyl chitosan-DA ester and amide 
conjugates (ester or amide N,O-CMCS-DA) and evaluated both their in vitro mucoadhesive properties 
in simulated nasal fluid (SNF) and their uptake by Olfactory Ensheating Cells (OECs) for potential 
application in nose-to-brain delivery of the neurotransmitter to restore acceptable levels of DA in the 
brain of parkinsonian patients [22, 23]. These macromolecular conjugates could possess several 105
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advantages including prolonged circulation, controlled release and improved mucoadhesive 
properties. Moreover, such conjugates, unlike those with low molecular weight moieties [24], could 
offer the relevant possibility to formulate polymeric nanoparticles with limited premature leakage of 
the biologically active substance (i.e., DA) since it is linked to the polymeric backbone by a covalent 
chemical bond. The premature leakage of the cargo encapsulated in nanocarriers is an important 110

drawback to be considered particularly for most potent substances as DA. Among the conjugates 
studied, the N,O CMCS ester 1 and the corresponding N,O-CMCS amide conjugates 2 were evaluated 
(Figure 1) [22, 23]. These conjugates were prepared according to synthetic procedures involving 
organic solvent (DMF) and coupling reagents. The main results of the previous studies were the 
observed higher stability of N,O-CMCS-DA amide conjugate compared to the ester ones as well as 115

the high internalization of this amide conjugate by OECs.  
Following these studies, we considered of interest to synthesize both conjugate 2 and the new amide 
macromolecular conjugate of the neurotransmitter 3 (Figure 1), resulting from the conjugation of the 
primary amino group of neurotransmitter with the –COOH function of O-CMCS polymer, following 
eco-friendly procedures of synthesis in pharmaceutical laboratories. This last carboxymethyl chitosan 120

derivative is soluble in a wide range of pH due to the introduction of carboxymethyl group and it is 
characterized by the presence of the carboxymethyl substituent on the primary –OH group in position-
6 of the glucose nucleus. Chitosan, indeed, possesses three reactive groups in the molecule and 
namely a primary hydroxyl group, a secondary hydroxyl group and an amino group. Depending on 
the reaction conditions used, N-carboxymethyl chitosan (N-CMCS), O-carboxymethyl chitosan (O-125

CMCS) or N,O-carboxymethyl chitosan (N,O-CMCS) may be prepared [25, 26]. Thus, our working 
hypotheses for these novel conjugates were to evaluate whether i) it is possible to develop a synthetic 
approach employing, in agreement with green chemistry principles, water as solvent and the 
elimination of organic reagents not absolutely necessary. It in order to minimize the toxicity potential 
of conjugates 2 and 3 and, hence, to improve their performance for DA replacement in anti-Parkinson 130

therapy; ii) the position of the carboxymethyl substituent on the chitosan backbone could influence 
the features of the resulting conjugates including release of the neurotransmitter and uptake by 
neuronal SH-SY5Y cell model line. In particular, our aim was to evaluate from which conjugate a 
greater amount of DA release occurs since it is well known that amide bonds are hydrolyzed very 
slowly, resulting sometimes in excessively slow release and, thus, unacceptable from apractical point135

of view. In addition, it was also our interest to know from which conjugate a higher internalization by 
cells occurs.  

Hence, in the present paper, we describe the procedure we used for the synthesis of N,O-CMCS-DA 
2 and O-CMCs-DA 3 conjugates in aqueous buffered medium (Figure 1). The new amide conjugates 
were characterized by FT-IR, 1H-NMR spectroscopies and thermal analysis (Thermogravimetric 140

Analysis (TGA) and Differential Scanning Calorimetry (DSC)), DA release kinetic as well as it was 
examined the possibility that CMCS conjugates 2 and 3 could self-assembly forming micelles or 
further nanosized structures in the aqueous medium. In order to consider the biocompatibility and 
translational capability of the two amide conjugates, cell viability and uptake tests were carried out 
in neuroblastoma SHSY-5Y cells. The results show that it is possible to prepare conjugates 2 and 3 145

in organic solvent free environment, limiting so their potential toxicity and that the position of the 
carboxymethyl substituent on the chitosan backbone plays an important role in determining the 
features including the neurotransmitter release kinetic and uptake by neuronal SH-SY5Y cells. 
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2. Materials and Methods150

2.1. Materials  

N,O-Carboxymethyl Chitosan (N,O-CMCS, Molecular weight in the range of 30-500 kDa, 
deacetylation degree, 94.2%; viscosity 22 mPa sec, according to the provider’s instructions) was 155

purchased from Heppe Medical Chitosan GmbH (Halle, Germany). O-Carboxymethyl Chitosan (O-
CMCS, Molecular weight in the range of 100-300 kDa, deacetylation degree, 90%; substitution 
degree 88 %, according to the supplier’s instructions) was purchased from DBA (Milan, Italy). Ethyl-
dimethyl-aminopropylcarbodiimide (EDC), dopamine hydrochloride (DA), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), fluorescein 5(6)-isothiocyanate (FITC), and PBS were purchased from 160

Sigma-Aldrich (Milan, Italy). Dialysis tubes with a MWCO 12-14 kDa were purchased from Spectra 
Labs (Milan, Italy). Throughout this work, double distilled water was used. All other chemicals used 
were of reagent grade.  

[Insert Figure 1] 165

2.2. Apparatus 
The conjugates 2 and 3 were prepared following the synthetic procedure summarized in Scheme 1 
and characterized by Proton nuclear magnetic resonance (1H NMR) spectroscopy and Fourier 
transform infrared (FT-IR) spectroscopy as well as by thermogravimetric Analysis (TGA) and 170

differential scanning calorimetry (DSC). 
1H NMR spectra were recorded on a Brüker spectrometer (Billerica, Massachusetts, US) operating at 
600 MHz and the analyses were performed at 293 °K on dilute solutions of each conjugate using D2O 
as solvent. In particular, to allow the determination of the substitution degree of N,O-CMCS-DA 2 
and O-CMC-DA 3 via 1H-NMR spectrometry, dispersions in D2O were prepared for both conjugates 175

at a concentration of 4 mg/mL and heated at 40°C for few minutes before the analysis. Chemical 
shifts are reported in parts per million (δ). Spectra were processed using Mnova (Mestrelab Research, 
A Coruña, Spain). 
FT-IR spectra were obtained in KBr discs using a Perkin Elmer 1600 FT-IR spectrometer (Perkin 

Elmer, Milan, Italy). The range examined was 4,000–400 cm−1 with a resolution of 1 cm−1 [27]. 180

Thermogravimetric analysis (TGA) was performed on a PerkinElmer TGA-400 instrument 
(PerkinElmer Inc, Waltham, MA), heating samples (5-10 mg) in the range 30-600°C under inert 
nitrogen flow at the heating rate of 20°C/min. For each sample, thermograms (TG) and derivative 
curves (DTG) were acquired and elaborated with the TGA Pyris software (version 13.3.1.0014, 
Waltham, USA).  185

Differential scanning calorimetry (DSC) thermograms were obtained using a Mettler Toledo DSC 
822e STARe 202 System (Mettler Toledo, Milan, Italy), equipped with a DSC MettlerSTARe 
Software. For DSC analysis, aliquots of about 10 mg of both freeze-dried conjugates 1 and 2, pure 
O-CMCS, pure N,O-CMCS were placed in an aluminium pan and hermetically sealed. The scanning 
rate was 5°C/min under a nitrogen flow of 20 cm3/min and the temperature range was from 25 to 190

300°C and 25 to 275°C for DA and pure polymers/conjugates, respectively. The calorimetric system 
was calibrated using indium (purity 99.9%) and following the procedure of the MettlerSTARe 
Software. Each experiment was carried out in triplicate.  
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Transmission Electron Microscopy (TEM) images of samples containing both conjugates were 
recorded on a JEOL Jem1011 microscope (Tokyo, Japan) operating at an accelerating voltage of 100 195

kV.  
The hydrodynamic diameters, polydispersity and zeta potential values of N,O-CMCS-DA 2 and O-
CMCS-DA conjugates 3 self-assembled into nanoparticles were determined by using a Zetasizer 
NanoZS, ZEN 3600 (Malvern Instruments, Worcestershire, U.K.) instrument according to photon 
correlation spectroscopy (PCS) mode.  200

2.3 Synthesis of DA amide conjugates  
To prepare conjugate 2 and 3, the Fan’s protocol for the preparation of the gelatin-DA conjugate in 
aqueous environment based on the carbodiimide (EDC) chemistry was followed with significant 
modifications [28]. In particular, besides the use of aqueous medium, we also avoided the use of N-
hydroxysuccinimide or N-hydroxysulfosuccinimide, well-known agents increasing the efficiency of 205

EDC-mediated coupling reactions. This in order to minimize the toxicity potential of the resulting 
conjugates due to the presence of traces of organic solvent and reagents not absolutely necessary. 
Thus, the reaction conditions used for the synthesis of this conjugate 2 and 3 resulted quite different 
from those used by Fan et al. [28]. 
2.3.1. Synthesis of N,O-Carboxymethyl Chitosan-DA amide conjugate 2 in aqueous buffered medium 210

To a solution of N,O-CMCS (0.2 g) in diluted HCl (0.1 N-50 mL) showing pH= 6, DA (0.1 g, 0.57 x 
10-3 mol) was added together with 32 mg of EDC and the mixture was left to react under magnetic 
stirring in argon atmosphere for 48 h at room temperature (r.t.). The polymer/neurotransmitter weight 
ratio used was that employed by Fan et al. [28]. Afterwards, the reaction mixture was dialyzed in 
distilled water for three days and then lyophilized (Lio Pascal 5P, Milan Italy). The obtained product 215

(N,O-Carboxymethyl Chitosan-DA amide conjugate 2, N,O-CMCS-DA) was collected in good yield 
(about 37%) and characterized by FT-IR, 1H NMR, TGA and DSC.  
N,O-CMCS-DA amide conjugate 2: FT-IR (KBr) ν (cm-1): 3246 (NH, OH), 1629 (C=O), 1110 (OH).  

2.3.2. Synthesis of O-Carboxymethyl Chitosan-DA conjugate 3 
In a solution composed of 10 mL of diluted HCl (0.1N) and 40 mL of distilled water, 0.15 g of O-220

CMCS were poured, so achieving pH = 6 and, afterwards, 0.21 g of DA and 38 mg of EDC were 
added. Unlike the conjugate 2 synthesis, in this case the polymer/neurotransmitter weight ratio was 
that used in our previous work on the synthesis of the N,O-Carboxymethyl Chitosan-DA amide 
conjugate [23]. The resulting mixture was left under magnetic stirring in argon atmosphere for 48 h 
at r.t. Afterwards, the product was dialyzed in distilled water for three days and then lyophilized (Lio 225

Pascal 5P, Milan Italy). The obtained product (O-Carboxymethyl Chitosan-DA amide conjugate 3, 
O-CMCS-DA) was collected in good yield (about 24%) and, as above, characterized by FT-IR, 1H 
NMR TGA and DSC. O-CMCS-DA amide conjugate 3: FT-IR ν (cm-1): 3412 (NH, OH), 2923 (CH 
aliphatic), 1639, 1617 (C=O), 1071 (OH).  
2.3.3 Determination of substitution degree (DS) of DA-CMCS amide conjugates by titrations or 230

hydrolysis under strong acidic conditions 
The substitution degree (DS) of N,O-CMCS-DA 2 and O-CMCS-DA 3 conjugates was determined 
by potentiometric titration after alkaline hydrolysis according to a  procedure previously described 
by us with slight modification [22, 23]. A weighted amount of each conjugate sample (50 mg) was 
dissolved in a solution of NaOH (0.25 N) in ethanol (5 mL) and the mixture was stirred at reflux for 235

24 h. Then, at room temperature a potentiometric titration on the dark-yellow mixture (1 mL) degree 
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was carried out using the automatic titrator (TITREX-1000, Wertheim, Germany) with a pH meter. 
Each potentiometric titration was carried out in triplicate. 
During titration, two equivalent points were determined using a standardized solution of HCl (0.1 N). 
The first point referred headline in excess of NaOH (V1 equivalent point); the second equivalent point 240

referred to the neutralization of the acid salt present (V2 equivalent point). The moles of HCl 
occurring between the first and the second equivalent point corresponding to the moles of free amide 
and the DS% were, therefore, determined by the following Equation (1): 

DS% = [mass (sample) – mass (free amide)]x100/mass (sample)          (1) 
where mass (sample) corresponds to 1 mL (10 mg) of each conjugate sample before alkaline 245

hydrolysis; moles of free amide or ester are equal to: 
(V2 equivalent point - V1 equivalent point) x [HCl] determined by potentiometric titration as the 

average of three titrations. 
The DS% concerning DA of each CMCS-DA amide conjugate was also measured according to 
hydrolysis under strong acidic conditions previously described [29]. Briefly, 2 mg of CMCS-DA 250

amide conjugate were weighed and dissolved in HCl 1 N (pH 1) under stirring and light protection at 
r.t. for 3 h. Afterwards, the solution was centrifuged (16,000× g, for 45 min, Eppendorf 5415D, 
Germany) and the obtained supernatant was analysed by HPLC to assess the DA amounts (Section 
2.2). The DS% was calculated as mg DA/mg CMCS‐DA amide conjugate x 100 [29].  
2.3.4 Preparation of FITC-N,O-CMCS-DA and FITC-O-CMCS-DA conjugates  255

For cellular uptake studies, N,O-carboxymethyl chitosan-DA conjugate 2 and O-carboxymethyl 
chitosan-DA conjugate 3 were labelled with fluoresceine isothiocyanate (FITC) by using a previously 
reported protocol with slight modifications [22, 23]. Briefly, for N,O-CMCS-DA amide conjugate 2, 
(70 mg) were dissolved in 0.1 N HCl (3.2 mL) and then the pH was adjusted to 6.5 with 0.1 N NaOH 
(0.01 mL). For O-CMCS-DA amide conjugate 3, (70 mg) was dissolved in double distilled water (4.5 260

mL) and then the pH was adjusted to 6.5 with 0.1 N HCl (0.37 mL). For both labelling procedures, 
FITC was dissolved at 20 mg/mL concentration in ethanol and 0.75 mL of this solution were added 
to amide conjugates 2 and 3, under magnetic stirring at r.t. for 72 h under light protection. Afterwards, 
the fluorescent mixtures were dialyzed against double distilled water for 3 days and freeze-dried for 
72 h. The labelling efficiencies of FITC-N,O-CMCS-DA and FITC-O-CMCS DA amide conjugates 265

were determined calibrating the fluorometer (Perkin Elmer, Milan, Italy) in the range 1-140 ng/mL 
of FITC obtained by diluting 100 μg/mL of a methanol solution of FITC with phosphate buffer at pH 
8.0 (excitation wavelength: 488 nm; emission wavelength: 525 nm; slits: 2.5 nm). Furthermore, to 
determine the substitution degree (DS), the FITC-CMCS-DA amide conjugate underwent acid 
hydrolysis [30]. Two mg of the FITC-CMCS-DA amide conjugate were weighed and dissolved in 2 270

mL of HCl 1 N (pH 1), stirred and protected from light, at r.t. for 3 h. Then, the resulting mixture was 
centrifuged (16,000× g, for 45 min, Eppendorf 5415D, Hamburg, Germany) and the supernatant was 
analyzed by HPLC to assess the DA amounts. The DS was calculated as mg DA/mg FITC-CMCS-
DA amide conjugate [30]. 

2.4. Quantitative determination of dopamine 275

DA quantification was carried out by HPLC as previously reported [31]. Briefly, the mobile phase 
consisted of 0.02 M potassium phosphate buffer, pH 2.8: CH3OH 70:30 (v/v), and the elution of the 
column in isocratic mode occurred at the flow rate of 0.7 mL/min. Under such chromatographic 
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conditions, DA retention time was equal to 5.5 min, whereas retention time of both conjugates was 
equal to 4.9 min. 280

2.5. Storage Stability of DA-CMCS conjugates at low temperature 
With the aim to check the storage stability at -20°C, aliquots of 3-5 mg of each freeze-dried DA-
CMCS-conjugate were stored in the freezer at the above mentioned temperature. 
Sampling was done at 1, 2, 4 and 8 weeks in order to verify DS of DA over the time. In each sampling 
time, the aliquot of the DA-CMCS-conjugate was incubated with 1 mL HCl (0.1N) for 30 min to 285

allow the cleavage of the amide linkage polymer-DA and, afterwards, the resulting mixture was 
centrifuged (16,000 × g, 45 min, Eppendorf 5415D, Hamburg, Germany). 
In the supernatant the DA content was determined by HPLC as described in Section 2.4. 

2.6. In vitro neurotransmitter release from conjugates 2 and 3 in Simulated Nasal Fluid 290

The neurotransmitter DA release in SNF [22] (pH 6.0, without enzymes) from N,O-CMCS-DA or O-
CMCS-DA conjugates was carried out starting from a weighted amount of conjugate corresponding 
to 1-1.2 mg of DA and dispersing it in 2.5 mL of SNF containing 0.05% (v/v) of DMSO and 
thermostated at 37 ± 0.1°C in an agitated (40 rpm/min) water bath (Julabo, Milan, Italy). At scheduled 
time points, 0.25 mL of the receiving medium were withdrawn and replaced with 0.25 mL of fresh 295

medium Then, each sample was centrifuged at 16,000 × g for 45 min, (Eppendorf 5415D, Germany), 
and the amounts of the neurotransmitter delivered were quantified in the resulting supernatants by 
HPLC, as above described, and plotted against the time. All the release experiments in SNF were 
carried out in triplicate. 

300

2.7. Self-aggregation of CMCS-DA conjugates 2 and 3 to form nanosized structures 
Dilute stock suspensions of conjugates 2 and 3 were prepared by dispersion of 2 mg of each conjugate 

in 200 L of PBS (pH 7.4). Centrifugation of the samples at 13,200 rpm for 45 min (Eppendorf 
5415D, Germany) allowed to discard the pellet and isolating the corresponding supernatant from 
which 25 µL were dropped onto carbon-coated copper grids and then stained with 1% (w/v) 305

phosphotungstic acid solution for 1 min. Afterwards, the grids were rinsed with deionized water and 
left to dry under air overnight. Then, TEM observations of the resulting nanoparticles (NPs) were 
performed in order to obtain their morphology and an average TEM size. TEM images of both 
conjugates were recorded on a JEOL Jem1400 microscope (Tokyo, Japan) operating at an 
accelerating voltage of 120 kV. Particle size data arising from TEM analysis were also compared 310

with the ones acquired according to Photon Correlation Spectroscopy (PCS) of the Zetasizer NanZS 
(ZEN 3600, Malvern, UK) apparatus after treatment with a probe sonication with a Vibra-cell 
sonicator (Sonics and Materials, U.K.) for 15 min at the output of energy equal to 750W in an ice 
water bath. The particle size and polydispersion (PDI) values were measured at 25 °C after dilution 
in double distilled water (1:1, v/v). For ζ-potential measurements laser Doppler anemometry 315

technique was adopted (ZetasizerNanoZS, ZEN 3600, Malvern, UK) after dilution 1:20 (v.v) with 
KCl (1 mM, pH 7.0). 

2.8. In vitro evaluation of antioxidant activity: Assay of DPPH radical scavenging activity  
The in vitro antioxidant activity of the pure polysaccharides, O-CMCS-DA and N,O-CMCS-DA and 320

the two corresponding conjugates (N,O-CMCS-DA 2 and O-CMCS-DA 3) was evaluated using the 
DPPH test reported in literature slightly edited [32]. Firstly, ethanol was used as solvent for DPPH 
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test to obtain a stock solution at the concentration of 0.001% w/v and, then, diluted to 8 x 10-4% (w/v). 
Dispersion of 5 mg of each sample in 0.5 mL of double distilled water was reacted with 2.5 mL of 
the diluted DPPH solution for 60 min at room temperature in the dark. The corresponding absorbances 325

were recorded at the wavelength of 514 nm by using PerkinElmer Lambda Bio 20 spectrophotometer 
(PerkinElmer, Milan, Italy). Blanks were obtained by filling the cuvettes with 0.5 mL of ethanol and 
2.5 mL of the 8 x 10-4% (w/v) solution in DPPH. For all formulations under investigation, antioxidant 
activity (AA) was calculated from Equation (2) and expressed in percentages: 

AA (%) = (1 – As/Ab) x 100             (2) 330

where As is the sample absorbance, and Ab the absorbance of the radical. All the experiments were 
carried out in triplicate. 
However, it is now accepted that the results obtained by Equation (2) are useful only for qualitative 
but not for accurate quantitative evaluations which should be made considering the IC50 values 
defined as the concentration of the sample that caused 50% inhibition of DPPH radical formation 335

[33]. 

2.9. Cytotoxicity evaluation in SH-SY5Y cell model line  
SH-SY5Y cells were grown as previously described [29]. Briefly, cells were plated in a 96-well plate 
(BD, USA) at a density of 1 × 10 4 per well in 100 μL of complete medium and incubated overnight 340

to allow cell attachment. Then, the culture medium was replaced with 100 μL of fresh medium 
containing different dilutions of N,O-CMCS-DA conjugate 2 (final concentration of dopamine: 18.75 

µM and 4 µM, corresponding to 1336 g/mL and 334 g/mL) and O-CMCS-DA conjugate 3 (final 

concentrations of dopamine: 75 µM, 18.75 µM, 4 µM, corresponding to 11.5 μg/mL, 2.9 μg/mL, 0.7 

μg/mL). Volumes of O-CMCS without DA were chosen to obtain the same CMCS amounts of the 345

O-CMCS-DA conjugate 3 (11.5 g/ml, 2.9 g/ml, 0.7 g/ml). Under these conditions cells were 
grown at 37 °C for 24 h. 1% Triton-X100-treated cells were used as a positive control. After 
treatments, cell viability was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl 
tetrazolium bromide), as previously described [23]. The cell viability was calculated as follows: 
% viability = [(Optical density {OD} of treated cell − OD of blank)/(OD of vehicle control − OD of350

blank) × 100], considering untreated cells as 100%.  

2.10. Uptake of amide conjugates by SH-SY5Y cells 
SH-SY5H cells were plated at the number of 80,000 per each well of a 24-well plate. Cells were 
incubated with 500 μL of fresh medium containing different dilutions of O-CMCS-DA conjugate 3 355

(final concentrations of dopamine: 75 µM, 18.75 µM, 4 µM, corresponding to 11.5 μg/mL, 2.9 

μg/mL, 0.7 μg/mL) and N,O-CMCS-DA conjugate 2 (final concentration of dopamine: 75 M, 18.75 

µM and 4 µM, corresponding to 5344 g/mL, 1336 g/mL and 334 g/mL). After 2.5 or 24 h, each 
well was treated with 0.05% trypan blue in PBS (in order to quench extracellular fluorescence), 
trypsinized, resuspended in 0.5 mL of PBS, and analysed by the BD FACSLyric™ Flow Cytometry360

(BD Biosciences, Franklin Lakes, NJ, USA). Fluorescence for FITC was measured at the wavelength 
of 488 nm, determining the percentage of FITC-positive cells after setting the gating on 99% 
(excluding cell debris) and by subtracting the fluorescence of untreated control cells. Ten thousand 
cells were examined in each experiment, evaluating the percentage of positive cells for FL1H 
fluorescence and the relative mean fluorescence per cell (MFI).  365
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2.11. Statistics 

Statistical analyses were carried out by Prism v. 5, GraphPad Software Inc., USA. Results were 
expressed as mean ± SD. Multiple comparisons were based on one-way analysis of variance 
(ANOVA) with Bonferroni or Tukey post hoc test and differences were considered significant when 370

p < 0.05. 

3. Results 

[Insert Scheme 1] 
 375

3.1. Synthesis and structural characterization of the amide conjugates 2 and 3  
EDC mediated coupling reaction between N,O-CMCS or O-CMCS and DA was used to prepare N,O-
CMCS-DA amide conjugate 2 and O-CMCS-DA amide conjugate 3, respectively (Scheme 1). In 
particular, the condensation reaction was carried out by stirring the reagents in aqueous buffered 
medium at pH 6.0 for 48 h at r. t. and the reaction products were purified by dialysis in distilled water 380

for three days and lyophilisation. Conjugates 2 and 3 were structurally characterized by spectroscopic 
methods i.e., FT-IR and 1H NMR. In the FT-IR spectrum of N,O-CMCS-DA amide conjugate 2 a 
characteristic absorption band centered at 1629 cm-1 was present and it was attributed to the carbonyl 
groups of the conjugate 2 (Figure 2a). In the FT-IR spectrum of O-CMCS-DA amide conjugate 3, the 
splitted band at 1639 cm-1 and 1617 cm-1 was diagnostic of the amide carbonyl group (Figure 2b). 385

Notably, in the FT-IR spectra of both N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3, no 
absorption band at 1730 cm-1 occurs suggesting that in these chitosan derivatives the carboxymethyl 
substituent is present in  –COONa form [26]. 

 [Insert Figure 2 revised] 390

In Figure 3, the 1H NMR spectrum of the polysaccaride O-CMCS in D2O (Figure 3a), showed 
multiplets from 3.91 to 3.27 ppm that were assigned to protons H3, H4, H5, H6 and the signal at 4.41 
to methylene protons H7, in accordance with Du and Hsieh’s peak attribution [34]. In Figure 3b, the 
1H NMR spectrum of the reaction product after functionalization of O-CMCS with DA is reported. 395

Two new sets of signals, located at 6.26, 6.41, 6.51, 6.59, 6.66 ppm, were shown corresponding to 
the aromatic protons of DA, covalently-bonded to the polymer by an amide bond, probably due to 
two conformers of O-CMCS-DA conjugate 3. The signals at 6.26 and 6.41 ppm belong to two 
aromatic protons of the majority signal set, those at 6.51 and 6.59 ppm belong to the minority one, 
while the third aromatic dopamine proton gives a single signal, for both conformers, to 6.66 ppm.The 400

percentage of monomeric units substituted with DA (DA-subst) was determined comparing the 
integral of the signal at 6.66 ppm with that of the multiplets from 3.83 ppm to 3.22 ppm, which takes 
into account the H3, H4, H5, 2 x H6 protons, using the Equation: DA-subst = IH-Ar x 5 / IH3,H4,H5,H6, 
where IH-Ar is intensity of the signal for the aromatic proton at 6.66 ppm and IH3,H4,H5,H6 is intensity of 
the signal for H3, H4, H5 and both H6 protons, and it turns out to be 11%.405
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[Insert Figure 3] 

Similarly, in Figure 4, the 1H NMR spectra of N,O-CMCS, conjugate 2 (Figure 4a), in D2O and after 
its functionalization with DA (Figure 4b) are shown. In this case, comparing the integral of the signals 410

of the aromatic protons (6.50-6.64 ppm) with that of the multiplets 3.71-3.28 ppm (corresponding to 
H3, H4, H5, H6 protons [34]), the percentage of incorporated DA turns out to be 7%, calculated by 
the equation DA-subst = IH-Ar x 5 / IH3,H4,H5,H6 x 3, where IH-Ar is the sum of the intensity of the signal 
for the aromatic protons and IH3,H4,H5,H6 is intensity of the signal for H3, H4, H5 and both H6 protons. 
However, the analysis of the 1H-NMR spectrum does not allow to distinguish between DA bound in 415

position 2 and 6 of the six-term ring. 

[Insert Figure 4] 

The amounts of DA covalently bound to N,O-CMCS-DA and O-CMCS-DA amide conjugates 2 and 420

3, respectively, were also determined by chemical means following the procedures reported in Section 
2.2.3. From titration data focusing on quantification of -COOH groups, the DS% of N,O-CMCS-DA 
conjugate 2 was 5.36% corresponding to 536 μg (-COO derivatized)/10 mg N,O-CMCS-DA 
conjugate 2. The DS% of O-CMCS-DA conjugate 3 was 12.65% corresponding to 1.265 mg (-COO 
derivatized)/10 mg O-CMCS-DA conjugate 3. From hydrolysis under strong acidic conditions the 425

DS% values were found equal to 2.3 ± 0.8% for N,O-CMCS-DA conjugate 2 and 6 ± 0.9% for O-
CMCS-DA conjugate 3. Comparing these data it appears that the DS% values of conjugates 2 and 3 
measured by spectroscopic (1H-NMR spectrum) and titration methods are in good agreement, while 
those obtained by hydrolysis under strong conditions are underestimated enough. This outcome may 
suggest that the conditions used for such hydrolysis under strong acidic conditions (mixture at pH 1 430

stirred at r.t. for 3 h) are not appropriate to obtain complete hydrolysis of the starting conjugate. 
As for the FITC-N,O-CMCS-DA and FITC-O-CMCS DA amide conjugates the measured DS% 
values of the neurotransmitter were 0.7 ± 0.05% for the former conjugate and 2.2 ± 0.9% for the latter 
conjugate, respectively. The labelling efficiency referred to FITC (mg FITC/mg FITC-DA-conjugate) 
for the FITC-N,O-CMCS-DA and FITC-O-CMCS DA amide conjugates were 13 ± 0.4% and 5 ± 435

0.6%, respectively. 

3.2. Thermal analysis 

Thermal analysis on the herein examined conjugates included both studies of TGA and DSC. 

3.2.1. Thermo-Gravimetric Analysis (TGA)  440

TGA thermograms and derivative traces are reported in Figure 5 panel (a) and in the relevant inset, 
respectively, whereas all the main events are summarized in Table 1. 

[Insert Figure 5] 
445
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In all the analysed samples for TGA, excluding DA, the water content was in the range of 10-13%, 
which is typical for polysaccharides. DA degraded under one thermal event centred at 327°C, with a 
residue at 600°C of 29%. Pure N,O-CMCS polymer exhibited two main decompositions peaks at 
295°C and 307.4°C, while the residue at 600°C was equal to 51% (Figure 5), as also reported in a 
previous work [35]. As far as pure O-CMCS is concerned, a single sharp decomposition step was 450

recorded, centred at 290°C, corresponding to a weight loss of 30.7%, while the residue at 600°C was 
equal to 57.2%. Finally, as far as the two conjugates 2 and 3 are concerned, after a first step relevant 
to the moisture/volatiles loss, a broad decomposition step, centred at 307.7°C and 304.9°C (weight 
losses of 30.7%, and 56.3% respectively) occurred for N,O-CMCS-DA and O-CMCS-DA, 
respectively. The residue at 600°C was equal to 26.8% and 30.5% and for N,O-CMCS-DA conjugate 455

2 and O-CMCS-DA conjugate 3, respectively.  

3.2.2. Differential Scanning Calorimetry (DSC) 
In Figure 5 panel (b), DSC thermal curves of different polymers/conjugates were shown. For both 
polymers N,O-CMCS and O-CMCS, (i.e., Figure 5 panel (b), curves b and d, respectively), a semi-
crystalline solid state was deduced from DSC thermograms referring to both polymers with melting 460

point of 153°C and 159°C for N,O-CMCS and O-CMCS, respectively. An amorphous state was 
observed for both N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3 (Figure 5, panel (b), 
curves c and e), with the disappearance for both of them of the melting point peak of the 
corresponding polymer. Furthermore, none of the conjugates showed the melting point peak, as such 
or shifted, of the pure neurotransmitter DA, confirming the existence of an amorphous solid state for 465

these CMCS conjugates (Figure 5 panel (b), curves c and e). 

[Insert Table 1] 

3.3. Storage Stability of DA-CMCS-conjugates at T= -20°C 470

To estimate the storage stability of conjugates herein studied, both powders of N,O-CMCS-DA 
conjugate 2 and O-CMCS-DA conjugate 3 were stored in a freezer at T = -20°C up to eight weeks 
and the DS% over the time are shown in Figure 6 panel (a). We chose to use the method of hydrolysis 
under strong conditions because a faster determination of DS% takes place, even though we knew 
that in this way an underestimated value of DS% is deduced. In particular, O-CMCS-DA conjugate 475

3 reduced DS %, starting from one week where DS% collapsed to 40% and after 8 weeks 32% was 
found (Figure 6 panel (a)). Moreover, in the corresponding HPLC chromatograms, the peak of DA 
maintained its shape, typical retention time value and no further peaks appeared. In contrast, for N,O-
CMCS-DA conjugate 2, HPLC chromatograms showed an enlarged peak with an increase of few min 
in the retention time value than in the case of intact DA and such behaviour occurred since one week 480

of storage (Figure 6 panel (a)).  

3.4. In vitro drug release from conjugates 

In Figure 6 panel (b) the in vitro release profiles of N,O-CMCS-DA conjugate 2 and O-CMCS-DA 
conjugate 3 in SNF (pH 6.0 without enzymes) are shown. While after 2 days only about 14% of the 485

neurotransmitter was delivered from conjugate 2, DA was released in a greater extent from the amide 
3 in the SNF receiving medium (about 24% after 2 days). These DA release percentages, however, 
are greater than those observed for N,O-CMCS-DA conjugate 2 previously prepared in organic 
solvent by us (about 5% after 2 days) [23]. Notably, it should be considered that under the conditions 
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used (pH 6.0 without enzymes) during release test of the N,O-CMCS-DA conjugate 2 further 490

degradation products of the neurotransmitter were detected as additional HPLC peaks showed in the 
corresponding chromatograms since 3 days up to 14 days [36]. For O-CMCS-DA conjugate 3, such 
additional peaks appeared only when HPLC chromatograms were recorded from 10 to 14 days. 
A deeper understanding of DA release data can be obtained using the approach reported by Juriga et 
al. [37] who pointed out that the release kinetic of polymer-DA conjugates is depending on the water 495

solubility of these macromolecular compounds with different underlying release mechanisms. In 
particular, they demonstrated that, if the polymer-DA conjugate is poorly soluble in water or buffer 
solution, the DA cleavage from the conjugates involves two main steps: diffusion from the solid 
surface to the saturated solution and drug cleavage by chemical reaction (e.g., hydrolytic cleavage of 
the conjugate linkage). Thus, the DA release mechanism in this heterogeneous environment is the 500

result of diffusion coupled with chemical reaction. In such case, the release of neurotransmitter can 
be appropriately described, for very short time or very slow cleavage reactions, considering the 
diffusion of DA from the solid surface as rate determining step. In other words, the dominant release 
mechanism in this first case is the Fickian diffusion. The diffusion contribution may be expressed by 
the Higuchi equation [i.e., increase of DA concentration released CT = KH × t1/2] where KH is the 505

Higuchi parameter which can be used for comparative kinetic purposes. This approach has been used 
by us to evaluate the DA release from the ester N,O-CMCS-DA 1 and the amide N,O-CMCS-DA 2 
prepared in organic solvent medium [21]. On the other hand, whether the polymer-DA conjugate is 
soluble in water or buffer solution, the DA release takes place in homogeneous environment as the 
result of consecutive cleavage reactions. In this second case, the dominant release mechanism is the 510

cleavage of the DA-polymer conjugate linkage. In both cases, decomposition of polymer-DA 
conjugates provides free DA which, unlike the amide CMCS-DA conjugates prepared by us, is 
unstable and slowly is converted into even polymeric substances such as melanin and its derivatives. 
Juriga et al suggested that, in the case of polymer-DA conjugate soluble in water or buffer solution, 
the increase of DA concentration may be described by first order reaction kinetic [37]. We do not 515

know what is, actually, the aqueous solubility of conjugates 2 and 3 and, hence, whether they should 
be considered poorly- or very-soluble in water. In such circumstances, to interpret the DA release 
data from the amide conjugates N,O-CMCS-DA 2 and O-CMCS-DA 3 herein prepared in aqueous 
environment, we used both the approaches, considering them poorly or soluble enough in water. By 
plotting the increase of DA concentration released in natural logarithm scale (i.e., ln CT) as function 520

of time, straight lines are obtained. The slope of these straight lines, determined by linear regression, 
provides the first order rate constant k1 from which the corresponding half-life (t1/2= ln 2/k1) can be 
calculated. The half-life values can be employed to compare the release features of different samples. 
In Figure 6 panel (c) the dependence of the increase of DA concentration released (ln CT) as function 
of time for amide conjugates N,O-CMCS-DA 2 and O-CMCS-DA 3 is shown and in Table 2 the 525

corresponding half-life is reported. Alternatively, by plotting the measured percentages of DA 
released in SNF from conjugates 2 and 3 as function of the square root of the time straight lines are 
obtained. The slope of these straight lines, determined by linear regression, provide the corresponding 
KH values, which can be used for comparative kinetic purposes between the two conjugates and also 
showed in Table 2. Even though these calculations are based on a limited number of data points, a 530

certain trend may be deduced. It is evident from the results reported in Table 2, indeed, that conjugate 
3 provides a DA release quicker and in greater extent than conjugate 2 since the k1 or KH values of 
the former are higher than the corresponding of the latter. It in both the circumstances i.e., whether 
they should be considered poorly- or, alternatively, very-soluble in water.  
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[Insert Figure 6 and Table 2 revised] 535

3.5. CMCS-DA conjugates can self-assemble to form nanosized structures 
An interesting property of the CMCS-DA conjugates herein studied is that they can self-assembly to 

form nanosized structures. Thus, by dispersing each conjugate (2 mg) in 200 L of PBS (pH 7.4) 

followed by centrifugation and by dropping 25 L of the resulting supernatant onto grids for TEM 540

and then stained with phosphotungstic acid, TEM analysis clearly demonstrated the nanostructured 
assembly of conjugates with NP formation. Figure 7(a) and 7(b) show NPs obtained from N,O-
CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3, respectively. In particular, from conjugate 3 
smaller and spherical NPs were obtained, whereas from conjugate 2 larger particles (average TEM 
size of 187 ± 41 nm) probably due to the fusion of individual particles (see the inset of Figure 7(a)) 545

were detected. On the other hand, besides a negligible amount of microsized structures, by PCS 
analysis a bimodal distribution was detected in both cases with a little quantity having a particle size 
< 100 nm and a prevalent one with a particle size > 100 nm (Figure 7(c) and 7(d)). 
In Table 3, the hydrodynamic diameters, polydispersity and zeta potential values of conjugates 2 and 
3 self-assembled into NPs determined by Zetasizer NanoZS, ZEN 3600 instrument are shown.  550

[Insert Figure 7] 

[Insert Table 3] 
555

3.6 In vitro antioxidant activity of conjugates 2 and 3  
The antioxidant activity of N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3 was studied 
according to a slightly modified spectrophotometric assay based on the use of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical enabling us to assess the ability of studied chemical substances 
to act as free radical scavengers [32, 38]. In this assay, antioxidants are able to reduce the stable DPPH 560

radical (purple) to non-radical form DPPH-H (yellow). Polymers as such, namely N,O-CMCS and O-
CMCS in our hands showed negligible DPPH radicals scavenging activity since they did not produce 
any yellow mixture. Instead, the DA conjugates 2 and 3 resulted to be in vitro capable to elicit DPPH 
radicals scavenging activity evidenced by yellow mixture formation and, hence, possess an 
antioxidant effect. On the other hand, even the neurotransmitter DA is endowed with radical 565

scavenging ability which is reported to be 86% at 0.1 mM [39]. Thus, it can be stated that the DPPH 
radical scavenging activity of starting polymer and corresponding conjugates herein studied 
decreased in the following rank order: DA > O-CMCS-DA conjugate 3 > N,O-CMCS-DA conjugate 
2 >>>> O-CMCS ~ N,O-CMCS. 

3.7. MTT assay  570

In order to verify the cyto/biocompatibility of conjugates 2 and 3 with the target neuronal cells, SH-
SY5Y cells were treated with N,O-CMCS or O-CMCS based conjugates at the indicated 
concentrations. O-CMCS was used also as a formulation not carrying DA. None of these formulations 
was cytotoxic, although a nonsignificant decrease in cell viability was observed with 75 μM of N,O-
CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3 (Figure 8). 575

 
[Insert Figure 8 revised] 
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3.8. Uptake studies 
For uptake studies fluorescent O-CMCS-DA conjugate 3 or N,O-CMCS-DA conjugate 2 were 580

prepared by covalent linkage of FITC (see Materials and Methods). Cell uptake was studied in SH-
SY5Y cells following incubation for either 2.5 or 24 h. Fig. 9 illustrates the cytofluorimetric gating 
(panels a and c) and overlay analysis (panels b and d) made on the total population that have been 
used for cells incubated with N,O-CMCS-DA conjugate 2 only as an example. Overlay of gated cells 
demonstrated that cells took up FITC-conjugated conjugate in a dose- and time-dependent manner 585

(Figure 9b and d). Figure 10 shows these data as histograms. As expected, the uptake was a time-
dependent process with more conjugates internalised at 24 h than at 2 h. Specifically, after 2.5 h there 
was a steep increase of percentages of FITC-positive cells with both conjugates, reaching ~34% and 
~39% with N,O-CMCS-DA conjugate 2 and O-CMCS-DA conjugate 3, respectively (Figure 10a). At 
24 h of incubation, the percentage of FITC-positive cells arose to ~66% with O-CMCS-DA conjugate 590

3 and ~40% with N,O-CMCS-DA conjugate 2 at the highest concentration of 75 M (Fig. 10b). MFI 
showed also a dose-dependent increase at 2.5 h, in particular with N,O-CMCS-DA conjugate 2 
(Figure 10c); however, there was not an increment at 24 h, except for O-CMCS-DA conjugate 3 at 

75 M (Figure 10d). Overall, these data indicate that the two conjugates are taken up by a high 
number of cells in a time-dependent fashion although the average number of conjugates remained 595

similar, with the notable exception of O-CMCS-DA conjugate 3 at the highest DA concentration. 
 [Insert Figure 9 revised] 

[Insert Figure 10 revised] 
4. Discussion 600

There is great interest for developing new and more effective therapeutic strategies as disease-
modifying treatments for PD based on polymeric and lipid nanocarriers able to cross the BBB and to 
combat this rapidly rising in incidence and harmful disease. In this context, we are involved in a 
project aimed at developing polymer-DA conjugates which should possess the advantage of limited 
premature leakage of cargo (i.e., DA) during manipulations and administration due to the presence of 605

a covalent chemical bond between polymeric backbone and neurotransmitter. The polymer we studied 
was N,O-CMCS, a water-soluble derivative of chitosan, endowed with several properties such as 
biocompatibility, biodegradability, mucoadhesion and non-toxicity [40]. We have previously 
described the synthesis by using DMF as solvent of the ester and amide conjugates 1 and 2, 
respectively, as well as the high internalization of conjugate 2 by OECs (Figure 1) [22, 23]. The main 610

aim of the present work was to develop a synthetic procedure of the amide conjugates 2 and 3 (Figure 
1) carried out in aqueous medium in order to minimize the toxicity potential of the resulting 
conjugates as well as to follow eco-friendly procedures of synthesis in pharmaceutical laboratories. 
In addition, a further aim was to evaluate the effect of the carboxymethyl substituent position onto 
glucose nucleus of chitosan in order to gain insights into this structural modification. To this end, we 615

included in this study also the polymer O-CMCS characterized by the presence of the carboxymethyl 
substituent exclusively on the primary –OH group in position-6 of the parent polymer chitosan. 
We succeeded in reaching these goals following a modified reported procedure based on carbodiimide 
(EDC) chemistry [28]. As for the EDC mediated coupling reaction between N,O-CMCS or O-CMCS 
and DA to prepare the amide conjugates 2 and 3, the coupling reagent EDC can react with the 620

carboxyl groups of the carbohydrate polymers to form an O-acylisourea intermediate which, in turn, 
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provides the required amide conjugate by reaction with the NH2 group of the neurotransmitter as 
outlined in Scheme 1.  
When the backbones of N,O-CMCS and O-CMCS were subjected to the amidification with DA in 
water as solvent, the yield values of the corresponding conjugates were 37% and 24% for N,O-CMCS-625

DA conjugate 2 and O-CMCS-DA conjugate 3, respectively. It should be noted that the amide 
conjugate N,O-CMCS-DA 2 previously prepared employing organic solvent (DMF) was obtained in 
70% yield [23]. On the other hand, comparing the yields in water as solvent, it resulted that conjugate 
3, even though prepared in lower yield, it is characterized by a higher DS% (12.65% vs 5.36% 
determined by potentiometric titration for 3 and 2, respectively). This result could be rationalized 630

considering that in O-CMCS the carboxymethyl group substituent on the primary –OH group in 
position-6 of the glucose nucleus is available for the reaction with EDC and NH2 group of the 
neurotransmitter more than that occurs for the carboxymethyl group substituents of N,O-CMCS 
polymer.  
The thermal stability of DA, N,O-CMCS, O-CMCS, and corresponding conjugates with DA was 635

investigated by TGA to give a quantitative measure of their mass changes on increasing the 
temperature (Figure 5). Both the developed DA-conjugates from TGA thermograms evidenced 
thermal stability (up to about 190°C) which are acceptable for pharmaceutical applications [41]. In 
details, from TGA curves (Figure 5a), the main thermal events ascribable to both the chitosan 
derivatives under investigation could consist of deacetylation and decomposition of the parent 640

chitosan's main chains [42]. Moreover, it can be hypothesized that the cleavage of substituent groups 
in the carboxymethylated derivatives fell in the same temperature range (270-330°C). In any case, 
comparing with unmodified chitosan, the thermal stability of chitosan derivatives slightly decreased, 
as also reported [43]. While in the case of pure substances, a sharp weight loss was observed, starting 
at higher temperatures, in the case of conjugates a slow weight loss occurred at lower temperatures. 645

Indeed, broader peaks are observed in DTGA profiles of both the DA-conjugates, probably due to the 
overlapping of the decomposition steps relevant to CMCS (N,O- and O-) moieties and DA. Overall, 
TGA has been already employed to determine the thermostability of delivery systems targeting brain 
diseases, as reported in literature [35, 44] and information arising from such methodology has been 
combined with data obtained from DSC analysis. DSC thermograms reported in Figure 5b evidenced 650

the amorphous state of both N,O-CMCS-DA 2 and O-CMCS-DA 3, without any 
endothermal/esothermal event occurring in the range of temperatures explored, whereas the 
thermogram of pure N,O-CMCS showed an endothermic peak at 150°C and the thermogram of O-
CMCS showed an endothermic peak at 153°C. 
Some information on the physical stability of N,O- and O-CMCS-DA conjugates on storage at -20°C 655

can be gained from Figure 6 panel (a). As can be seen, conjugate 2 possess higher stability under 
storage at T= -20°C than O-CMCS-DA conjugate 3. Moreover, a further different behaviour noted 
between the two conjugates refers to the shape and retention time of the peak corresponding to the 
neurotransmitter in HPLC chromatograms. This peak maintained its shape, typical retention time 
value and no further peaks appeared in the case of O-CMCS-DA conjugate 3 suggesting that no DA 660

autoxidation occurred during storage frame time. Instead, for N,O-CMCS-DA 2, HPLC 
chromatograms showed an enlarged peak with a little increase in retention time of DA signal together 
with the apparent increase of DS % occurring since four up to eight weeks. It may be probably due 
to DA autoxidation induced by air oxygen which was demonstrated to be a very slow process unlike 
the aerobic and anaerobic DA autoxidation in solution [45]. 665
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Consistent enough with the physical stability on storage data were also those from in vitro DA release 
from conjugates (Figure 6 panel (b)). The general trend showed in both release profiles, indeed, was 
of a prompt DA release (burst effect) within the first two days followed by a sustained release period. 
However, the bust effect noted for conjugate 3 was more intense than that showed by conjugate 2, 
just as deduced by physical stability on storage data and, moreover, unlike that occurs for O-CMCS-670

DA, it was noted the complete disappearance of the neurotransmitter in the release profile of N,O-
CMCS-DA 2. This last outcome may support the above made hypothesis to explain the apparent 
increase of DS % of conjugate 2 occurring since four up to eight weeks of storage. 
Comparing the release kinetic features of the amide conjugates 2 and 3 here prepared in homogeneous 
environment with those of poorly-soluble N,O-CMCS-DA amide conjugate previously prepared in 675

organic solvent by us [23], it can be concluded that all these conjugates may be suitable for sustained 
neurotransmitter release applications. However, taking into account also the mentioned greater 
(Figure 6) and quicker (Table 2) DA released from the amide 3, this last conjugate seems interesting 
delivery system for further developments. In particular, it should be of interest to evaluate the 
potential of conjugate 3 both to restore acceptable levels of the neurotransmitter in the brain of 680

parkinsonian patients and to avoid the adverse effects observed after long-term administration of L-
DOPA [6]. 
Several recent literature suggestions pointed out the self-aggregation of phenolic compounds 
conjugated with polysaccharides including N,O- or O-CMCS [33, 46, 47]. It prompted us to verify 
whether also the conjugates 2 and 3 prepared in aqueous medium could similarly self-assembly into 685

nanoscale structures as NPs. We succeeded in this task as demonstrated by TEM analysis after 
dispersion of each conjugate in PBS (pH 7.4) and following the procedure reported in Section 2.7. 
However, a different behaviour between the two conjugates was noted. In detail, while from conjugate 
3 smaller and spherical NPs were observed by PCS (average size of 292 ± 2 nm), from conjugate 2 
larger particles (average size of 459 ±7 nm) were detected. Moreover, by comparing the average 690

diameters observed by TEM it was noted that they were smaller than the corresponding deduced by 
PCS (i.e., 187 ±7 nm by TEM compared with 459 ±7 nm by PCS). This discrepancy is a well-
documented outcome in the literature and it has been ascribed to the procedure involved in preparation 
of samples for which, due to solvent effect, the diameter measured by PCS (hydrodynamic diameter) 
results larger than that determined by TEM. Furthermore, by deeply examining TEM pictures, we 695

have deduced that nanosized structures were formed by both conjugates 2 and 3, namely they could 
spontaneously self-assembly once dispersed in aqueous medium. In our case, as for the self-assembly 
process of N,O- or O-CMCS-DA conjugates 2 and 3, it can be rationalized taking into account that 
both these conjugates may be considered amphiphilic polymers just as occurs for other phenolic 
compounds conjugated with polysaccharides [33, 46, 47]. In both conjugates, indeed, hydrophobic 700

domains can be envisaged due to specific π–π- as well as hydrogen bonding-interactions between the 
catechol moieties of these conjugates (Figure S1). These hydrophobic domains may form the internal 
core of polymeric micelles with an external shell constituted by CMCS hydrophilic moieties [47]. It 
should be noted that classical polymeric micelles are prepared starting from amphiphilic polymers 
which self-assembly in aqueous environment leading to a core-shell structure. In this arrangement, 705

the hydrophobic part constitutes a place where hydrophobic drugs are encapsulated, while the 
hydrophilic outer shell enables that the micelles are unrecognized by the reticuloendothelial system 
and hence allows to protect the hydrophobic part from the biological invasion. In this context, recently 
several amphiphilic CS derivatives have been prepared and self-assembled in aqueous medium to 
give polysaccharide based polymeric micelle delivery systems, exploiting the hydroxyl-  and amine-710
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groups occurring in the molecules of CS and its derivatives [48-50]. Comparing the hydrophobic 
domains of the classical polymeric micelles with those proposed for the self-assembly process of 
N,O- or O-CMCS-DA conjugates 2 and 3, it is evident a certain difference between the two types 
considered and it may lead to important practical consequences. Thus, for instance, it may be possible 
that the micelles arising from polysaccharide based conjugates 2 and 3 suffer from major 715

thermodynamic and kinetic instability in comparison with that observed for classical polymeric 
micelles and it remains to be checked. 
Hence, the self-assembly process of conjugates 2 and 3 may involve polymeric micelle formation in 
DA-grafted CMCSs. The observed better quality of NPs from conjugate 3 in terms of size may be 
due to the uniform introduction of the CH2-CO-NH-(CH2)2-Aryl-substituent on the C-6 hydroxyl of 720

the glucose nucleus which allows the formation of regular and more effective π–π interactions
between the mentioned aromatic regions than those occurring in conjugate 2 (Figure S1). In this last 
conjugate, indeed, the mentioned Aryl-substituents occur either at C-6 hydroxyl group or at the NH2 
moiety, making the mentioned interactions even at long-range and, hence, less regular and effective 
hydrophobic domains. Hence, it can be stated that the position of the carboxymethyl substituent on 725

the CMCS backbone is quite important in determining the features of the resulting nanocarrier. A 
peculiar property of micelles is that they are stable at concentration higher than the Critical Micellar 
Concentration (CMC) while they disassemble by dilution at concentration below the CMC. In our 
case, however, even the disassembled conjugates 2 and 3 may be nano-structured leading to NP 
formation. It is already known, indeed, that grafted chitosans bearing aryl-groups can form polymeric 730

NPs [51]. Hence, besides polymeric micelles, conjugates 2 and 3 may form polymeric NPs as 
nanosized structures. Considering that often polymeric micelles are smaller than 100 nm in size, at 
present it cannot be excluded that particles in little amount with a particle size < 100 nm detected in 
size distribution plots (Figure 7 (c) and 7 (d)) are constituted by polymeric micelles, while those in 
predominant amount with a particle size > 100 nm are represented by NPs. The negative zeta 735

potentials of these nanocarriers (Table 3) are consistent with the absence of any absorption at 1730 
cm-1 in FT-IR spectra of both conjugates suggesting the presence of free carboxymethyl substituents 
in –COONa form. Moreover, the observed PDI values suggest a satisfactory polydispersion. 
However, further characterization and evaluation of such nanocarriers as delivery systems of the 
neurotransmitter is in progress and the results of these studies will be reported in due course.  740

As mentioned in introduction section, mitochondrial disruptions and oxidative stress have been 
suggested to play an important role in the loss of DAergic neurons occurring in parkinsonian patients 
and such processes are mediated by ROS (reactive oxygen species) and free radicals like H2O2 and 
OH- [7]. It prompted us to evaluate the significant antioxidant potential of conjugates 2 and 3 
measured by DPPH, unlike the starting polymers N,O-CMCS and O-CMCS. This is also supported 745

by a literature report showing that the DPPH scavenging activity of O-CMCS is only 2.98% at 2.5 
mg/mL [33]. Following the literature hints reported for phenolic compounds conjugated with 
polysaccharides, N,O- or O-CMCS-DA could react with DPPH radical by donating hydrogen atom 
to form stable DPPH-H and N,O- or O-CMCS-DA radicals. Next, N,O- or O-CMCS-DA radical could 
be further withdrawn hydrogen atom to form stable N,O- or O-CMCS-DA quinone compounds as 750

shown in Figure S2 [52]. Hence the DPPH radical scavenging activity of N,O- or O-CMCS-DA 
conjugates 2 and 3 may be mainly due to the catechol moieties occurring in these macromolecular 
substances and, therefore, possess an antioxidant effect with the latter conjugate at a higher extent 
than the former.  
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For uptake studies, fluorescent conjugates were obtained and for both FITC-O-CMCS-DA conjugate 755

3 and FITC- N,O-CMCS-DA conjugate 2 the DS in the dye FITC was found to be equal to 5 and 13 

g FITC/mg of fluorescent conjugate, namely significantly lower than the previously studied FITC- 

N,O-CMCS-DA 1 exhibiting 100 g FITC/mg of FITC-N,O-CMCS-DA [23].  However, while in our 
previous work, FITC-N,O-CMCS-DA 1 was taken up by ~70% of OECs already at 2 h, 
neuroblastoma cells were less permissive to uptake at 2.5 h, reaching a good level of internalisation 760

only at 24 h. Whether these results are due to less FITC molecules associated with conjugates or to a 
different cell line, it is difficult to discern. The lower MFI (~8000 verso ~2000 arbitrary units) may 
indicate that the lower FITC content may have given these results. Nevertheless, the therapeutic dose 

of DA (i.e. 75 M, corresponding to 11.5 μg/mL, with Tang et al. [53] showing that DA-carrying 
nanoparticles was effective in alleviating motor symptoms in a rat model of PD at the dose of ~ 7.4 765

μg/mL) was taken up by a good number of cells, (i.e. up to 66% with O-CMCS-DA 3), indicating 
that further experiments would clarify if these percentages allows for an efficacious arrival of DA 
into the relevant neuronal cells of the subcortical nuclei. 
Overall, it seems that N,O- or O-CMCS-DA conjugates 2 and 3 may constitute an example of the so 
called “multifunctional nanomedicines” that combine multiple biological functions into a single770

nanosystem and whose usefulness in brain diseases has been recently evidenced [54]. Thus, 
conjugates 2 and 3 can provide neurotransmitter DA useful for “dopamine replacement strategy” and
an antioxidant effect which limits the ROS production. 
As chitosan derivatives, conjugates 2 and 3 as such or in nanostructured form incorporated into a 
number of nanoformulations such as hydrogel should possess, in our opinion, a good potential for 775

nose-to-brain delivery due to their mucoadhesive properties. This last feature combined with the 
ability of these chitosan derivatives to act as penetration enhancers by temporarily opening 
intercellular tight junctions allow to obtain a longer residence time of the formulation in contact with 
nasal mucosa increasing so the transport through this last barrier [12]. About the behaviour of the 
conjugates 2 and 3 in vivo, we suppose that the transport of the conjugate directly to the brain from 780

the nasal cavity may occur using the olfactory and/or trigeminal nerves as above mentioned exploiting 
two pathways namely the intracellular and the extracellular mechanism as discussed in the papers of 
Crowe and colleagues [12, 55] to whom the reader is referred to. Briefly, the intracellular pathway 
involves endocytosis of conjugate by olfactory nerve endings, while according to the extracellular 
mechanism, the conjugate is transported directly into the cerebral spinal fluid by first passing through 785

the paracellular cleft, lamina propria, then through the perineural space to the subarachnoid space of 
the brain. It is possible that during all these transport phases, the amide linkage between the 
neurotransmitter and polymer backbone can be broken due to hydrolytic reactions and free DA is 
released in sustained manner producing the corresponding pharmacological effects. Alternatively, it 
cannot ruled out that the intact conjugate, even in nanostructured form, may access brain and next 790

undergoes the breakage of the amide bond. Finally, it is also possible the conjugate is taken up by 
target neuronal cells in which DA release could happen. To assess these aspects, more studies must 
be done.  

5 Conclusions 795

We succeeded to conjugate the primary amino group of neurotransmitter DA with the –COOH 
function of N,O-CMS or O-CMCS leading to amide conjugates 2 and 3 in aqueous environment 
following eco-friendly procedures of synthesis trying to minimize the toxicity potential of the 
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conjugates obtained. From a structural point of view, conjugates 2 and 3 were characterized by 
spectroscopic means (i.e., FT-IR and 1H-NMR) and percentage of substitution degree. Thermal 800

analysis showed that 2 and 3 are endowed with thermal stability and an amorphous state was observed 
for both, unlike the starting polymers N,O-CMS and O-CMCS. Interestingly, it was found that 
CMCS-DA conjugates may self-assembly to form polymeric micelles and/or NPs, these last 
supported by TEM observations. The better quality in size of NPs from conjugate 3 may be due to 
more efficient π–π- and hydrogen bonding- interactions between aromatic regions than those 805

occurring in conjugate 2. Moreover, DA release from conjugate 3 was quicker and in greater extent 
in the SNF receiving medium as well as its uptake increased of ~66% with O-CMCS-DA conjugate 

3 at the highest concentration of 75 M compared with~40% for conjugate 2. Hence, the obtained 
results indicate that the position of the carboxymethyl group on the CMCS backbone plays an 
important role in determining the features of the resulting nanocarrier confirming so our starting 810

hypothesis. Further characterization and evaluation of such NPs as DA delivery systems are in 
progress and the results will be reported in due course. Besides this, a further interesting conclusion 
is that conjugates 2 and 3 show antioxidant activity, with the latter conjugate at a higher extent than 
the former, as demonstrated by DPPH radical scavenging assay. Thus, such new examples of 
chitosan-based nanocarriers to be used by intranasal administration possess promising properties for 815

brain delivery as “multifunctional nanomedicines” [54, 56].  
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Captions to Figures and Tables 

Figure 1. Chemical structures of ester and amide N,O-CMCS-DA conjugates 1 and 2 and amide O-
CMCS-DA 3. 

Scheme 1. Synthetic pathway followed to obtain N,O-CMCS-DA amide conjugate 2 and O-CMCS-
DA amide conjugate 3  

Figure 2. (a) FT-IR spectrum of pure DA (blue); N,O-CMCS (green); N,O-CMCS-DA amide
conjugate 2 (pink). (b) FT-IR spectrum of pure DA (blue); O-CMCS (green); O-CMCS-DA amide
conjugate 3 (pink). 

Figure 3. (a) 1H NMR spectrum of O-CMCS in D2O with 1% of HCl with identification of the main
signals; (b) 1H NMR spectrum of O-CMCS-DA conjugate 3 in D2O with identification of the main
signals.  

Figure 4. (a) 1H NMR spectrum of N, O-CMCS in D2O with 1% of HCl with identification of the
main signals; b) 1H NMR spectrum of N,O-CMCS-DA conjugate 2 in D2O with identification of the
main signals. 

Figure 5. Panel (a): TGA traces of DA black line), N,O- CMCS (red line), O-CMCS (blue line), and
as well as the relevant conjugates with DA, i.e., O-CMCS (green line) and O-CMCS-DA (violet line)
(in the inset, the relevant derivative traces are shown). Panel b): DSC thermograms of a) pure DA; b)
N,O-CMCS; c) N,O-CMCS-DA conjugate 2; d) O-CMCS; e) O-CMCS-DA conjugate 3. Colour
codes in panel b) are the same of panel a).  

Table 1. Water/volatiles content, main temperature of decomposition (Td) with the relevant weight
losses percentages and residues at 600°C of DA, N,O-CMCS, O-CMCS and as well as the relevant
conjugates with DA. 

Figure 6. Storage stability of DA conjugates. Panel (a): Variations of DS (%) over the time of
conjugates 2 (red bars) and 3 (blue bars) after storage in a freezer at -20 °C up to eight weeks. Panel
(b): Cumulative DA released in SNF from amide conjugate 2 (red line) and 3 (blue line). Panel (c):
Plot of DA concentration released in natural logarithm scale (i.e., ln CT) as function of time for amide
conjugates N,O-CMCS-DA 2 (red line) and O-CMCS-DA 3 (blue line). Panel (d): Plot of DA
concentration released as function of the square root of the time. 

Table 2. First order rate constant k1 and half-life t1/2 of DA release from amide conjugates 2 and 3
considered as soluble enough in water. Experimental Higuchi parameters (KH) in the alternative case
of release from amide conjugates 2 and 3 considered as poorly soluble in water. 

Figure 7. Particle size analysis of conjugates. Panel (a): from N,O-CMCS-DA conjugate 2 few and
large particles (average TEM size of 187 ± 41 nm) were obtained probably due to the fusion of
individual particles (see the yellow dotted spheres in the inset, whose size is around 24 nm); panel
(b): from O-CMCS-DA conjugate 3 small and spherical NPs with an average TEM size of 5.8 ± 1.0
nm were detected; panel (c) size distribution plot of N,O-CMCS-DA conjugate 2 measured by PCS;
panel (d) size distribution plot of O-CMCS-DA conjugate 3 measured by PCS. 

Table 3. Properties of NPs obtained by conjugates 2 and 3. Results are mean of 6 determinations
±SD. 

Figure Click here to access/download;Figure;Revised II Captions to
Figures.docx



Figure 8. Cytotoxicity of CMCS based formulations. SH-SY5Y were challenged with N,O-CMCS-
DA conjugate 2 or O-CMCS-DA conjugate 3 at the indicated DA concentrations of 4.7, 18.75, and
75 μM, while control O-CMCS was used at the same final polymer concentrations of O-CMCS-DA
conjugate 3. Cells were then assayed for vitality by the MTT assay. Controls are untreated cells (100%
of vitality), whereas 1% Triton X-100 (Triton) was used as positive control. **** p < 0.0001 Triton
vs. untreated. Data are the results of two-three experiments each carried out in eight wells. 

Figure 9. Gating strategy and fluorescence intensity overlay of SH-SY5Y cells incubated with FITC-
N,O-CMCS-DA conjugate 2. The whole population of controls (cells not incubated with conjugates)
was gated (P1) at 2.5 h (a) and 24 h (c) and this gate was used to evaluate for fluorescence intensity
overlay at these time points after incubation with FITC-N,O-CMCS-DA conjugate 2 at different DA
concentrations (b and d). A marker (P2) was positioned on the third decade (103) to separate control
cells (red curve) from cells incubated with 4.7 μM (blue curve), 18.75 (yellow curve), and 75 μM
(green curve). 

Figure 10. Uptake of O-CMCS-DA conjugate 3 and N,O-CMCS-DA conjugate 2. SH-SY5Y cells
were incubated with different doses of O-CMCS-DA conjugate 3 and N,O-CMCS-DA conjugate 2
according to DA concentration (shown in M) for 2.5 h (a,c) or 24 h (b,d) and then evaluated for
percentage of positive fluorescent cells (a,b) and relative mean fluorescence (MFI) (c,d) by flow
cytometry. Data are expressed as the mean ± SD of three experiments, each conducted in duplicate.
*p<0.05, **p<0.01 and ***p<0.001 indicate statistical differences vs. untreated cells. 

Figure S1. Schematic representation of  interactions for O-CMCS-DA 3 (panel (a)) and N,O-
CMCS-DA 2 conjugates (panel (b)). 

Figure S2. The antioxidant mechanism for O-CMCS-DA 3 scavenging DPPH radical. A similar
pathway can be proposed for N,O-CMCS-DA conjugate 2. 



Figure Click here to access/download;Figure;Figure 1 JPEG.jpg
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Figure Click here to access/download;Figure;Figure 6 revised.jpg
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Table 1. Water/volatiles content, main temperature of decomposition (Td) with the relevant weight
losses percentages and residues at 600°C of DA, N,O-CMCS, O-CMCS and as well as the relevant 
conjugates with DA 

Sample Water/volatiles  

(%) 

Td (°C)/weight loss  

(%) 

Residue at 600°C  

(%) 

DA - 327°C/71% 29% 

N,O-CMCS 10.6% 295°C/17.5% 

307.4°C/8.9% 

51% 

O-CMCS 12% 290°C/30.7% 57.2% 

N,O-CMCS-DA 2 12.7% 307.7°C/30.7% 26.8% 

O-CMCS-DA 3 13% 304.9°C/56.3% 30.5% 

Table (Editable version) Click here to access/download;Table (Editable version);Table
1.docx



Table 2. 

Conjugate k1 [day-1] t1/2 [day] t1/2 [h] KH [% of DA 
released x h-1/2] 

N,O-CMCS-DA 2 0.3129 2.2 52.8 2.169 ± 0.05698 
O-CMCS-DA 3 0.5626 1.2 28.8 3.414 ± 0.5314 

Table (Editable version) Click here to access/download;Table (Editable
version);Revised Table 2.docx



Table 3. Properties of NPs obtained by conjugates 2 and 3. Results are mean of 6 determinations±SD.
Formulation Size  

(nm) 

PDI Zeta potential  

(mV) 

NPs from N,O-CMCS-DA conjugate 2 459±7 0.31-0.35 -2.2±0.2 

NPs from O-CMCS-DA conjugate 3 292±2 0.20-0.26 -14.6±0.3 

Table (Editable version) Click here to access/download;Table (Editable version);Table
3.docx
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Due to the sensitive nature of the questions asked in this study, survey respondents were assured raw 
data would remain confidential and would not be shared. 
Data not available / The data that has been used is confidential 
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