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ABSTRACT. Chitosan and its derivatives are interesting biopolymers for different field of analytical
chemistry, especially in separation techniques. The present study was aimed at testing chitosan water
soluble derivatives as dynamic coating agents for application to capillary electrophoresis. In particular,
chitosan was modified following three different chemical reactions (nucleophilic substitution, reductive
amination, and condensation) to introduce differences in charge and steric hindrance, and to assess the
effect of these physico-chemical properties in capillary electrophoresis. The effects were tested on the
capillary electrophoretic separation of the glycoforms of human transferrin, an important iron-transporting
serum protein, one of which, namely disialo-transferrin (CDT), is a biomarker of alcohol abuse. Chitosan
derivatives were characterized by using NMR and 'H NMR, HP-SEC-TDA, DLS, and rheology. The use
of these compounds as dynamic coatings in the electrolyte running buffer in capillary electrophoresis was
tested assessing the peak resolution of the main glycoforms of human transferrin and particularly of dis-
ialo-transferrin. The results showed distinct changes of the peak resolution produced by the different de-
rivatives. The best results in terms of peak resolution were achieved using polyethylene glycol (PEG)-
modified chitosan, which, in comparison to a reference analytical approach, provided an almost baseline
resolution of disialo-transferrin from the adjacent peaks.

INTRODUCTION

The application of chitosan-based materials in analytical chemistry has attracted increasing interest [1].
Chitosan (Ch) is the deacetylated form of chitin, one of the most abundant natural biopolymers [2]: it has
excellent properties that include biocompatibility, great adsorption capability and adhesiveness [3,4]. Due
to these characteristics, chitosan has been applied in different fields of analytical chemistry, e.g. as sta-
tionary material of chromatographic columns [5], as adsorption material for concentration and extraction
purposes [6,7], and as enzyme-immobilizing matrix [8,9]. Chitosan properties strongly depend on the
degree of acetylation (DA) [10], on the acetyl group distribution, and on the molecular weight. Its main
reactive functional groups are hydroxyl (OH) and amine (NHz) groups which impart to Ch a cationic
nature, due to the protonation of amine in acidic medium, enhancing the interaction with negatively
charged molecules (e.g. fatty acids, metal ions, proteins, and macromolecules) [3]. Thanks to its hydroxyl
and amine moieties, Ch can be modified easily to introduce specific functional groups for obtaining the
desired interactions with analytes. The functionality modification also allows to overcome the Ch lack of
solubility: pristine Ch is soluble only in acidic conditions due to the protonation of the amine group.

An analytical technique which can potentially benefit from the use of modified chitosan is capillary elec-
trophoresis (CE). This relatively new separation technique combines electrophoretic/electrokinetic sepa-
ration principles with an instrumental design that mimics liquid chromatography. The main strengths of
CE include: (1) short analysis times, (i1) low sample and reagent consumption, (iii) low waste production
and (iv) low running costs [11,12]. A key feature of CE is the flexibility of implementing several detection
modes, such as UV-Vis, fluorescence, conductimetry and mass spectrometry [13,14]. Such flexibility
opens up a broad field of analysis ranging from inorganic ions to drugs, peptides, proteins and virus par-
ticle [15-19]. In CE, separation occurs inside narrow-bore fused-silica capillaries (20-100 um I.D., 20—
100 cm length), which, on one side, limit band broadening but, on the other side, because of a high surface-
to-volume ratio, may lead to adsorption of analytes onto the capillary walls. These secondary interactions
[20] may exert spurious effects both on proper electrophoretic phenomena, e.g., pseudo-ion exchange
chromatography on the inner surface of the capillary, as well as on the electroendosmotic flow (EOF),
responsible for inconsistency of the migration times and of peak resolution [11]. Several approaches have
been adopted in the past to control adsorption onto the capillary wall, including the use of separation
buffers at low pH and high ionic strength, or special additives that interact reversibly with the silica wall.
Other approaches include the chemical modification of the capillary wall with neutral or charged
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molecules [21-25]. Studies conducted in reversed EOF investigated the effect of non-modified chitosan
for the separation of drugs and inorganic ions [26—28], while derivatized chitosan (i.g. especially methyl
and carboxymethyl) showed interesting application perspectives for the separation of proteins [29-31].
Although many efforts have been made in this direction, analyte adsorption, and particularly protein ad-
sorption, is still an open critical issue in several CE applications, also in the presence of additives able to
lower interaction with the capillary wall. Analyte adsorption remains critical for the analysis of carbohy-
drate-deficient transferrin (CDT), one of the most used biomarkers of chronic alcohol abuse, adopted in
clinical and non-clinical contexts (e.g., driving and weapon license certification, occupational health, child
custody eligibility etc.) [32]. The term CDT is the collective name of a group of the less glycosylated
glycoforms of the iron-transporting protein hTf, and specifically of disialo-hTf [33]. Its analysis requires
the resolution of the different hTf glycoforms, from asialo-hTf to hexasialo-hTf (characterized by different
glycosylation degrees), with the final aim of measuring the relative percentage area of disialo-hTf (P2)
(Figure 1) [34].
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Figure 1. Electropherogram of CDT analysis performed with traditional running buffer with schematic representation of the glycoforms of
human transferrin (hTf) involved in the forensic analysis of CDT: disialo-hTf (P2) to pentaasialo-hTf (P5). The crowd of peaks migrating
between 9 and 14 minutes correspond to gamma globulins and other endogenous UV absorbing-material (%CDT = 13.36% of total Tf).
Symbol legend: Asn = asparagine residue; red circle = N-acetylglucosamine; yellow circle = mannose; green circle = galactose; blue circle =
sialic acid. AU = absorbance units at 200 nm wavelength.

Despite a well-established use of CE for CDT determination, the separation of hTf glycoforms is hindered
by the natural tendency of these molecules to interact with the fused-silica capillary walls. To overcome
this problem, the most common approach is based on the addition of a cationic additive (1-4 diamine
butane, DAB) in the separation running buffer (borate, at alkaline pH) to passivate the ionized silanols
responsible of spurious interactions of the serum protein, also known “dynamic coating” [35]. The term
dynamic coating refers to the presence in the running buffer of an agent which, by reversible ionic inter-
actions, hinders the analyte binding to the capillary wall. The action of the dynamic coating determines
the shielding of the inner capillary surface to allow an efficient electrophoretic separation of CDT by
suppression of spurious interactions of the serum proteins, which may introduce undesired parasitical
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separation mechanisms. For the same purpose, in other studies [36,37], attempts have been made by ap-
plying cellulose derivatives as dynamic coatings; however, the results did not meet the required sensitivity
(i.e. signal-to-noise ratio) and specificity (due to UV absorption of cellulose) for clinical use because of
interference from the matrix. For this reason, CDT determination in serum required laborious immunoex-
traction prior to electrophoretic separation.

Besides the above-mentioned studies, the use of modified chitosan has never been reported in the litera-
ture. On these grounds, in the present study, we aimed at exploring the potential application of chitosan
derivatives as a new class of additives acting as novel form of dynamic coating to optimize the separation
of hTf glycoforms.
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Figure 2. Representation of the different Ch derivatives: a) Ch-Ome-PEG; b) Ch-MF; c) Ch-QA.

Three different Ch derivatives were synthetized as reported in Figure 2. A PEG-modified Ch (Ch-Ome-
PEG) was prepared by nucleophilic substitution employing an NHS activated PEG (Figure 2, a), a methyl
furan Ch (Ch-MF) was synthetized by reductive amination with methyl furfural (Figure 2, b), and finally
a quaternary Ch (Ch-QA) by carbodiimide condensation with a quaternary ammonium linker (Figure 2,
c). Ch derivatives were first characterized employing complementary techniques to investigate the mate-
rial properties. In particular, Nuclear Magnetic Resonance Spectroscopy (NMR) was applied to elucidate
the molecular structure and Dynamic Light Scattering (DLS) was used to determine the Hydrodynamic
Radius and Zeta Potential. On these grounds, a comparative study of the Ch derivative performances was
conducted by testing the resolution of the hTf glycoforms essential for CDT determination, including real
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serum samples. This study should be considered propaedeutic to the development of a new CE method
for CDT analysis taking advantage of this innovative capillary coating agent.

MATERIALS AND METHODS
Materials

Methoxy-PEG (Ome-PEG-NHS), 5-methyl furfural (MF), 3-carboxypropil trimethyl ammonium chlo-
ride, 2-(N-morpholino) ethane sulfonic acid (MES), 1- Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), N-Hydroxysuccinimide (NHS), glacial acetic acid (> 99.9%), chloride acid, sodium chloride, so-
dium acetate, sodium hydroxide, sodium azide and 1-4 diamino butane (DAB) was purchased from
Sigma-Aldrich Co. (Steinheim, Germany). Sodium cyanoborohydride (NaBH3CN) was from Fluka (Mu-
nich, Germany), and boric acid from Amersham Pharmacia Biotech AB (Staffanstorp, Sweden). Deion-
ized water was obtained by Culligan System (Rosemont, IL, USA) and Deuterated water by Cortecnet
(Paris, France). All materials used were of analytical grade. To calibrate HP-SEC-TDA, a pullulan (Poly-
CAL-Pul86k) purchased by Malvern Panalytical Instruments (Malvern, United Kingdom) was used. Low
molecular weight Chitosan (Ch) was obtained from Carbosynth Ltd (Compton, United Kingdom). The
CDT test solution (used for the CE analyses) was purchased from Recipe (Munich, Germany).

Synthesis

Three types of syntheses were performed to achieve chemical modifications, i.e.: (i) nucleophilic substi-
tution, (i1) reductive amination and (iii) condensation. The products of these chemical reactions were
named Ch-Ome-PEG, Ch-MF, Ch-QA, respectively.

For the nucleophilic reaction (i), Ch (about 60 mg) was dissolved in 3 mL of 0.33% acetic acid solution,
mixed by sonication, vortexed until homogeneous solution and finally stirred at room temperature for 24
h. In previous works, Ch was solubilized in organic solvent [33,38] or more concentrated acetic acid [39].
In this work, we investigated alternative routes to reduce Ome-PEG-NHS hydrolysis: before adding the
reagent, Ch solution was adjusted to pH 5 with a 0.5 M NaOH solution.

Considering a molar ratio of 1:1 Ch:Ome-PEG-NHS, about 0.25 g of Ome-PEG-NHS were solubilized in
2 mL of milli-Q water. The solution was dialyzed in 0.3 M AcONa/0.5 M NaCl solution for three days,
and in milli-Q water for other five days, using a 3.5 kDa and/or 12-14 kDa dialysis membranes. The
modified Ch was purified through filtration using membrane filters. The solution was concentrated with
a rotavapor and freeze-dried for characterization.

For the reductive amination reaction (i1), previously reported reaction between Ch and methyl furfural
(MF) was performed [40]. Briefly, Ch (1.2 g) was dissolved in 35 mL of 2% acetic acid solution, mixed
by sonication, vortexed until a homogeneous solution was obtained and finally stirred at room temperature
for 24 h. Then, 206 puL of MF were added to the dissolved chitosan, and the solution was left under gentle
stirring for 30 min. Afterwards, 0.065 g of sodium cyanoborohydride were added, and the reaction solu-
tion was stirred for 3 h at room temperature. The solution was dialyzed against 0.01 M sodium chloride
solution for 1 day, and in milli-Q water for other five days, using 3.5 kDa dialysis membranes at 40°C.
The solution was concentrated with rotavapor and freeze-dried for characterization.

For the condensation reaction (iii), Ch (about 1 g) was dissolved in 20 mL of 0.1 M MES (pH 4.5), mixed
by sonication, vortexed until a homogeneous solution was obtained and finally stirred at room temperature
for 24 h. The reactive 3-carboxypropil trimethyl ammonium chloride (about 0.2 g) was solubilized in 10
mL of 0.1 M MES (pH 4.5). Then, EDC (1 g) and NHS (0.6 g) were added to the reactive solution and
stirred for 30 minutes. Finally, this solution was added to Ch. The solution was dialyzed against 6%
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sodium chloride solution for 1 day, and in milli-Q water for a further five days, using 3.5 kDa dialysis
membranes. The solution was concentrated with rotavapor and freeze-dried for the characterization.

NMR

To ensure an appropriate resolution, approximately 7 mg of Ch samples were solubilized in 600 pL of
deuterated hydrochloric acid and transferred into a 5 mm NMR tube. Proton spectra were acquired with
pre-saturation of residual HDO, at 303K, using 24 scans, 12 s relaxation delay, and a number of time-
domain points equal to 32k. COSY spectra were acquired with pre-saturation of residual HDO, at 303K,
using 20 scans, 2 s relaxation delay, and a time-domain equal to 2048 x 256. HSQC-dept spectra were
acquired with pre-saturation of residual HDO, at 303K, using 20 scans, 2 s relaxation delay, a time-domain
2048 x 256 and 1JC-H 150 Hz. All derivatives spectra were acquired on a Bruker Avance HD NMR
spectrometer (Bruker, Karlsruhe, Germany), operating at 500 MHz and using a BBO Probe while Ch
spectra were acquired on a Bruker Avance NEO NMR spectrometer (Bruker, Karlsruhe, Germany), oper-
ating at 500 MHz and using a CRIO Probe. All spectra were elaborated with the TopSpin software (v.
4.1.1).

The signals were calibrated assigning 300 to the integral of the signal related to the methyl group of acetyl
(Ac). The degree of substitution (DS%), reported in Table 1, was evaluated using the following equation:

Eq.1

onc
DS(%)ch-0ome-PEG = : Ac
(1A,1D,1R) + 5
2R
DS(%)ch-mr =  _ Ac
2D+ 2R + 3
N*(Ac);
DS(%)ch-qa = 2

(1A,1D, 1R) + %

In Eq 1 Ac is the integral value peak at around 2.1 ppm, (1A,1D, 1R) is the sum of anomeric proton
corresponding to acetylated, deacetylated and substituted units (4.6ppm-4.7ppm), 2D is the integral value
of H2 of deacetylate unit and 2R is the integral value of H2 of substituted unit.

DLS

Dynamic Light Scattering (DLS) was performed using the Zetasizer Nano ZS (Malvern, United Kingdom)
with a fixed scattering angle of 173° and a 633-nm helium—neon laser. Data were analyzed using Zetasizer
software version 7.11 (Malvern, United Kingdom). For size analyses, solutions of 1 mg/mL were prepared
solubilizing Ch derivatives in 0.3 M sodium acetate pH 8 and Ch in 0.3 M sodium acetate/0.3 M acetic
acid. For Zeta Potential (Zp) analyses, starting stock solutions of 2 mg/mL were prepared by solubilizing
Ch derivatives in water and Ch in 0.3 M sodium acetate /0.3 M acetic acid. These solutions were then
diluted in water to the following concentrations: 1 mg/mL, 0.5 mg/mL, 0.2 mg/mL and 0.1 mg/mL. Each
solution concentration was filtered with a 0.22 um Syringe Filter made of cellulose acetate and analyzed
at 25°C with automatic measurement. Disposable polystyrene ZEN0040 and DTS1070 cuvettes were used
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for size and Zp measures, respectively. The molecular weight was calculated by the Stokes-Einstein equa-
tion.

CE analysis

The analysis of CDT was performed using a model PA 800 plus capillary electrophoresis system equipped
with a UV-DAD detector (Beckman Coulter, Brea, CA, USA). The evaluation of the capillary surface
ionization was performed through the measurement of the so-called streaming potential (SP) on a Capel-
205 electropherograph (Lumex, Fraserview Pl, BC, Canada), specifically equipped with a dedicated mod-
ule.

Data acquisition and processing were carried out using the PA 800 plus 32 Karat software for separation,
electrophoretic parameters and %CDT determination, and with Elforun 205 for the streaming potential
determination.

The reference method used for CDT analysis (named “traditional method”) is concisely described as fol-
lows: separation occurred in an uncoated fused-silica capillary of 50 um i.d. and 60 cm total length (50
cm from the injection end to the detection window) at a voltage of 25 kV in 120 mM borate buffer con-
taining 6 mM DAB, pH 8. The capillary cartridge temperature was maintained at 25°C. In the last exper-
iment, a capillary with 30 pm i.d. x 60 cm total length (50 cm to the detection window) was used with the
same running buffer composition. Because of a higher electrical resistance, the separation voltage was
increased to 30 kV for this particular analysis. The wavelength of detection is set at 200 nm. A commer-
cially available serum CDT test solution (consisting of a stabilized pool of sera of alcoholic patients) was
used as the test sample and injected by positive pressure at 3.5 kPa for 25 s. Prior to each run, the capillary
was sequentially rinsed with: (i) 0.1 M NaOH, (ii) 0.5 M borate at pH 8, and (iii) running buffer, at 345
kPa for 3 min each (9 min total). The capillary was also rinsed each day of use, before every analytical
session, with: (i) I M NaOH, (i1) deionized water, (iii) 0.5 M borate at pH 8, and (iv) running buffer at
345 kPa, for 5 min for each solution (20 min total). In the present study, Ch derivatives were, in turn,
added to the running buffer at different concentrations. The reference method, also referred as traditional
method, does not contain Ch derivatives.

The resolution between the peaks was determined by the following equation:
Eq.2
_ 2.0 (Mt — Mty)
(W, + Wy)

where Mt values correspond to the peak migration times and W to the peak widths at the baseline, and the
subscripts 1 and 2 refer to the two peaks of interest (specifically for our study: disialo-hTf, P, trisialo-
hTT, P3, Figure 1). The concentration of CDT (P2) was calculated from the integration of the electropher-
ogram peak area, as: P2 peak area/ )’ Tf peak area x 100.

RESULTS AND DISCUSSION

A multi-technique characterization of Ch derivatives was conducted, to measure physico-chemical prop-
erties (i.e., steric hindrance, charge, viscosity) and subsequently correlate them to the effects observed in
hTf glycoforms electrophoretic separation, where the CH derivatives are used as dynamic coatings.
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Figure 3. 'H NMR spectra of Ch derivatives in D,0 at 303 K: a) Ch-Ome-PEG, b) Ch-MF and c) Ch-QA.
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Table 1. 'H and 1°C NMR peaks identification of derivatives.

Ch-Ome-PEG Ch-MF  Ch-QA

(ppm) (ppm)  (ppm)
1-A 104 102.3 102.6
1-D 104 104.1 102.8
1-R 104 - 104,1
2-D 59.1 58.9 58.9
2-R 33.6 64.2 -
OAc 60.6 - -

3¢ N(Acx - - 55.7
Ac 24.8 25.1 24.8
10 - 108.3 -

11 - 111.9 -
12 - 15,5 -
2-A,3-17 - 81.4-47 -
2-A,3-9  77.3-41.9 - -
2-A, 3-11 - - 81.7-58.2
1-A 4.6 4.7 4.7
1-D 4.6 4.6 4.7
1-R 4.6 - 4.6
2-D 2.7 2.9 2.9
2-R 2.6 2.7 -
OAc 3.4 - -

g N(Aes - - 32
Ac 2.05 2.1 2.1
10 - 6 -

11 - 6.3 -

12 - 2.3 -

2-A,3-17 4.1-3.6 - -

2-A,3-9 - 4136 -

2-A,3-11 - - 4.0-3.6
Ch-Ome-PEG Ch-MF  Ch-QA

DS (%) 40 22 5
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Figure 3 illustrates the results from NMR analysis, which is one of the major methods used for determin-
ing the DA for chitosan [41] and DS for its derivatives [42,43]. In Table 1, the chemical shift values were
reported. The typical signals of chitosan are present: the peak at around 2 ppm corresponds to the acetyl
signal (Ac), the peak at around 3 ppm corresponds to the H2 (2-D) of the deacetylated unit, the peaks in
the range 4.0-3.5 ppm correspond to pyranose ring protons and to the H2 (2-A) of the acetylated unit, and
the peaks in the range 5.0-4.5 ppm correspond to anomeric signals H1. For all derivatives, in addition to
the characteristic peaks of the starting chitosan, the peaks corresponding to the different substituents are
present and the attributions were reported in detail in the spectra (Figure 3). The peaks were assigned by
HSQC-dept (Figure S1): the peak at around 2 ppm corresponds to the acetyl signal (Ac), the peaks in the
range 4.0-3.5 ppm correspond to pyranose ring protons, and the peak at 4.5 ppm corresponds to anomeric
signals H1; peaks in the range 2.9-2.6 ppm correspond, respectively to H2, substituted (H2-NHR) and not
substituted (H2-D), and to N"(CH3)3 group of Ch-QA; the peak at 3.4 ppm corresponds to -OCH3 group
of Ch-Ome-PEG. Supportive FTIR analysis is presented in Figure S2. Stokes-Einstein equation allowed
the determination of the DS. Ch-Ome-PEG resulted as the derivative more highly substituted with a DS
of' 40. Ch-MF and Ch-QA have a DS of 22 and 5, respectively. As expected, nucleophilic substitution and
amination lead to a higher DS, compared to condensation. The assessment of the Ch derivatives steric
hindrance and charges was performed by DLS analysis.

Table 2. Characterization of Ch and its derivatives by DLS and Zp.

Sample Rh (nm) MW (kDa) Zp (mV)

Ch 59(=x1.8)* 50 +6.1(£0.2)*
Ch-Ome-PEG  10.7(£0.1)** 152 +6.7(£0.2)***
Ch-MF 6.3(x0.6)** 55 +12.8(0.6)***
Ch-QA 6.1(£0.7)** 52 +49.5(%0.8)***

*in 0.3 M AcONa/0.3 M AcOOH
**in 0.3 M AcONa
*** in water

Table 2 reports the results of DLS and Zp measurements, which are useful to estimate molecular weights
and the electrostatic charging of Ch and its derivatives [44]. All the Ch derivatives showed a hydrody-
namic radius Rh, which is similar or higher than the pristine Ch, as a result of Ch backbone modification.
The analysis revealed a Rh of 10.7 nm (£0.1) for Ch-Ome-PEG, 6.3 nm (+0.6) for Ch-MF and 6.1 nm
(£0.7) for Ch-QA, to be compared with 5.9 nm (£1.8) for pristine Ch. Rh measurement enabled the esti-
mation of the derivatives MW, using the Stokes-Einstein equation: the Ch-Ome-PEG, with a MW of 152
kDa, was the heaviest molecule if compared with the other derivatives, Ch-MF (55 kDa) and Ch-QA (52
kDa), which did not substantially differ from pristine Ch (50 kDa). The results obtained for Ch-Ome-PEG
were comparable to those obtained using HP-SEC-TDA (Figure S3, Table S1), with an estimated MW of
184 kDa and a hydrodynamic radius of 13 nm. Because of a lack of solubility and interaction with the
stationary phase, it was not possible to analyze the Ch-MF and Ch-QA derivatives by HP-SEC-TDA.
Based on the results of Zp and MW, Ch-Ome-PEG holds the highest steric hindrance, if compared with
Ch-MF and Ch-QA. Higher Rh and MW are related to a higher degree of substitution (Table 1) and by
the arrangement of the Ch-Ome-PEG structure, characterized by long chains of CH>-CH>-O segments,
which affect the derivative 3D conformation.

All three derivatives were soluble in water, differently from pristine Ch, with Zp values ranging from a
minimum +6.7 mV (£0.2) for Ch-Ome-PEG to a maximum of +49.5 mV (+0.8) for Ch-QA. Ch-QA
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showed a significative increased charge, as expected by the introduction of quaternary ammine function-
ality onto the Ch polymeric structure. For completeness, Zp of pristine Ch was given in a solution of 0.3
M AcONa/0.3 M AcOOH: however, this value is not directly comparable to those of the derivatives, as
the test conditions were different.

The effect on the viscosity of an ideal solution to be applied in CE was investigated through shear stress
analysis on Ch derivative solutions, assessing the relationship between the mechanical behavior and
chemical properties of biopolymers solutions [45]. The rheological properties were investigated as varia-
tion of the viscosity as a function of the shear rate. Preliminary tests performed at different concentrations
of pristine Ch (Figure S4) showed, as expected, an increase of viscosity with increasing concentrations,
with viscosity remaining independent of the shear rate in the evaluated range. Ch derivatives rheology
were also analyzed to understand the difference in rheological properties (Figure S5). In the selected con-
centration ranges (5 mg/mL), the viscosity of Ch and Ch-QA was constant at about 3 mPa-s, showing a
Newtonian liquid behavior; differently, Ch-Ome-PEG and Ch-MF showed a pseudoplastic behavior with
the viscosity decreasing at increasing shear rates, within the ranges 1.5-4 mPa-s for Ch-Ome-PEG and 3-
4 mPa-s for Ch-MF. Nonetheless, note that Ch derivatives concentrations in the order of ng/mL, as those
used for CE tests, did not affect the water solution rheological behavior (data not shown).

To summarize the material characterization, all Ch derivatives were soluble in water after successful mod-
ification (with DS reported in Table 1). Ch-MF and Ch-QA showed a Rh around = 6 nm and a MW around
50 kDa, while Ch-Ome-PEG showed a higher Rh and MW (Rh 10.7 nm +0.1 and MW 152 kDa), having
increased steric hindrance. Ch-Ome-PEG and Ch-MF showed weak positive charge with a Zp around =
10 mV, Ch-QA reached a strong positive charge of = 50 mV, due to the presence of quaternary ammonium.

To assess the effect of Ch derivatives as dynamic coatings, they were added to the traditional running
buffer for CDT analysis, evaluating both migration times and peak resolution. The goal was to increase
the hTf glycoform peak resolution (R), whilst maintaining comparable migration times. Concentrations
of Ch derivatives higher than 1 pg/mL were characterized by poor reproducibility (preliminary tests, not
reported in the present work); as such, here we presented representative results at a lower concentration,
i.e., 100 ng/mL. Additional experiments at different concentrations are reported in the Supplemental In-
formation (Table S2).

Figure 4 shows the obtained electropherograms, with a comparison between the traditional method (i.e.,
the one described in the “CE analysis” section), where only DAB was used, and the proposed variations,
where Ch derivatives were added (in the presence of DAB). All electropherograms showed the character-
istic peaks, where immunoglobulins migrated first followed by the different glycoforms of hTf. The tra-
ditional method (Figure 4a) allowed the resolution, even if not at baseline level, of the peaks P2, P3, P4
and Ps. Tests performed adding Ch derivatives showed neat differences in peak resolution, particularly
between P> (disialo-hTf) and P3 (trisialo-hTf). For all methods, CDT% was assessed at around 13% of
total Tf. The methods involving the use of Ch-Ome-PEG (CDT% 13.35%) and Ch-MF (CDT% 13.33 %)
show CDT% very close values to the traditional method (CDT% 13.36%).
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Figure 4. Electropherograms obtained from: a) traditional CDT analysis (R= 1.14), (%CDT = 13.36% of total Tf); b) CDT analysis performed
with traditional running buffer added with 100 ng/mL Ch-Ome-PEG (R=1.35), (%CDT = 13.35% of total Tf); c) CDT analysis performed with
traditional running buffer added with 100 ng/mL Ch-MF (R=1.21), (%CDT = 13.33% of total Tf); d) CDT analysis performed with traditional
running buffer added with 100 ng/mL Ch-QA (R= 1.10), (%CDT= 9.13% of total Tf). Peaks are numbered as follows: P,= disialo-hTf; P3=
trisialo-hTf; P4= tetrasialo-hTf; Ps= pentasialo-hTf. AU = absorbance units at 200 nm wavelength.
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Figure 5. Summary of migration times of disialo-hTf glycoform (blue bar, left y-axis) and peak resolution between disialo-hTf and trisialo-
hTf glycoforms (green bar, right axis) and using Ch derivatives as dynamic coatings in capillary electrophoreris, at concentrations equal to
100 ng/mL. Standard deviation was calculated on the base of 5 multiple runs.

Figure 5 summarizes the results of peak resolution between disialo-hTf and trisialo-hTf glycoforms, to-
gether with disialo-hTf glycoform migration times. The peak resolution between disialo-hTf and trisialo-
hTf glycoforms increased in comparison to the traditional method, when Ch-Ome-PEG and Ch-MF were
used. In particular, Ch-Ome-PEG provided the highest resolution (R= 1.35) between disialo- and trisialo-
hTf. Under these conditions, the obtained resolution between the two peaks approached the desirable
value of R=1.5. Although Ch-MF addition provided a good resolution between disialo-hTf and trisialo-
hTf peaks (R=1.21), this advantage was not reflected in the separation between the tetrasialo-hTf and
pentasialo-hTf peaks (Figure 4c), which appear partially overlapped. The use of Ch-QA offered a rela-
tively good resolution (R=1.10), which however was not higher than that obtained with the traditional
buffer; also, it was characterized by a broadening of peaks P4 and PS5, probably due to spurious interac-
tions with the capillary wall. All experiments performed with Ch derivatives determined an overall in-
crease of migration times, suggesting a decrease of the velocity of the EOF. Although the increase of
migration times is generally undesirable, as it impacts the overall analysis time, the observed increase
could be accepted since it was positively counterbalanced by resolution improvements. To estimate the
degree of ionic interactions at the capillary wall, a condition generating the EOF, the streaming potential
(SP) was measured prior to every set of separations with each running buffer composition. In brief, SP is
an electric potential difference generated between the two ends of a fused-silica capillary, when an elec-
trolyte is pumped through it. It is dependent on solution viscosity, ionic diffusivity, electric constant, zeta
potential, and hydrodynamic radius, i.e., factors also affecting EOF. Results (Table S3) show that SP val-
ues measured in the presence of the Ch derivatives slightly change from the traditional running buffer,
with Ch-Ome-PEG showing the highest value and the highest migration times.

In terms of separation improvements, Ch-Ome-PEG proved to be the most promising additive, offering
the highest increase of resolution. Considering the physico-chemical characterization of the derivatives,
this effect could be related to the high steric hindrance (determined by DLS and HP-SEC analysis), which
may provide a better shielding of the capillary wall from the adsorption of macromolecules, such as hTf.
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Furthermore, we speculate that the long chains of Ome-PEG may have created higher restriction to the
mobility of the hTf glycoforms, thus reducing the random changes of conformation of the macromolecules
and consequently their inhomogeneity. Although the improvement in separation compared to the tradi-
tional method could seem relatively small, we were able to prove that modified chitosan-based dynamic
coatings may have a positive effect on the separation of hTf glycofoms, demonstrating their ability to
shield the capillary surface from interactions with macromolecules. However, further optimization and
validation of the method using chitosan-based dynamic coating is necessary to propose this additive in a
new analytical CE method.

While most of the current routine CE methods for CDT analysis typically adopt fused-silica capillaries
with an inner diameter of 25-30 um, to reduce peak broadening, in the present work, a 50 pm diameter
capillary was used to limit the issues arising when applying solutions with very different viscosity. An
improvement of the peak sharpness is, hence, expected adopting thinner capillaries for the development
of a new CE method which implies the use of derivatized chitosan. In Figure 6, an electropherogram of
hTf conducted in a 30 um i.d. capillary using a running buffer containing 100 ng/mL Ch-Ome-PEG is
illustrated. Although not specifically optimized, the use of a smaller capillary diameter provided am even
better resolution (i.e., R=1.49), in comparison to the 50 um i.d. capillary, with the separation of the two
peaks of interest almost at the baseline. This strongly suggests further benefits from the adoption of Ch
derivatives for the development of a new optimized method for CDT analysis.
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Figure 6. Electropherogram obtained from CDT analysis performed with traditional running buffer added with 100 ng/mL Ch-Ome-PEG (R=
1.49) (CDT % = 4.5%, of total Tf) in a capillary with 30 um i.d. and 30 kV separation voltage. Peaks are numbered as follows: P,= disialo-hTf;
P3= trisialo-hTf; P4= tetrasialo-hTf; Ps= pentasialo-hTf. AU = absorbance units at 200 nm wavelength.

CONCLUSIONS

In conclusion, the present study was focused on the preparation and characterization of water-soluble
derivatives of chitosan, an abundant polysaccharide, and on the preliminary assessment of their use as
dynamic coatings for CE separation of macromolecules. Specifically, we tested the use chitosan
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derivatives for human transferrin separation, in order to improve peak resolution of one of its glycoforms,
i.e. CDT, a typical biomarker of chronic alcohol abuse.

Chitosan has been modified successfully via three reactions, using nucleophilic substitution, reductive
amination, and condensation. The results have shown that the type of modifications introduced in the
chitosan molecule have distinct influence on the resolution of the hTf glycoforms, being Ch-Ome-PEG
the most promising additive. Future studies will be needed to achieve proper optimization and validation
of the proposed method for CDT analysis. Although more work should be done in this direction, the
present study may open the way to a new class of dynamic coating agents to be adopted in CE, where the
problem of hindering the adsorption of the analytes on the capillary walls is still an open issue. As an
additional perspective, in future, we envision the use of modified chitosans as dynamic coatings for other
applications, e.g. the CE separation of DNA fragments and drugs. Considering the chiral nature of Ch, its
potential could also be tested with enantiomeric species.
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SUPPORTING INFORMATON

HSQC-dept spectra, HP-SEC-TDA of Ch-Ome-PEG and Ch, Rheology: viscosity behavior of Ch at dif-
ferent concentration, Capillary Electrophoresis: peak resolution results and migration times using Ch de-
rivatives as dynamic coating at different concentrations (PDF).
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