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Abstract 

High plasma cholesterol (hypercholesterolemia) is a potential consequence of obesity 

that is becoming a major public health challenge. Excess caloric intake without a 

corresponding increase in energy expenditure is believed to be the major contributing factor to 

weight gain among Canadians leading to hypercholesterolemia. This ‘silent killer’, 

hypercholesterolemia is characterized by increased low-density lipoprotein cholesterol (LDL–

C) that increases the risk of cardiovascular diseases which are still the leading cause of death 

and disability worldwide. Bile acid sequestrants (BAS), such as cholestyramine are positively 

charged indigestible resins that have been widely used for the treatment of 

hypercholesterolemia. However, it has many side effects, such as increasing the triglycerides 

level, constipation, flatulence, and abdominal pain all of which are due to its hydrophobic 

nature and large dose required for treatment.  

Biopolymers are naturally occurring polymers and the polysaccharides (PS) is one of 

the subclasses, including cellulose, hemicellulose, starch, lignin, and chitin chitosan, gums etc. 

Among the PSs, cellulose is the most abundant and chitin the second. The amorphous regions 

of cellulose and chitin can be dissociated by acid hydrolysis, yielding high aspect-ratio rigid 

rod-like nanocrystals called cellulose nanocrystals (CNC) and chitin nanowhiskers (Cht.NWs). 

Moreover, chitosan (CS), which has a myriad of biomedical applications reported over the past 

centuries, can also be derived from chitin. All these nanoparticles (NPs) are proven to be 

excellent candidates for various applications as they possess S.M.A.R.T.© characteristics, 

which are sustainable, modifiable (due to the abundant surface primary hydroxyl groups), 

active (highly dispersible in water and shows physicochemical activity) renewable (easy 

surface modification making them renewable), and non-toxic (being natural, they are 

biocompatible). Thus, there is a significant motivation to modify these NPs with different 

cationic functional groups or polymers providing a platform to develop more efficacious 

natural polysaccharide nanomaterial (PS-NM) as BASs.  
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In this Ph.D. study, PS-NMs based biocompatible BASs were synthesized via the 

grafting of compounds with different quaternary ammonium groups (QAGs) (e.g. glycidyl 

trimethylammonium chloride i.e. GTMAC) or amino polymers (e.g. poly[2-(dimethylamino) 

ethyl methacrylate] i.e. PDMAEMA) onto CNCs, Cht.NWs and/or CS yielding 

quaternized/cationic NPs (Q-NP/C-NPs) with varying degrees of surface charge densities. The 

syntheses suggested that the (CNC/Cht.NW):(QAG containing compounds) of 1:10 yielded 

the largest surface charges. After purification, these Q-NPs were then characterized and 

evaluated using FTIR, dynamic and static light scattering (for structure confirmation, size, and 

zeta potential), potentiometric titration (for QAG or tertiary amino groups content, binding 

capacity), transmission electron microscopy (for the morphology of NPs), and UV-Vis 

spectroscopy. Most of the synthesized NPs possessed good aqueous dispersibility with 

diameters (DH) within the nano range (< 1µm), and the zetapotential (ZP) to be within the 

colloidally stable range (≥ ± 25 mV). The quaternary ammonium groups (QAGs) validated 

their high ZP values and the QAGs were from 0.8 mmol/g to 2.9 mmol/g. 

The PS based NMs were strongly cationic, and they could be used to sequester 

negatively charged ligands (eg., anionic dyes or impurities, the bile salts from human GI 

systems, etc.) from aqueous samples in effluent treatment or reduced the LDL–C levels. 

Initially, the batch adsorption tests (BATs) with all these NMs were conducted using methyl 

orange (MO), a negatively charged dye as a model compound due to the lack of available 

techniques to quantify bile salts. The Qmax determined from the Langmuir Isotherm fitting 

model (~ 200 mg/g) strongly suggested that the nano-systems were excellent sequestrants for 

anionic compounds. Their scavenging performance for bile salt were evaluated using sodium 

cholate (SC or Na-Ch), one of the bile salts/acids (BS/BA) in the human body. The Qmax values 

were higher (Qmax for most of the NMs were > 300 mg/g) than MO, suggesting that the 

scavenging effects for SC were higher due to the combination of all three binding mechanisms, 

namely electrostatic, hydrophobic, and hydrogen bonding.  

An electrochemical based sensor for detecting SC was developed to quantify free or 

unbound BA/BSs in aqueous solutions. The Qmax data obtained from the BAT using this sensor 
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showed promising binding of NMs with SC that further reinforced that all the NMs developed 

in this study were active bile acid sequestrants. In addition, from the carbon dioxide evolution 

analysis using Baker’s yeast, the PS-NM developed in this doctoral research displayed toxicity 

below that of cholestyramine, the widely used BAS in the market. Binding kinetics 

experiments showed the adsorption of SC onto these NPs was faster than cholestyramine, 

which suggested that the PS-NMs could be the BASs of choice and in vivo studies animal 

should be pursued.  
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In such conditions, these NPs may still work for the cessation of ‘progressive’ obesity 
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These phenomena of Zwitterions also shed light on why and how the Q–CNCs exhibit 

some degrees of aggregations in colloidal suspensions. 74 

Figure 3.9: A) FTIR spectra of (i) raw material (corn stalk); (ii) the extracted cellulose; and 

(iii) the CNCs. Reused from. B) FTIR spectra of (a) unmodified sulfuric-acid-

hydrolyzed CNCs and (b) GTMAC-CNCs. Reused from. C) FTIR spectra of NCCTM 

and the corresponding DS–CNCs showing the reduction of the peak heights @ 1033 

cm–1 which is reported to be for the —OSO3
— groups (very subtle, and discernible easily 

if zoomed in). D) FTIR spectra of all the corresponding Q–CNCs based on the gradient 

DS–CNCs. Literature reported the peaks would be more intense than its precursors and 

we had such agreement for the synthesized Q–CNCs. Individual plots (not presented 

here) of DS–CNCx and respective Q–CNCx showed the distinct difference of peaks’ 

intensities although no new peaks were discernible. 76 

Figure 3.10: A) An acid–base conductometric titration curve & the equation utilized for 

determining the sulfate half ester (SHE) contents (mmoles/Kg of the CNC). Usually, 

three distinct zones are observed in such forms of conductometric titration plots, and in 

this case the volume (mL) required to neutralize the acidic forms of the SHE groups in 

zone–2 is the number considered for calculation. B) AgNO3 mediated conductometric 

titration plots for determining the QAG contents and the equations used to determine 

various parameters. 78 

Figure 3.11: A) The QAG contents of all the synthesized Q–CNCs which were determined 

from the equivalence (end) points obtained in the conductometric titrations of the 10 

mM AgNO3 with individual NPs. B) Comparison of the degrees of substitution of QAG 
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onto the NPs’ surfaces with the QAG contents. Essentially, a higher achieved DS from 

a higher reaction efficiency (RE%) usually ensures a greater amount of grafting of the 

QAG, which was one of the expected outcomes for the target-specific application. C) 

Comparison of SHE and QAG contents of the modified CNCs (M–CNCs). The QAG 

contents exhibited a pattern of gradient increase over the Q–CNCs especially for those 

that were synthesized from the gradient desulfated CNCs (DS–CNCs) with decreasing 

contents of surface —OSO3
— groups. D) The DS and CRE% of all the Q–CNCs made 

from DS–CNCs. 80 

Figure 3.12: A) Summary of the average sizes (DH) and ZP of all the DS–CNCs and the 

CNCMCC. Here the gradient reduction of the surface negative charges of these NPs also 

establishes the fact of gradient removal (desulfation) of surface SHE groups (—OSO3
—

). Due to such phenomena, interparticle repulsions got reduced and aggregations of the 

NPs were seen from the DH data. B) Gradient increasing trend of surface cationic 

charges of the Q–CNCs obtained from the corresponding DS–CNCs. In this case, being 

the Q–CNCs Zwitterionic, inconclusive trends of aggregation of the NPs were seen from 

the DH data. C) Effect of organic solvents as the media of cationization reaction, giving 

the highest cationization for the DS–CNCa in THF solvent (an ether). D) Summary of 

DH and ZP of the Q–CNCs obtained from different cationization reactions done in 

DMSO, IPA, & THF solvents. 84 

Figure 3.13: Summary of the average aggregate sizes (DH) in A) and the average ZPs in B) 

of the three chosen Q–CNCs for which the ZPs were found highest discussed earlier. 85 

Figure 3.14: TEM images of pristine CNCs (NCCTM), the DS–CNCs and the CNCMCC 

shown on the top row. Although the aqueous suspensions of the samples were made in 

diluted concentrations and sonicated prior to pipette onto the CFC grids, they showed 

interparticle aggregation due to drying. The bottom row shows the TEM images of 

representative Q–CNCs samples made and dried similarly to the other NPs as mentioned 

above. 87 

Figure 3.15: Schematic representations of all probable interactions of MO with NP systems. 

The figure explains a fraction of the overall adsorption @ the surfaces is still possible 
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even though the NP is negatively charged, and this is feasible due to the existence of 

other non-electrostatic binding forces (hydrophobic interactions, H-bondings etc.). A 

strong complex of NP–MO is possible for the cationic NPs even though the NPs are 

happened to be Zwitterionic. 89 

Figure 3.16: A) The calibration curves of filtered and unfiltered MO reference stock 

solutions. B) Average of the two calibration curves obtained for the filtered and 

unfiltered ref. solutions of MO. C) Average DH and the calculated Qmax from the BAT 

with MO for the chosen NPs. The BATs were done in RT, in inherent (neutral) pH, and 

the amount/mass of the individual NPs added into the BAT vials was the same for all 

conc. of the MO. and for the DH measurements, the conc. of the individual NP was at 

0.05% (w/v) aq. suspension. D) Average ZP and the calculated Qmax from the BAT with 

MO for the chosen NPs. 91 

Figure 3.17: A) The outlook of sonicated aq. DS–CNCa at two different conc. (0.05 & 0.1 

%, w/v) in 50 mM and 100 mM NaCl solutions. All the suspensions became cloudier 

after the dispersions were made in the NaCl solutions due to the significant extent of 

aggregation as a result of the charge shielding. Such aggregations are evident from the 

DH and the ZP data presented in plot–B). Both controls (NCCTM and DS–CNCa) at a 

conc. of 1 mg/mL (0.1%, w/v) were considered for conducting the BATs in charge 

shielded state with the MO. C) Plot comparing/summarizing the ZP, and the Qmax values 

obtained from the BATs with MO through the LMAI linear fitting model. D) Plot 

summarizing the DH and Qmax values of the charge-shielded controls. 94 

Figure 3.18: A) The possible mechanisms of physicochemical adsorption of SC onto the 

surface of a Q–CNC system. During the BATs, most of the Q–CNCs showed distinct 

and visible aggregates and the commencement of such lumps started appearing slowly 

the moment after adding the NPs into the vessel containing the aq. solutions of SC. 

Although the mixture got a bit cloudy for NCCTM, cloudier for DS–CNCs or CNCMCC, 

no distinct aggregates were visible for such NP systems. B) & C) Calibration curves of 

aq. reference solutions of SC constructed through conductance and UV–Vis 

measurements, respectively. 96 
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Figure 3.19: The Qmax values obtained for SC through the LMAI linear fitting from the 

BATs via A) Conductance measurements, and B) UV–Vis measurements. The plots C) 

and D) summarized those Qmax values with the ZP and the DH respectively. 98 

Figure 4.1: A) Molecular structure of commercially available CS (DD = 85%) showing the 

groups/positions that can be functionalized: chemical modifications are feasible on the 

C–6 @ the primary alcoholic groups and on the —NH2 groups @ C–2. Due to a very 

strong steric hindrance, no chemical modification is possible on the —OH groups @ C–

3. The available free —NH2 groups @ C–2 are the primary amines which always gets 

protonated at any pH below ~8 (thus pH responsive) to provide cationic functionalities 

of the molecule. B) A basic representative of cationic CS where many of the —OH 

groups (depending on reaction efficiencies) @ C–6 have been functionalized with 

GTMAC making the CS permanently cationic (the Q–CS), regardless of the pH. 103 

Figure 4.2: A) Reaction mechanism of synthesis of DDEAC surfactant containing epoxide 

ring within the structure. B) DDEAC synthesis setup and outlook of the final product as 

in solution in IPA. Stored in RT after recording the conc. via the GA while the yield was 

also recorded. 105 

Figure 4.3: Schematic representation of the quaternization (a de novo synthesis) of DS–

CNC6 with the synthesized DDEAC. A) Reaction steps showing the SN2 reaction and 

the final Q–NP, structurally which is a Zwitterion having a C–12 hydrophobe (dodecyl 

alkyl chain) onto the grafted QAG. B) Schematic of the reaction setup at the laboratory 

scale, the insert represents the purified Q–C12–CNC6 Zwitterions which was then stored 

under refrigeration as the never dried suspension for further usage. 107 

Figure 4.4: A) Schematic representation of the reaction scheme for the synthesis of Q–CS 

(HTCC). B) The overall reaction setup and purification of HTCC. The purified HTCC 

was found completely water soluble and was seen as slightly yellow/brown in aq. 

solution. The solution was stored at RT recording the conc. (obtained via GA) and was 

ready to use. 109 

Figure 4.5: A) Reaction scheme and laboratory setup for the synthesis of A) TEMPO 

oxidized CNC from a selected DS–CNC or NCCTM, and B) the QCS–g–CNCOX from 
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the oxidized CNC NPs, which are structurally considered as a block type (M–N–M type) 

NPs and are Zwitterions having traces of both of the SHE groups (—OSO3
—) and —

COO— groups along with the grafted Q–CS fibers. This overall cationic NPs were stored 

in the fridge for longer storage as the never dried suspensions, recording the conc. and 

yield%. In both cases of the syntheses, the NPs obtained was found less stable, 

especially the DS–CNCOX which readily settled down at the bottom form the 

dispersions. The QCS–g–CNCOX NPs were found a bit more stable than those of the 

CNCOX NPs. 111 

Figure 4.6: A) Synthesis set up and steps of pQDMAEMA with the monomer DMAEMA. 

B) Corresponding polymerization reaction scheme of the synthesis from DS–CNCx via 

ATRP. 113 

Figure 4.7: Quaternization of the pDMAEMA–g–CNC using MeI at the RT192,193. The 

pQDMAEMA–g–CNC is structurally a Zwitterion, and a significant extent of 

aggregation was seen in the post dialyzed suspension, which was stored at 4–80C. 115 

Figure 4.8: Schematic structural representations of Zwitterionic NPs to be discussed in this 

chapter, A) the Q–C12–CNC6, B) the QCS–g–CNCx, and C) the pQDMAEMA–g–

CNCx NPs which resemble like the bottle-brush. The associated counter ions for the 

QAGs are chloride (Cl—) for A) and B), and for the C) it is iodide (I—) 115 

Figure 4.9: A) SFT plot of DDEAC obtained from the Tensiometer. B) DDEAC molecule’s 

chemical structure and schematic representation of the micelles. C) Fate of the DDEAC 

molecules at the water–air interface as the conc./no. of the molecules increases due to 

addition. 117 

Figure 4.10: A) Percentage yield of the selected NPs synthesized. Here, except for the Q–

CS, all the NPs are structurally considered as Zwitterions where, the QCS–g–MCCa (or 

in another written format QCS–g–CNCMCC) was the least or non-Zwitterions. B) The 

quaternary ammonium groups (QAG) contents determined from the AgNO3 mediated 

conductometric titrations. C) The N,N-dimethyl-N-dodecyl amine monomer showing 

point of polymerization and the formation of tertiary (30) amino groups (due to 
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protonation) that can be quantifiable by HCl—NaOH mediated conductometric titration.

 119 

Figure 4.11: FT–IR spectra of A) CNC, Q–C12–CNC, and the pQDMAEMA–g–CNC 

showing some characteristic peaks, and B) the CNCOX, Q–CS, and the QCS–g–CNCs 

with notable characteristic peaks. 120 

Figure 4.12: A) Average aggregate sizes (DH) and the ZP of selected NPs. B) Experimental 

pH of the aq. suspensions of the NPs. C) The ave. DH – pH profile of the three selected 

NPs (Zwitterions), and D) The ZP – pH profile of the three selected NPs. 123 

Figure 4.13: Best possible obtained TEM images of the cationic (Zwitterionic) NMs 

systems; the Q–C12–CNC6, Q–CS, QCS–g–CNCa, QCS–g–CNCMCC, and the 

pQDMAEMA–CNCs. 125 

Figure 4.14: A) The sodium cholate molecule and its two different faces in flat 

stereochemical conformation (schematic). B) Schematic illustration of the Q–C12–

CNC6 and the complex formed with SC due to the physicochemical adsorption via ionic 

interactions (attractive long-range force, predominant, H–bonding as well as the 

hydrophobic interactions. Once the NP gets fully saturated as the monolayer formed, it 

is least likely to form another layer of adsorbates (the SC in this case) over the already 

formed monolayered complex. The dispersibilities of the NPs were seen drastically and 

significantly decreased right after the complexes were formed. 126 

Figure 4.15: Comparison of the Qmax values for the Q–C12–CNC6, brush–CNC, and the Q–

CS with A) average ZP and, B) average DH. C) The Qmax values of the three NPs 

obtained from the BATs where the quantifications were done via conductance 

measurements. For A), B), and C) the QCS–g–CNCs were under synthesis. D) Qmax 

values for all the NPs via UV-Vis method. 127 

Figure 5.1: A) Sources of chitin from sustainable sources and how chitin exists inside the 

exoskeletons. Here, I: Plywood structure of chitin, II: Ch-MFs in the matrix, and III: 

Mechanically extracted individual chitin NFs from the demineralized and deproteinized 

pure α–Chitin (powder). The insert to the right shows the crystalline (ordered, resistant 

to acid hydrolysis) and amorphous (disoriented/disordered, easily accessible for and 
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prone to acidic hydrolysis) region of individual bundle of chitin fibers. B) Parallel anti-

parallel and mixed alignment polymorphs of chitin showing their different orientations 

of chains. The arrow indicates the reducing terminus/end. C) Basic chemical structure 

of the α–Chitin skeleton showing the glucosamine (GA) and N-Acetyl glucosamine 

(NAGA) attaching through the β-(1→4) linkages. Here the position 2 (C–2, for the 

acetamido groups) and position 6 (C–6, for the 10 alcoholic groups, CH2OH) of the 

glucopyranose unit are the positions where most of the chemical functionalization 

occurs. A) & B) Adapted from194,196,198,199. 132 

Figure 5.2: Microscopic images of A) Chitin nanofibers or nanochitin (Cht.NFs), and B) 

chitin nanowhiskers or nanocrystals (Cht.NWs or Cht.NCs). Adapted form198,211–214. 134 

Figure 5.3: A) Overall roadmap for the defibrillation of the chitin to produce Cht.NFs from 

the deacetylation of α-Chitin powder. Adapted from215. B) Deacetylation reaction steps 

at molecular level showing the partial deacetylation giving rise to the 10 amino groups 

onto the surfaces. Drawn and adapted from224. C) Processing of deacetylation at 

laboratory scale from reaction to purification steps. The De–Cht.B was found very 

unstable and within few hours, they form loosely settled sediments at the base of the 

contained bottle or glassware. Several pilot batches of De–Cht.B were made and 

instantly non–using products were kept in the fridge (2–80C) for longer storage. 137 

Figure 5.4: A) The processing of the De–Cht.B dispersions for mechanical pre–treatment 

prior to run through the microfluidizer (μFD): from pH adjustment to multiple cycles of 

homogenization/sonication. The snapshot of table enlists a few specific parameters for 

the sonication steps. B) Schematic illustration for the impact of the mechanical pre–

treatment steps on the bundled De–Cht.B fibers which get slightly loosened up as such. 

Drawn from206. C) Schematic of the operational principal of the μFD. D) The steps 

showing how the multiple cycles of runs passed though the in–house μFD to 

obtain/collect the Cht.NFs_P1-5. For the pass–2 and above, the channels/pathway of the 

μFD was flushed, let bleed, and collected in the same vessel with only a few mL of MQ 

water (~5 mL) before the collected content was dumped into the feeding (inlet 
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reservoir). Thus, gradually increased dilution effects (for conc.) were seen as expected 

for the Cht.NFs samples which are > pass–1. 139 

Figure 5.5: The Cht.NF_P1–5 solutions after the collections from the microfluidizer, μFD 

(the top row; before dialysis) and the purified solution after the dialysis. The relative 

viscosity was found increasing towards the Cht.NF_P5 solution just through the visual 

inspection (glass rod assisted) by the experimenter. 140 

Figure 5.6: Schematic representation of the acidolysis of chitin’s bundled microfibrils206, 

and the particle structure of the Cht.NWs (to the right). The bottom row shows the 

extraction and the purification steps of the of the Cht.NWs from the commercially 

available –chitin powder. Several pilot batches of Cht.NWs were extracted, stored at the 

fridge, and utilized as required. 142 

Figure 5.7: A) The etherification SN2 reaction for the grafting of GTMAC onto the surface 

10 alcoholic groups (—CH2OH) producing the Q–Cht.NWa. B) The overall process of 

the synthesis and purification of the cationic chitin NWs (the Q–Cht.NWa). The purified 

NWs were found to retain their stability up to ~24 hrs, as after that loosely formed and 

easily redispersible sediment was seen to form at the bottom of the container. 144 

Figure 5.8: A) The modified BATs done with Cht.NFs and Cht.NWs for MO of 10 different 

concentrations (50–500 ppm) at RT on a shaker. The data obtained from the UV-Vis 

measurement @ λmax (after appropriate dilutions as required) was then fitted through the 

linearized Langmuir Monolayer Adsorption Isotherm (LMAI). B) Molecular structure 

of MO and schematic representations of monolayer adsorption of the MO molecules 

onto the nanocrystals (NCs) of sustainable nanomaterials (e.g., Q–CNCs or Q–

Cht.NWs). 146 

Figure 5.9: A) The percentage yields of the chitin derivatives including NFs and NWs. B) 

The schematic representation of the quaternized Cht.NWa, of which in aq. suspensions, 

the available surface (—NH2) groups got protonated making them more cationic over 

the grafted QAGs at the protruded 10 alcoholic groups (—CH2OH). 147 
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Figure 5.10: A) Freeze–dried samples of the α–chitin derivatives. B) Notable peaks of 

Chitin and chitin–NWs from literature. C) & D) FT–IR spectra of the α–chitin and all 

chitin derivatives, including the NFs, NWs, and the Q–Cht.NWs. 148 

Figure 5.11: A) The QAG contents and the protonated —NH2 groups’ contents of chitin 

based NMs determined through conductometric titrations using 0.01 M AgNO3 and 0.1 

M NaOH respectively as the titrant. B) A representative plot where two modes of 

conductometric titrations were plotted in the same graph. 150 

Figure 5.12: The prepared dispersions of α–chitin and its derivatives. The commercial α–

chitin is insoluble/non–dispersible in MQ water and thus a lower conc. (0.05%, w/v) of 

the suspensions was prepared and adjusted the pH. For the chitin NFs prepared (0.1%, 

w/v) derived from the 5 different passes @ µFD, more thick suspensions were seen for 

the vials having the adjusted pH of ~7 and ~10. The Cht.NWa and the further 

deacetylated NWs (Cht.NWab) were found stable at any pH without any precipitation or 

sediment/cake formation, but the later were seen cloudier at the same conc. The ZP/DH 

of any GTMAC grafted NPs were seen not so variant over pH changes in the previous 

chapters. The inherent pH of the post–dialyzed Q–Cht.NWa were found > ~5.6, thus 

only the three different pH adjusted suspensions were prepared in this case. 152 

Figure 5.13: A) Average aggregates’ sizes (DH) and the ZPs of commercial α-chitin and its 

derivatives: deacetylated chitin (alkaline; De–Cht.B), chitin nanowhiskers (Cht.NWa), 

deacetylated chitin nanowhiskers (Cht.NWab), and quaternized chitin nanowhiskers (Q–

Cht.NWa). B) Comparison of DH and ZPs of Q–Cht.NWa and the Cht.NF_Px NMs along 

with the quaternized chitosan (Q–CS). C) and D) Effect of different pH on the DH and 

the ZPs respectively for the chitin derivatives. The ZPs of the De–Cht.B, Cht.NWa and 

the Cht.NWab were found negative at alkaline pH (pH ~10) most probably due to the 

deprotonation of the primary alcoholic groups at C–6 producing the anionic alkoxy (—

CH2O
—) ions. At that strongly alkaline pH (~10), all the protonated amino groups (—

N+H3) would be deprotonated and would thus revert back to the uncharged primary 

amino groups, PAGs (—NH2). 154 
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Figure 5.14: Effect of various pH of the dispersion medium on the A) DH of the De–Cht.B 

(Cht.MF_P0) and the Cht.NF_P1–5, and B) ZPs of the same NPs. 156 

Figure 5.15: The TEM images of the extracted Chitin derivatives: the Cht.NFs and the Q–

Cht.NWs. 157 

Figure 5.16: A) The determined Qmax values obtained from the linearized Langmuir 

Monolayer Adsorption Isotherm (LMAI) of the chitin derivatives and comparisons of 

the Qmax values of some selected NPs with the chitin derivatives against the ZP values. 

B) Same data against the aggregates’ sizes (DH) explaining the possible relationship 

between the surface charges and the adsorption.  The Qmax values of the five different 

Cht.NFs from 5 different passes are plotted against the C) ZP values and D) the 

aggregate sizes (DH). Here, the P-0 is the De–Cht.B. 159 

Figure 5.17:  The schematic representation of all the probable in-effect forces that are 

responsible for binding/adsorption between the cationic NPs and the anionic MO 

molecules. The top image is for the Q–CNC NPs and the bottom is for the Q–Cht.NWa. 

The Q–Cht.NWa possess surface PAGs (—NH2) that got protonated @ the pH of ~7 and 

thus are able to establish the additional ionic attractive forces between the —N+H3 

groups and the sulfonate groups (—SO3
—) of the MO molecule during the BATs. Such 

phenomena explain the most likely reason of greater extent of MO adsorption by the Q–

Cht.NWa over the Q–CNCs. 160 

Figure 6.1: Common techniques utilized for detection of BS, their advantages and 

disadvantages. Except the enzyme kit, all the methods are used at industrial scale of 

detection. Table drawn and adapted from143. 165 

Figure 6.2: A) UV–Vis spectra of aqueous solution of sodium cholate (SC). The peak 

appeared was for cyclohexane ring, and doesn’t show any hypsochromic/bathochromic 

(blue/red) or hypo–/hyperchromic shift based on the changes in conc. The chemical 

structure of the SC is shown just below the spectrogram. B) A basic schematic of an 

electrochemical cell consisting of the ISE (half–cell) and the RE (a Ag/AgCl electrode, 

another half–cell) connected to a voltameter or a benchtop pH meter. For the RE, the 
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inner solution used was the aq. 3M KCl saturated with AgCl for which the known half-

cell potential is +0.2225 V (with respect to the standard H–electrode). 167 

Figure 6.3: A) The schematic illustration of the components of CSE showing all the 4 parts 

of that half–cell. B) The success in preparing the unprecedented CSM for the 1st time 

after several trials and errors. The during the working mechanism of the electrode 

system, this CSM is considered as the salt bridge. C) The Ag/AgCl reference electrode, 

RE (a half cell) to be used to construct a full electrochemical cell (E–Cell). 170 

Figure 6.4: The cell diagram (shorthand notation) of the E–cell to be used in this chapter’s 

work which is the quantification of SC from unknown conc. of the samples obtained 

from the BATs conducted between SC and the selected developed NMs. 171 

Figure 6.5: The two possible mechanisms of electromotive potential (EMF) development 

at different phase boundaries: the bulk/CSM, the CSM/inner filling solution, & the inner 

solution/Ag–electrode. These two mechanisms of EMF development across the CSM 

(shown in the bottom part of the image) are the most described in literature. Image not 

drawn to scale and proportions; the numbers of various arrows are NOT indicative of 

corresponding numbers of ions shown, wherever applicable. 176 

Figure 6.6: A) A retrograde flowchart indicating the stepwise construction of a CSE starting 

from the synthesis of the ionophore. B) Molecular reactants for the synthesis of the 

ionophore called benzyldimethylcetylammonium–cholate (BDMCA–Cholate). C) 

Casting of CSM prepared from PVC, ionophore and plasticizer. The zoomed insert 

shows the outlook of the casted and dried flexible CSM where the ionophore molecules 

are embedded and distributed. 178 

Figure 6.7: Synthesis and purification of BDMCA–Cholate ionophore (lipophilic in 

nature). 179 

Figure 6.8: The overall procedure of CSM casting. The CSM have three components: PVC 

(HMW) as the base material, DOS as the most used plasticizer with PVC, and the 

BDMCA.Ch ionophore which had been synthesized in house. A ration of PVC : DOS : 

Ionophore = 32 : 63 : 5 (wt.) was followed per CSM. The ionophore solution (THF is 
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the solvent) starts precipitating out gradually when solution temperature decreases 

below 550C (say, ~500C). 181 

Figure 6.9: Stepwise fabrication of the electrode heads with the cholate selective membrane 

(CSM) and curing of the glued CSMs, followed by conditioning. After analyses of 

several results, this conditioning step was discarded as it failed to revert the desensitized 

CSM/tips back to their pristine conditions. Additionally, usage of ionophore was meant 

to eliminate the conditioning steps for any ion selective electrodes (ISEs). 184 

Figure 6.10: A basic representation of the process of constructing EMF (mV) vs Log (CM) 

calibration curves through continuous addition modes, conducted with the E–cell 

composed of CSE & a RE. The 10 mM NaCl (ISA) is used the blank. The inner filling 

solution for the CSE was 10 mM SC prepared in ISA, and the for the RE, it was the 3 

M KCl solution saturated with AgCl. The calibration curves were conducted at RT and 

the EMF reading for each data points were taken at least in triplicate manner to report 

the average. 186 

Figure 6.11: Schematic illustration of the methods of producing calibration curve by 

Tensiometry and Conductometry. For the latter case, the whole experiment was 

conducted in MQ water including the preparations of the four concentrated reference 

solutions of SC. The 60 data points (SFT or the sp. conductance) obtained in triplicate 

manner in both cases were baseline corrected and then plotted against Log (CM) (for 

Tensiometry) or against the C (for Conductometry). 188 

Figure 6.12: Steps showing the overall BAT of a selected NM with SC followed by the 

detection of unbound/free SC left in the post–adsorption liquid. The BATs for all the 

selected NMs were done in the same way and for each individual Falcon tube in each 

test, the new/unused tip as well as fresh inner solutions for both electrodes were used to 

maintain consistency of results. Except for the anionic or neutral NMs, all the other 

NMs’ BATs’ tubes got cloudy during and after the adsorption tests, and visible 

aggregates/lumps were seen for all the tubes of ascending conc. of the SC. The 

quantification of the free SC from each tube was tedious & time consuming, and thus at 

times that portion was divided in two days, where applicable. 191 
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Figure 6.13: Adsorption kinetic tests (AKTs) of NMs followed by quantification of the free 

SC in the collected samples at different time intervals. 193 

Figure 6.14: A) The FT–IR spectra of SC, 16–BAC (the cationic detergent, BDMCA–

Chloride), and the synthesized ionophore, BDMCA–Cholate. B) Chemical structure of 

the ionophore showing the newly formed bond —N- - -O— between the 16–BAC and 

the SC. 194 

Figure 6.15: A) Effect of the strength of inner filling solutions for the CSE on the EMF 

responses over a range of conc.: 50 µM–25 mM SC prepared in ISA. The CMCs, 

enlisted below the plot, were determined form the visibly distinct breakpoints of the 

calibration plots which are not easily discernible from this combined plot of the average 

data. B) The average (from T–1 & T–2) of cal. curves obtained from two of the 

representative tips from that respective batch of the casted CSM. Inconsistent results 

were seen for the CSMs from the batch #3 and 6, probably due to the lack of 

homogenous distribution of the embedded ionophore. The CSMs from those two 

batches were seen a bit cloudier than the rest of the batches, and the most likely reason 

for this could be the partial precipitation (insolubilities) of the ionophore prior to proper 

drying. The determined CMCs from this data were also enlisted in the table presented 

just below the plot. 196 

Figure 6.16: A) Chemical structure of SC monomer molecule and its two faces: the 

hydrophobic and hydrophilic faces. Schematic of the 10 & the 20 micelles are also 

presented. B) Different micelle formation reported in literature and their corresponding 

sizes (diameter) investigated by small-angle neutron scattering (SANS). Reused from270.

 197 

Figure 6.17: A) One of the calibration plots within a range of 0.05–25 mM from the average 

(T–1 & T–2) data obtained by the CSE using 200 mM SC in ISA as the inner solution. 

B) The same plot of A) showing the 3 distinct breakpoints (point of intersections, POI) 

and the trendlines showing the major linear zones in the plot. Here, it is obvious that the 

POI–1, POI–2, and the POI–3 indicates the pre–micellar aggregations and the 10 & 20 

CMCs respectively. 199 
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Figure 6.18: A) Calibration curve of SC within the conc. range of 0.05–25 mM, constructed 

via Tensiometer @ RT in 10 mM NaCl media as the ISA. The premicellar aggregation 

point, the 10 & 20 CMC points: all of them are distinctly noticeable form this SFT vs 
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Chapter 1: Motivation, scope, and novelty of work 

1.1 Introduction 

With a growing interest in nanoscience and nanotechnology, the synthesis and 

modification of nanomaterials with well-defined structures and specific functionalities have 

become one of the most promising and versatile fields for potential development in the 21st 

century1–3. Recent advances in nanomaterials have streamlined the development of 

functionalized nanoparticles, which hold promise to revolutionize applications in the fields of 

medicine, electronics, biomaterials, and energy production4–9. However, many of the 

chemicals used to synthesize such nanomaterials are derived from petroleum-based resources 

and the processes involve the use of toxic reagents that are harmful to the environment10. As 

research advances in the last decade, the demand for non-petroleum-based, carbon-neutral 

biodegradable products from sustainable resources having low environmental, animal/human 

health and safety risks are increasing in the field of nanotechnology11. The environmental 

safety issues, global warming, and the emphasis on “green synthesis (solvent-free)” from 

industries and government have generated significant interest to replace conventional 

resources with nanomaterials based on renewable and sustainable natural resources. In this 

regard, this Ph.D. research includes the systematic development of several nanomaterials 

(NMs) based on the naturally occurring biopolymers through the green synthesis for 

biomedical application, namely the reduction of raised cholesterol and the regulation of diet-

induced obesity (DIO). As this Ph.D. study mostly involves the development and evaluation 

of various biopolymer-based NMs for human application, the biosafety of these NMs was also 

evaluated using a protocol developed in our laboratory. 
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1.2 Problem Statement & Motivation 

The incorporation of cholesterol in diets is an important part of leading a healthy life, 

as it is an essential component of the cell membrane; however, consuming excessive amounts 

of cholesterol can be harmful. In the human body, cholesterol exists in 2 forms, low-density 

lipoprotein (LDL-C) and high-density lipoprotein (HDL-C)12,13. LDL is considered the “bad” 

cholesterol as it can build up on the inner lumen of blood vessels to form plaques via 

atherosclerosis. This can cause the vessels to narrow and restrict blood flow to and from the 

heart and other organs resulting in conditions, such as angina, stroke, or heart attack. HDL is 

considered the “good” cholesterol as it absorbs LDL and transports it to the liver, lowering 

blood LDL levels. Maintaining high levels of HDL is essential as it ensures that LDL levels 

are low, thus reducing the risk of fatal vascular conditions12–14. 

Atherogenic dyslipidemia (AD) is a condition resulting in a lower plasma level of high-

density cholesterol (low HDL-C) associated with a higher level of serum triglycerides (TG)15. 

The elevated levels of small, dense LDL-C particles – in conjunction with the former 

components are called ‘lipid triad’, factors responsible for hypercholesterolemia (high plasma 

total cholesterol level). In clinical practice, testing of small dense LDL-C is rarely performed 

due to cost considerations. Therefore, the combination of high TG (>200 mg/dL), low HDL-C 

(<35 mg/dL), and a total plasma cholesterol/HDL-C ratio >5 is often used. On the other hand, 

several guidelines stipulate different cut-off values for HDL-C, mainly <40 mg/mL for men 

and <50 mg/mL for women15,16. If such a condition is not treated resulting in chronic 
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hypercholesterolemia, the LDL causes morphological remodeling of the HDL (illustrated in 

Figure–1.1) as reported in a recent study17.  

 

Figure 1.1: Schematic illustration of the impact of hypercholesterolemia (HL) on HDL 

remodelling. The ‘silent killer’ HL induces HDL lipidomic changes, losing 

phosphatidylcholine-lipid species and gaining cholesteryl esters, with losses in 

cardioprotective proteins. Such remodelling of HDL particles shifted them towards a 

dysfunctional state. Modified from17. 

 

Legends in the schematic: apo M = apolipoprotein M; CE = cholesteryl ester; CRABP1 = 

cellular retinoic acid binding protein 1; HDL = high-density lipoprotein; HL = 

hypercholesterolemia; LDL-C = low-density lipoprotein cholesterol; NMR: nuclear magnetic 

resonance; PC = phosphatidylcholine; RBP4 = retinol binding protein 4; S1P = sphingosine 

1-phosphate. 

 

It is possible that hypercholesterolemia can usually be a direct consequence of chronic 

uncontrolled obesity and is becoming a major public health concern. According to World 
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Health Organization (WHO), the global prevalence of obesity and overweight in 2016 are 13% 

and 39% of the world’s adult population respectively (WHO 2018). This usually leads to the 

increased likelihood of developing non-alcoholic fatty liver disease characterized by excess 

lipid accumulation in hepatocytes resulting in the disruption of lipid metabolism18. 

Additionally, the Canadian Community Health Survey (CCHS) data (2005) indicates 

that 18% of Canadian adults are obese (at least 20% over the ideal body weight) and an 

additional 34% are overweight19 and thus are at risk of developing high plasma cholesterol. In 

general, the excess caloric intake without a corresponding increase in energy expenditure is 

believed to be the major contributing factor to weight gain among Canadians leading to 

hypercholesterolemia. This “silent killer” hypercholesterolemia, is characterized by increased 

LDL–C and increases the risk of cardiovascular diseases which are the leading cause of death 

and disability worldwide20. 

High blood cholesterol levels can also be genetically linked, resulting in familial 

hypercholesterolemia (FH), as individuals can inherit an altered gene from a parent in an 

autosomal dominant manner. FH is caused by problems in the hepatic uptake and degradation 

of LDL, which occurs through the LDL-receptor pathway, which is caused by a defective LDL-

receptor gene (LDLR) or by a mutation in a gene that is responsible for creating apolipoprotein 

B (APOB)21,22. Because of this, ingested cholesterol, specifically LDL, cannot be degraded; 

thus, it accumulates in the bloodstream. One in 500 people inherits this disorder which can 

cause dangerously high cholesterol levels above 300 mg/dL (where average levels should be 

less than 100 mg/dL12) resulted in the formation of plaques in blood vessels. 
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For the patients suffering from such forms of lipid abnormalities, lipid-lowering 

therapy is a treatment that requires patients’ active engagement and participation. Where, the 

patients’ diet (e.g DASH diet, DASH= dietary approaches to stop hypertension) aimed at 

reducing blood lipid levels and weight (if needed) should always be part of the 

pharmacological treatment, other lifestyle changes (such as weight loss and reduction of 

abdominal obesity, 30–60 min/day moderate to vigorous-intensity physical activity, smoking 

cessation, sufficient duration like 6–8 h per night of sleep, stress management) are important 

to further modify the lipoprotein profile23.  

In terms of pharmacological treatments, the available lipid-modifying drugs used in the 

management of dyslipidemia include 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-

CoA-reductase) inhibitors (statins), the cholesterol absorption inhibitor (e.g. ezetimibe), fibric 

acid derivatives (the fibrates), bile acid sequestrants, BASs (Figure–1.2), and the proprotein 

convertase subtilisin/kexin type-9 (PCSK9) inhibitors. These monoclonal antibodies, 

alirocumab and evolocumab in the PCSK9 inhibitors class are administered subcutaneously 

either every 2 weeks or once monthly as part of the treatment23–28.  

The bile acid sequestrants, BASs, also called resins, are non-absorbable and 

indigestible polymeric molecules23–28. Being cationic, they can electrostatically bind to 

negatively charged bile acids (BAs) and are excreted through the feces. The entire process 

interrupts the enterohepatic recycling of BAs as well as triggers the breakdown of plasma 

LDLc to produce more BAs in the liver to regulate bile salts in the digestive system.  
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Figure 1.2: Chemical structures of BASs or resins available in the Canadian market for the 

treatment of hypercholesterolemia, A) Cholestyramine (1st generation BAS), B) Colestipol (1st 

generation BAS), and C) Colesevelam (2nd generation BAS; colestimide is also 2nd generation, 

the structure of which is not shown here and is not available in Canada). 

 

Cholestyramine, a widely used BAS, has side effects, such as increasing the TG level, 

constipation, flatulence, and abdominal pain due to its hydrophobic nature and a large dose 

required for treatment29 (Table 1.1)23. These BASs are effective in reducing cardiovascular 

(CV) risk both as a monotherapy and in combination with other marketed drugs for 
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hypercholesterolemia treatment (niacin, fibric acid derivatives, and statins). Several clinical 

studies have discussed the use of BASs to control glucose homeostasis and regulation of energy 

balance30,31. 

 

Table 1.1: Lipid-Lowering Agents—Effect on Lipoproteins23 

Cholesterol Lowering Agents LDL-C HDL-C Triglyceride (TG) 

Resins ↓ 10–30% ↑ 3–10% ↑ 10–25% 

HMG-CoA Reductase Inhibitors ↓ 20–60% ↑ 5–15% ↓ 7–30% 

Niacin ↓ 5–25% ↑ 15–35% ↓ 20–50% 

Fibrates ↓ 5–20% ↑ 10–35% ↓ 20–50% 

Ezetimibe ↓ 14–25% ↑ 1% ↓ 7–9% 

PCSK9 Inhibitors ↓ 50–70% ↑ 5–10% ↓ 15% 

 

To date, quaternized/cationically modified hydrogels, functionalized polymers, and 

polysaccharides to reduce cholesterol levels have been reported. Many of these studies lack 

biological evaluation, however, a few animal studies highlighted the lack of efficacy data over 

the commercialized drugs. None of these were conducted in Canada and very few studies that 

use sustainable nanomaterials have been reported. Thus, there is a compelling motivation to 

develop alternative materials that are natural, biocompatible, effective, and possess minimal 

side effects. 
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1.3 Background 

Biopolymers are polymers produced from natural/renewable sources either chemically 

synthesized from a biological material or entirely biosynthesized by living organisms that 

could be degraded in the environment32,33. These biopolymers can be classified differently 

based on different criteria, such as the source of origin, where three types of biopolymers are 

traditionally distinguished into natural, synthetic, and microbial biopolymers. Due to their 

S.M.A.R.T.© physicochemical characteristics, i.e., their sustainable, modifiable (due to the 

abundant surface primary hydroxyl groups), active (highly dispersible in water and shows 

physicochemical activity) renewable (easy surface modification making them renewable), and 

non-toxic (being natural, they are biocompatible) nature, these biopolymers have a myriad of 

applications in many industrial sectors. Cellulose and its derivatives, lignin, starch, chitin, 

chitosan, dextran, glucan, etc. are the most promising and widely utilized polysaccharides (PS) 

in the biodegradable class of biopolymers with many applications in the biomedical, 

pharmaceutical, environmental field and food industries32–37. The scheme represented in 

Figure–1.3 illustrates the simplest classification of biopolymers38. 

From the current perspective, cellulose is the most common organic biopolymer 

obtained from nature. It represents about 1.5x1012 tons of total annual biomass production and 

is considered an inexhaustible source of raw material supply to meet the increasing demand 

for environmentally friendly and biocompatible products39–44. Cellulose nanocrystal (CNC), 

derived from acid hydrolysis of cellulosic sources, has mostly been used to reinforce 

composites and polymers due to its remarkable strength that rivals carbon nanotubes39–41. They 

are proven to be excellent candidates for many applications since they possess promising 
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S.M.A.R.T.© properties39–41. Thus, functionalizing CNC with alterative functional groups, for 

example grafting quaternary ammonium groups (QAGs) or surface polymerization with 

methacrylate monomers having the amino groups (—NH2), provides a platform to produce 

newer advanced functional NMs for use as BAS. 

 

 

Figure 1.3: Scheme representing the simplest classification of bio-polysaccharides (bio-PSs) 

based on their sources of origin. This illustration is just an example and is not a comprehensive 

list of all the reported bio-PSs. Many of the enlisted bio-PSs possess S.M.A.R.T.© properties 

and have biomedical applications. (S.M.A.R.T. © coined by the author of the thesis for the 1st 

time and is derived as the abbreviation of sustainable, modifiable, active, renewable, and 

natural & non-toxic). 
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α–chitin is the second most abundant PS in nature and chitosan (CS) can be derived 

from the α–chitin through partial deacetylation45,46. Two marine crustaceans (shrimp and crabs) 

are the main sources of chitin. Both chitin and CS are polyamine polysaccharides with positive 

charge groups in acidic media arising from the protonation of the amino groups (—NH2) on 

their polymer backbone45,47,48. Like celluloses, chitin/CS also possess the S.M.A.R.T.© 

properties and the positive charges which interact with anionic drugs or polymeric systems46–

49. Additionally, both amino-polysaccharides (amino-PS) can also be functionalized by 

grafting with QAGs making them more cationic and more hydrophilic (leading to better 

dispersibility) that are pH-independent i.e., the surface charges remain unaffected at the 

physiological pH. Consequently, these amino-PS-based NM systems have a great potential for 

drug delivery vehicles or as a prodrug. Furthermore, the CS is known for its 

bioadhesive/mucoadhesive properties50–52, thus it is expected that the CS-based NM systems 

are capable to induce physicochemical adsorption of BS from the gastrointestinal tract (GIT).  

Throughout this Ph.D. study, I had modified and functionalized the NMs based on 

cellulose derivatives (cellulose nanocrystals, CNCs), chitin and CS with QAG containing 

compounds and evaluated their binding efficiencies with negatively charged molecules, such 

as MO and the SC. Developing a block type or hybrid nanocomposites of CS and CNC, and 

then quaternizing these NPs was another variety of NMs developed in the Ph.D. research. 

Furthermore, the development of chitin nanofibers (Cht.NFs) and chitin 

nanowhiskers/nanocrystals (Cht.NWs) further broadened the range of novel BAS being 

explored in this study. Lastly, a membrane electrode (sensor) capable of detecting the BAs in 

an aqueous solution was considered. Using this electrode, the unbound or non-adsorbed BAs 
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from the post-adsorption experiment samples were quantified and the maximum adsorption 

capacities were determined. 

 

1.4 Objective and Scope 

Based on the description outlined above, the overall objective of this Ph.D. study is to 

exploit potential applications, particularly the BAS by modifying renewable PS nanomaterial 

(CNC, Chitin and CS) with various functionalities and taking advantage of their unique 

properties, especially size effect, cationic charge densities, presence of hydrophobic/H-Bond 

forming groups, and viscosity of the aqueous dispersions. Thus, in the present study, the main 

goal is to develop novel, biocompatible, and nontoxic “Nano” systems that can be used as 

BAS. It is anticipated that chemically modified PSs will exhibit a more desirable BS binding 

capability compared to unmodified counterparts. Keeping this in mind, the detailed objectives 

for the doctoral study are identified and proposed as follows: 

➢ Modification of CNC, CS and Cht.NWs with GTMAC (commercially available) as 

BAS (particle size & charge density effect). Here the NCCTM and/or the CNC extracted 

from the MCC were used (denoted as CNCMCC). 

➢ Modification of CNC with a newly synthesized monomer [N-dodecyl-N, N-dimethyl-

(2,3-epoxy propyl) ammonium chloride (DDEAC), which is commercially 

unavailable] like the GTMAC, but with a C–12 chain as BAS (particle size, charge 

density, and hydrophobic effect) 
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➢ Modification of CNC with quaternized CS as BAS (charge density, and effect of this 

block type nanoparticles, like CS-CNC-CS) 

➢ Modification of CNC with poly[2-(dimethylamino) ethyl methacrylate] as BAS 

(charge density, morphology, pendant hydrophobic effect) 

➢ Development of Cht.NFs and Cht.NWs; functionalization of the Cht.NW with 

GTMAC (charge density, and effect of pH responsiveness for scavenging effects) 

 

1.5 Hypothesis 

It is hypothesized that surface-functionalized PS NMs with various (quality and 

quantity) quaternary ammonium groups will yield nanoparticulate systems with the desirable 

morphology that could be utilized for the reduction of high plasma cholesterol levels through 

the direct sequestration of BS (Figure-1.4). 

Several sub-hypotheses are listed below: 

➢ The surface permanent cationic charge of functionalized PSs nanomaterials (F–PS-

NMs) can effectively bind to negatively charged BA in the small intestine through 

strong electrostatic interactions. 

➢ The alcoholic groups present on the surface of F-PS-NMs can interact with the 

negatively charged BS via hydrogen bonding. Additionally, hydrophobic interactions 

are also feasible at the nanoparticulate level regardless of the morphology of the NPs 

as BAS. 
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➢ The large surface areas (SAs) offered by the NPs can provide an effective platform for 

all the possible binding interactions (several folds higher in magnitude due to SA) of 

the NPs with the BAs, and thus can sequester the BA via the elimination from the body 

through feces resulting in the reduction of high plasma cholesterol as an indirect effect 

of BA sequestration. 

➢ By altering the absorption process from the gut wall, these nondigestible F-PS-NMs 

can effectively reduce progressing ‘diet-induced obesity’ of the human subject (which 

has been proven for CNC & cellulose nanofibers, CNF53, 2018). 

➢ Having surface quaternary ammonium group for the cationic component of the NPs, 

these F-PS-NMs possess antimicrobial activity as an additional benefit.  

 

1.6 Motivations 

As mentioned above, the recent report53 on the efficacy of the nanocellulose for 

reduction of fat absorption and reduction of obesity propelled us to work on this doctoral 

research. We aimed to focus on the sustainable bio–polysaccharide (bio–PS) based functional 

NMs and were interested to evaluate such NMs’ efficiencies for bile salts/acids (BSs/BAs) 

removal as one of the treatment approaches for elevated cholesterol. Recent work on finding 

an alternative to commercially available artificial BAS (Cholestyramine) by multiple research 

groups was our motivation to work on the bio–PS-based NMs (as mentioned in the 

‘Objectives’) for finding newer and naturally derived alternatives to Cholestyramine. 
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Figure 1.4: A) Flow diagram of enterohepatic circulation (EHC) of bile showing the reabsorption 

(95% of the secreted bile) of freed up BA/BS for storage at the gall bladder. B) Schematic 

illustration of the mechanism of action of a typical BAS. 

 

1.7 Novelty of the project 

Recently, PS–NMs have gained increasing attention by many research communities, and 

this is evident from the increasing number of scientific publications over the past two 

decades,42,54 especially for CNCs (2001–2021) (Figure-1.5). From our analysis of published 

literature to date, no attempts have been made in exploiting the advantages of modifying the 

surface of the NCCTM or Cht. NWs alone or combinedly NCCTM/CS hybrids, and their 

derivatives can be used for BA sequestration to reduce the high plasma cholesterol in humans. 
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Moreover, no studies have reported on the effect of mucoadhesion on BS binding of such 

systems, although this topic will not be considered in this Ph.D. study. A significant amount 

of research (based on a wide array of polymers/copolymers, oligosaccharides, resins, acrylates 

etc.) has been (and is being) conducted on ‘non-nanostructure’ systems to address problems 

associated with the available BAS in the market.  

 

Figure 1.5: A) Number of publications in the area of nanocellulose. Data analysis was 

performed on SciFinder using the terms nanocellulose, cellulose nanocrystals, microfibrillated 

cellulose, nanofibrillated cellulose. Reused from.54  B) Elaboration of S.M.A.R.T.© 

nanomaterials (NMs) and an example of such NMs presented in the insert. 

 

Most recently (2018) it was reported53 that nano-sized cellulose fibres added to food 

could reduce fat absorption by up to half in laboratory and animal experiments, no studies on 

BA sequestration were reported. Additionally, there was one study in 2021 on functionalized 

cellulose fibres for scavenging BAs/BSs, however, they were not the nanosized systems.55 
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Furthermore, chitosan and chitin-based ‘nano’-systems have never been exploited for 

application in BAs/BSs sequestration. Thus my Ph.D. goal in developing the S.M.A.R.T.© bile 

acid sequestrant (BAS) NPs based on CNC is novel. Lastly, although the idea of membrane 

electrodes is not new, the development of flexible membrane-based electrodes (sensor) for the 

‘detection of BA/BS’ will be critical to quantifying the performance of the BA sequestrant. 

 

1.8 Thesis outline 

This Ph.D. thesis contains six chapters that describe the overall work done. The specific 

contents of the chapter are described below (also illustrated in Figure 1.6): 

 

Figure 1.6: Overall illustration on the thesis and chapters. 
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Chapter 1: Contains the introduction, background information, objective, hypothesis, the 

novelty of the work, and the thesis outline. 

Chapter 2: Covers the literature review and introduces bile salts (BS), BS regulation, available 

bile acid sequestrants (BASs), concurrent research on BASs mostly based on PS based and 

future perspectives on the S.M.A.R.T. sequestrants for BSs.  

Chapter 3: Outlines the development of CNC-based BASs. The base material used in this 

chapter is NCCTM and CNC extracted from microcrystalline cellulose (MCC) via HCl-

mediated hydrolysis. Both types of CNCs were functionalized and their sequestering efficacies 

for BAs/BSs were evaluated using MO as a surrogate or model drug. Langmuir monolayer 

adsorption isotherm (LMAI) studies were adopted to evaluate the NMs’ efficacies (Qmax). 

Chapter 4: Includes the fabrication of CNCs and CS with QAGs by grafting onto the surfaces. 

The effect of a C-12 alkyl chain as the hydrophobic moiety was also evaluated for CNCs. 

Lastly, the block type hybrid CNC with the quaternary-CS (Q-CS), like CS-CNC-CS nano-

system and the polymeric-CNC obtained via the atom transfer radical polymerization (ATRP) 

of a methacrylate monomer were also developed and evaluated for BA binding efficiencies. In 

this chapter, the BS sequestration capabilities were evaluated using a model drug MO, as well 

as SC. The quantifications of unbound SC were determined by converting the free SC to its 

coloured analogs that were detectable by the UV-Vis. As usual, unless otherwise stated, the 

Langmuir model was used to determine the NMs’ efficacies (Qmax) for binding. 

Chapter 5: Describes the development of chitin nanofibers (Cht.NFs) and chitin nanowhiskers 

/nanocrystals (Cht.NWs / ~NCs) from commercially available α–chitin powder. Here, the α–
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chitin underwent alkaline deacetylation followed by vigorous successive mechanical treatment 

(homogenization, sonication and then passing through microfluidizer) to produce a library of 

different sizes of the Cht.NFs, whose surfaces are comprised of primary amino groups, PAGs 

(—NH2) that protonate at pH below 8. If the α–chitin is deacetylated by HCl-mediated 

hydrolysis, the end–product is Cht.NWs. In this chapter, only the Cht.NWs were cationized 

with GTMAC molecules and their sequestration abilities to BA/BS were examined. 

Chapter 6: Illustrates the development and fabrication of polymeric membrane-based 

electrode (sensor) for the detection of free BS in aqueous solutions. Such membrane-based 

electrode works based on the fundamentals of electrochemistry. This elementary model of the 

electrode has been routinely and repeatedly utilized for the detection of free SC molecules in 

many of the batch adsorption tests (BATs) conducted for the NMs (following the methods 

discussed in previous chapters) and SC. 

 Chapter 7: Mostly covers the biosafety of the developed NMs. Based on various 

physicochemical characterization data and adsorption efficiency data, several NPs were 

selected to estimate their toxicity using the CO2 production by Baker’s yeast. The fermentation 

rate would provide information on the toxicity of NMs to eukaryotic cells. 
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Chapter 2: Literature Review 

2.1 Introduction: Chemistry, and Properties of Bile Acids/Salts (BAs/BSs)’  

Bile acids (BAs), the biological detergents, are the amphipathic/amphiphilic end 

products of cholesterol metabolism, which is facilitated by hepatocytes in the liver. They are a 

type of cholanic acid, representing a group of molecules with a similar structure as steroidal 

acids. The cholane consists of a carboxy group rather than a methyl group at position 24, and 

they can be further classified into primary BAs and secondary BAs.56,57 They all have 24 

carbon atoms and are commonly abbreviated as C–24 bile acids (Figure 2.1). Primary BAs are 

those synthesized in the liver by the hepatocytes, while secondary BAs are synthesized by 

bacteria in the colon. BAs closely resemble cholesterol molecules, as they are produced from 

the cholesterol precursors through an enzymatic process. BA production utilizes peroxisomal 

enzymes, which perform the hydroxylation and modification of cholesterol into BAs, making 

this the primary metabolic pathway for the catabolism of cholesterol in humans.56–58 In human 

bile, these C-24 bile acids are almost completely in a conjugated form with either glycine 

(75%) or taurine (25%) as shown in Figure–2.1. Under physiological conditions, conjugation 

increases their water-solubility.58  

Chemically, BAs have a unique molecular structure derived from a saturated tetracyclic 

hydrocarbon cyclopentanoperhydrophenanthrene (CPPP) system, usually known as the steroid 

nucleus. The steroid nucleus (Figure 2.1) consists of three six-member rings (A, B and C) and 

a five-member ring (D), with a curved (beaked) or flat structure (depending on a cis- or trans-

fused configuration between the A and B rings).59 The mammalian bile acids have a 5β-
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configuration at the nucleus (A/B junction in cis configuration) with hydroxyl groups at 3α, 7α 

and 12α.59 Such presence of chemically “nonequivalent” 3α, 7α and 12α hydroxyl groups and 

the side chain structure supporting a carboxylic acid group in bile acid molecules confer their 

unique physicochemical characteristics.28,58 These physicochemical properties are related to 

their amphipathic nature due to the existence of hydrophilic (α-face, concave lower side) and 

hydrophobic sides (β-face, convex upper side, which is rigid and planar).13,56,58,59 

Commonly, in biomedical literature, the terms “bile acids (BAs)” or “bile salts (BSs)” 

are used interchangeably as the BSs are relatively similar to BAs. They both are surfactant 

molecules, but the primary difference between the two molecules is that BSs are BAs 

conjugated with taurine or glycine residues, thus, making them anionic and more water-

soluble. They are conjugated between the carboxyl group of BA and the amino group of glycine 

or taurine molecules.60 After conjugation with either glycine or taurine, the pKa of the carboxyl 

group (glycine) or the sulfonate group (taurine) is reduced, causing the BS to be fully ionized 

at physiological pH, yielding a negative charge60 (Figure 2.1).  This allows BSs to have 

enhanced amphipathic function, making them more effective surfactants than BAs.  
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Figure 2.1: Chemical structures of different BAs available in humans. A) 10 & 20 BAs in the 

body. B) Conjugated BA derivatives, commonly known as bile salts (BSs).  
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2.2 BA synthesis, metabolism, & enterohepatic circulation (EHC)/bile pool 

In humans, there are two pathways61 for the synthesis of BA, the classical (neutral) and 

alternative (acidic) pathways (Figure 2.2), which result in the formation of primary BA, cholic 

acid (CA, 3α,7α, 12α -trihydroxy-5β-cholanoic acid), and chenodeoxycholic acid (CDCA, 

3α,7α-dihydroxy-5β-cholanoic acid).58 The classical (or neutral) pathway accounts for at least 

75% of bile acid production under normal conditions is initiated by 7α-hydroxylation (rate-

limiting step) of cholesterol catalyzed by cholesterol 7α-hydroxylase.62 Here, the size of the 

bile acid pool is tightly regulated within the liver and intestine to prevent cytotoxic 

accumulation of bile acids.30 BA synthesis is regulated by a negative feedback mechanism. 

The coordinated regulation of the different steps of BA enterohepatic circulation (synthesis, 

transport, and elimination) is important for the maintenance of BAs and cholesterol 

homeostasis. BAs returning to the liver via enterohepatic circulation may directly or indirectly 

inhibit BAs synthesis by inhibiting the 7α– and 12α– cholesterol hydroxylase enzymes.63  

The quantity of bile acid that the liver normally produces and secretes in a day varies 

with the number of meals and the fat content of these meals, but it typically ranges anywhere 

between 400 to 800 mL of bile per day, of which roughly 0.2—0.6 g are BAs/BSs.61,64,65 The 

liver's basal rate in the synthesis of bile acids from cholesterol is only ~600 mg/day in healthy 

humans, sufficient to replace the equivalent losses of BA in the feces (~ 200 mg—600 mg/day). 

Obviously, the gastrointestinal tract must have an extremely efficient mechanism to recycle 

BAs secreted by the liver. This process of recycling and circulating bile is maintained by two 

mechanisms, enterohepatic circulation, EHC and the de novo synthesis of BAs from 

cholesterol molecules.65  
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Figure 2.2: Two different pathways for the synthesis of BAs: the Classical (neutral) pathway 

that occurs in the liver (hepatocyte) and the alternate (or acidic) pathway found in peripheral 

tissues and the liver, showing the primary and secondary BAs. In the classic pathway, the 

primary bile acid cholic acid (CA) is formed after subsequent conversions from sterol 12α-

hydroxylase (CYP8B1) and chenodeoxycholic acid from sterol 27-hydroxylase (CYP27A1). In 

the alternative or acidic pathway, mitochondrial CYP27A1 in peripheral tissues convert 

cholesterol into 27-hydroxycholesterol. Oxysterol 7α-hydroxylase (CYP7B1) is an additional 

assisting enzyme in this pathway and the resulting products feed back into the liver, indicated 

by the red arrow feeding into the classical pathway under CYP27A1. The 10 & 20 BAs specific 

to rodents are listed in purple at the bottom right inset of the image. Bile acids can become 

conjugated with glycine or taurine after interactions with gut flora. Modified and reused 

from.66,67 

 

Legends in the image: MCA = Muricholic acid, TCA = Taurocholic acid, GCA = Glycocholic 

acid, UDCA = Ursodeoxycholic acid, DAC = Deoxycholic acid, LCA = Lithocholic acid, 

TCDCA = Taurochenodeoxycholic acid, GCDCA = Glycochenodeoxycholic acid, MDCA = 

Murideoxycholic acid, etc. 
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This recycling, known as the enterohepatic circulation (EHC), occurs as the terminal 

ileum and colon reabsorb bile acids and return them to the liver in the portal blood. The total 

pool of bile acids in the gastrointestinal tract is ~3 g which recirculates ~4 to 12 times per day 

or as many as 5 or more times for a single fat-rich meal64,65,68. If reabsorption of bile acids is 

defective, as can happen after resection of the ileum (Bariatric surgery), de novo synthesis of 

bile acids by the liver can be as high as 4 to 6 g/day.64,65,68 

 

2.3 Polymeric BASs in the market and their limitations 

For patients who are indicated for lipid-lowering drug therapy, statins are usually the 

drugs of choice. However, in hypercholesterolemic subjects with statin intolerance or those 

resistant to statin treatment, usually other lipid-lowering drugs, especially the BASs are 

considered. The principal non-statin lipid-lowering drugs and their efficacies in cholesterol 

regulation are summarized in Table–1.1. Until now, there are two generations of BAS, also 

known as resins that are available in the market23,69 and their chemical structures were shown 

in Figure 1.2.  

Both generations of BASs are positively charged, high molecular weight (MW), non-

absorbable, indigestible polymeric molecules that bind negatively charged bile acids (BAs) in 

the intestine. Due to these characteristics, they form poor dispersions in the intestinal fluids 

leaving their many active/functional sites mostly inaccessible, thus the reason for their low 

efficacies.70 They are not absorbed or altered by digestive enzymes; hence their primary effects 

are localized in the intestine. The partial diversion of BAs from enterohepatic circulation using 

BAS depletes the BA pool by approximately 40%, stimulating an increase in BA synthesis 
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from cholesterol (cholesterol catabolism) and increasing BA fecal excretion. The increase of 

BA synthesis results in a reduction of liver cholesterol content and up-regulation of low-density 

lipoprotein receptor (LDLR), with consequently increased uptake of low-density lipoprotein 

(LDL) from circulation.23,29,69 This mechanism of a typical BAS is illustrated in Figure 1.4. 

The first-generation (1G) BAS comprised copolymers containing amine/ammonium 

groups, represented by the commercially available colestipol (a polyamine cross-linked by 

epichlorohydrin) and cholestyramine (a cross-linked copolymer of styrene and divinylbenzene 

possessing covalently bound quaternary ammonium salts). The relatively high recommended 

doses of colestipol (16–20 g/day) and cholestyramine (16–32 g/day) required to reduce total 

cholesterol level by ca. 20% suggest their poor efficacy in competition between the resin and 

active BA reabsorption from the GI tract29. In vitro studies on both resins suggested that their 

low sequestration potency could be due to (i) low activity of the resins to bind trihydroxy BAs 

in the duodenum and jejunum and (ii) dissociation of the bile acids from the sequestrants in 

the terminal ileum, where free BAs are readily reabsorbed by the gut.29 Colestimide (not 

available in Canada) and colesevelam belong to the second generation (2G) of BAS, 

distinguished (compared to the 1G) by a high content of hydrophobic aliphatic chains and a 

higher degree of quaternary ammonium cations, which are responsible for enhanced binding 

affinity to BA.29 

Except for their low therapeutic efficacies, and GI side effects discussed earlier, 

currently, the BASs are contraindicated in pregnancy, and patients with significant hepatic 

dysfunction, constipation, malabsorption syndromes, and severe hypertriglyceridemia. 

Although the 2nd generation of BAS offers some advantages (decreased daily dose requirement, 
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improved efficacy), there exists strong motivation to develop new and more efficient polymer-

based BASs for patients who cannot use statins or must take high statin doses.29,71 

 

2.4 Concurrent polymeric BA sequestrants (BAS) from literature 

Most of the literature on the evaluation of new polymeric bile acid sequestrants has 

depended predominantly on in vitro experiments.72 These publications claimed that the binding 

measurements were performed under conditions that are likely to be encountered in the GI tract 

and therefore these in vitro results should predict a true in vivo situation. In contrast, such in 

vitro experiments are unlikely to predict in vivo conditions. Firstly, these in vitro experiments 

were conducted at equilibrium, while in vivo conditions in the GI tract are transient. 

Furthermore, in addition to the presence of pH and ionic strength gradients in the GI tract, 

active uptake of bile acids is known to be mediated by transporters in the GI tract.72 None of 

the earlier in vitro experiments in the literature have taken this transporter-mediated uptake 

into consideration, which would significantly affect the in vivo bile acid binding efficacies of 

the sequestrants.72 Considering these possible shortcomings of in vitro studies, in the following 

subsections the biopolymers (mostly) and dietary fibres based nonsystemic BAS from the 

published literature are being discussed that were evaluated through in vitro and animal 

model/clinical trial studies. Such discussion would also include a brief summary of findings 

from literature where direct scavenging effects of BA/BS were not discussed but reported the 

cholesterol reduction and impact of change in body weight (reduction of the diet–induced 

obesity, DIO).  
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2.5 Biopolymer-based BA sequestrants (BAS)  

Biopolymers are naturally occurring polymers produced by living organisms due to 

their intriguing properties and inherent characteristics. Like any other polymers, the 

biopolymers are chain-like polymers/oligomers produced from renewable resources and they 

decompose in the environment (biodegradable).32,33 Due to their S.M.A.R.T.© properties 

(Sustainable, Modifiable, Active, Renewable, and non-Toxic/natural), the biopolymers have a 

plethora of applications in biomedical sciences, pharmaceutical technology, medical devices, 

food applications including packaging, textiles, automotive and aviation technology, building 

materials, environmental sensors, electronics, and energy.32–37 These biopolymers can be 

broadly classified as polysaccharide-based and protein-based compounds38 based on the 

sources they are obtained/extracted as shown in the scheme presented in Figure–1.3 in the 

previous chapter. But, for this doctoral research, the cellulose, chitosan, and chitin-based 

systems were selected among the vast selections of bio–PSs from which the NPs were planned 

to functionalize to develop newer BASs for hypercholesterolemia treatment. Figure 2.3 below 

represents specific parts of the chemical structures of some selective biopolymers that are 

commonly used in drug delivery applications reported in the literature. 
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Figure 2.3: Some examples of natural polysaccharides commonly used in biomedical 

applications. Reused from.73  



 

 29 

2.6 Cellulose and derivatives as the BASs 

Cellulose is one of the most ubiquitous and abundant renewable biopolymers on earth 

and has a wide spectrum of applications. Since 1838, when cellulose was first discovered, a 

large body of research on cellulose and its’ derivatives (mostly cellulose nanocrystals, CNCs) 

from various disciplines were studied for biomedical applications, such as targeted drug 

delivery.74 Although the soft and hardwood from higher plants is the most commercially 

exploited source of cellulose, numerous other sources had been reported. Cellulose 

microfibrils, the structural units in higher plants, contain highly ordered (crystalline) domains 

alternating with disordered (amorphous) regions.74 From these microfibrils, it is possible to 

extract the cellulose nanofiber, CNF, also called the nano-cellulose (NC) and cellulose 

nanocrystal, CNC, and Figure 2.4 illustrates the schematic of CNC extraction.74 

CNC can be modified chemically to achieve the target-specific application. Herein, we 

will discuss the application of cellulose-based systems for bile acid removal/sequestration.  
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Figure 2.4: Schematic of extraction of CNCs from a cellulose source (here, it is hardwood). 

CNCs can be extracted through mechanical, chemical or combination of mechanical, chemical 

and/or enzymatic (endoglucanase) treatments. Sulphuric acid (H2SO4) mediated hydrolysis is 

the most common and widely used technique for CNC production. The table was drawn from39–

41. 

 

Zhu et. al.75 (2016) reported on the synthesis of a hyperbranched polyethylene amine-

based cellulose system (hPEI–CE), and examined the adsorption on dyes, instead of BSs. Later, 

Shen et. al. (2020)55 evaluated the hPEI–CE system for the adsorption of BS, as shown in 

Figure 2.5. They utilized the periodate (NaIO4) mediated oxidation to convert its dialdehyde 

derivative (dialdehyde cellulose, DAC) and grafted the hPEI onto the DAC yielding hPEI–CE 

system to remove cholesterol. The authors investigated the sorption capacities of their BAS for 

sodium cholate (SC), examining factors such as concentration of SC, contact time and 

electrolytes.55 Based on the evolution of coloured analogs of SC when reacting with 42% (w/w) 

sulphuric acid (H2SO4), the UV-Vis was used to quantify the SC in aqueous samples. This 
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novel BAS, i.e., the hPEI–CE possessed a maximum adsorption capacity (Qmax) of 569.7 mg/g 

which was higher than cholestyramine55 (Table 2.1).  

 

Table 2.1: Comparisons of maximum adsorption capacities (Qmax) of novel hPEI–CE with 

both controls at an equal weight (700 mg/mL, 370C, 120 rpm). Reused from.55 

Sorbents 
Adsorption 

capacity (mg/g) 

Adsorption percent relative 

to cholestyramine (%) 

Cellulose (negative control) 5.67 ± 1 1.0 ± 0.18 

DAC (negative control) 198 ± 10 36.1 ± 1.8 

hPEI–CE 569.7 ± 20 104 ± 3.6 

Cholestyramine (positive control) 548 ± 20 100 ± 3.6 

 

Such interactions with their BAS to SC may be attributed to the two different binding 

forces namely: i) electrostatic interactions between the surfaced cationic amino groups of 

hPEI–CE and ii) the non-electrostatic interactions (hydrophobic, hydrogen bonding etc.) 

between the BAS particles and SC molecules. The binding phenomena were fitted to the 

Langmuir isotherm model and pseudo-second-order kinetic model, confirming the 

homogenous monolayered chemisorption with BAS and SC. They observed excellent 

cytocompatibility and anti-interference for their BAS based on the studies of MTT assay and 

adsorption tests in varying ionic strength, respectively. Most of the binding with SC occurred 

within the first hour before the BAS’s adsorption sites were saturated or occupied, as predicted 

by the adsorption kinetic studies. 
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Figure 2.5: Schematic of hPEI-CE preparation and the sorption of sodium cholate (SC). 

Reused from.55 

 

The micro-fibrillated celluloses (MFCs) were also modified and investigated for BS 

scavenging by Zhu et. al.76,77, where they modified the MFC with a small quarternary 

ammonium (QAG), and GTMAC/EPTMAC (Glycidyl-trimethyl-ammonium chloride/2,3-

Epoxypropyltrimethylammonium chloride) groups. The SC adsorption capacity of SC at 

various salt concentrations, contact time and concentration of initial SC were examined, and 

the Langmuir adsorption isotherm described the monolayer binding of SC onto the cat-MFC 

with a Qmax of 416.67 mg/g.77 Additionally, the adsorption kinetics was best fitted to a pseudo-

second-order suggesting that chemisorption controlled the surface adsorption of SC. The 
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significant disruptions of binding in the presence of salts during the sorption tests indicated the 

interaction between sodium cholate and CMFC was electrostatic in nature. Table 2.2 provides 

a summary of the binding of cationic MFCs relative to cholestyramine. 

 

Table 2.2: Comparison of adsorption percent relative to cholestyramine of hPEI-CE with other 

adsorbents for bile acid. Adapted from.55 

Adsorbents 
Adsorption % relative to 

Cholestyraminea  
References 

*LMW β-Glucan 27.2 Ref.78 

Cationic MFC 29.74 Ref.77 

Cationic amphiphilic MFC 53.34 Ref.76 

L. Japonica polysaccharide 68.29 Ref.79 

Ultrafine β-glucan 86.20 Ref.80 

Ultrafine guar gum 92.30 Ref.80 

Ultrafine inulin 97.85 Ref.80 

hPEI-CE 104 Ref.55 

 

a Only the BA binding relative to cholestyramine is listed here. 

*LMW = Low molecular weight 

 

Kazlauske et. al.81 (2014) studied the binding capacity of BAS with different kinds of 

cellulose modified with diethylaminoethyl (DEAE), namely macroporous (DEAE-Granocel), 

commercial microgranular cellulosic anion-exchanger (DE52), cotton fibre (DEAE-CF), and 

microcrystalline (DEAE-MKC). They investigated the scavenging efficacy of sodium 

deoxycholate (NaDCA), sodium glycocholate (NaGCA), and sodium taurocholate (NaTCA) 

as a function of pH and BS concentrations. A significant increase of several-fold in the Qmax 
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for BSs over that \ of cholestyramine, especially at pH 4. Most of the binding approached their 

saturation point within the initial 30 minutes (rapid adsorption) of treatments, compared to 1 

hr (slow adsorption) for cholestyramine.81 Table 2.3 summarizes the Qmax values obtained from 

a specific pH for cholic acid adsorption tests with BASs. 

 

Table 2.3: Maximum cholic acid sorption capacity at pH of 4 – 6. Reproduced from.81 

Adsorbents 
Max adsorption capacity (Qmax) recorded 

mg/g mmol/g 

DEAE-Granocel 84.0 0.206 

DEAE-MKC 25.3 0.062 

DEAE-CF 46.0 0.113 

DE52 11.0 0.027 

Cholestyramine 12.5 0.031 

 

DeLoid et. al.53 examined the use of nanocelluloses (CNF) for reducing intestinal fat 

adsorption by reducing the systemic high cholesterol level to also address diet-induced obesity 

(DIO). They concluded that the reduction of systemic absorption of ingested fat at the brush 

borders of small intestines is mainly the outcome of two principal mechanisms53 (illustrated in 

Figure 2.6): i) coalescence of small fat droplets on NCs/CNFs till saturation, resulting in a 

reduction of available surface area for lipase chemisorption leading to a lower binding of lipase 

with the fat droplets and increased chemisorption of lipase with the CNFs,  and ii) scavenging 

of bile salts, which are necessary for the emulsification of lipase mediated fats, resulting in 

interrupted interfacial dissociation of proteins at the lipid droplet surface and reduced the 
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solubilization of the fatty acids (FFA) from TGs. The findings indicated that the NCs could be 

the potential food additive/supplement to reduce the absorption of ingested fats and to have 

control over the management of DIOs.53 

The interactions of NCs with fatty foods led to the disruption of the activity of 

pancreatic lipase reducing fat digestion and absorption. This was evaluated using heavy cream 

as the high-fat food model in the presence or absence of NC via the following experimental 

designs: (1) acellular simulated gastrointestinal tract (GIT) digestion with pH-Stat titration and 

fluorometric analysis to measure free fatty acid (FFA) release during small intestinal digestion; 

(2) in vitro biokinetics experiments using a triculture model of the small intestinal epithelium 

to measure translocation of FFA and TG from digesta produced by the GIT simulator; and (3) 

an in vivo rat gavage with heavy cream with or without NC, followed by measurement of 

postprandial serum TGs.53  

 From the obtained results (some illustrated in Figure 2.6), the authors observed 

a reduction of hydrolysis of TG present in heavy cream was very significant due to adsorption 

of the pancreatic lipase onto NC. With the addition of 0.75% (w/w) cream to the food, about 

48.4% and 40.1% less FFAs were produced in the simulated GIT experiment, from titration 

mode and fluorometric analysis respectively.53 Additionally, the presence of 0.75% w/w NC 

in the food reduced the translocation of TG across the intestinal epithelium (in vitro cellular 

experiment) by 52%. From the in vivo experiments, the measured level of the serum TG was 

reduced by 36% in presence of 1.0% w/w NC.53 
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Figure 2.6: A) Schematic illustration of the efficacy of NCs/CNFs on modulation of fat 

digestion leading to the reduction of raised LDL-C from the outcome of scavenging BSs and 

interruption in the increasing trends of the DIO. Graphical representations of the effect of 

cellulose and other fibres on in vitro triglyceride digestion: (B) Total NaOH (0.25 M) titrant 

used during small intestinal digestion of heavy cream. (C) Total percentage of FFA released 

during small intestinal digestion of heavy cream. Reused and adapted from.53 

 

Abbreviations in the image: CMF = micrometer scale cellulose fibrils; CNC = cellulose 

nanocrystals; CCNF = 80 nm CNF (coarse), FCNF = 50 nm CNF (fine), Orlistat = 

commercially available lipase inhibitor (4.8 mg/mL). 
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2.7 Other bio-PS based BAS:  

2.7.1 Functionalized Paramylon 

Paramylon, also known as the linear β-(1,3)-D-glucans is a group of chemically 

heterogeneous polysaccharides with long- or short-chain polymers of (1→3)-β-linked glucose 

moieties (Figure 2.7). These β-(1,3)-Glucans are widely distributed in bacteria, algae, fungi, 

and plants as components of the cell wall structure and other cellular functions. They have 

been found beneficial over a remarkable range of health conditions, such as cholesterol and 

blood glucose/sugar levels (BG/SL) regulation and enhancing immunity for the body’s 

immune-suppressed conditions (like various cancers).82  

Paramylon extracted from Euglena gracilis, a single cell flagellate eukaryote is stored 

as water-insoluble micrometer-sized spheroidal particles inside the euglenoid cells.83 

Shibakami et. al.84 (2019) described the 4-fold benefits of the use of paramylon as sequestering 

agents that included their resistance (due to the linkage of glucose units by β-1,3-bonds) to 

enzymatic decomposition.  After cationization, the solubility of paramylon is enhanced due to 

the random-coil conformation with hydrophobic interactions through the helical structures that 

facilitate the binding interactions with the analyte.84  

In the study, different grades of HTAPs with varying the molar ratio of GTMAC were 

synthesized85 and two cationic paramylons, namely HTAP1 (ZP = +59 mV) from naturally 

occurring paramylon and HTAP2 (ZP = +65 mV) from chemically defibrated paramylon 

HTAPs were examined. In vivo studies were conducted on the efficacy of HTAPs for weight 

reduction (and antidiabetic effects) of the high-fat diet-induced obese C57BL/6 J mice after a 
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5-week treatment with the high-fat diet (D12492) supplemented with 2% (w/w) powdered 

HTAPs.84 

 

 

Figure 2.7: Illustration showing the chemical structure of Paramylon. Here, if the R group is 

H, then it is paramylon. And if the R is H and/or glycidyl trimethylammonium chloride / (2,3-

Epoxy-propyl) trimethylammonium chloride GTMAC/EPTMAC, then it is 2-hydroxy-3-

(trimethylammonio) propyl paramylons (HTAPs). 

 

The in vitro BATs for the adsorbents with the mixture of all the BSs i.e., NaC, NaDC, 

NaGC, and NaTC in PBS buffer (pH 6.8) showed selective adsorptions by the HTAP except 

for NaDC. As the pKa of NaC, NaDC, NaGC, and NaTC were 5.2, 6.2, 3.8, and 1.9, 

respectively, the NaC, NaGC, and NaTC were present exclusively in the ionic form, while the 

NaDC was in both ionic and a nonionic form in the PBS solution during the experiments84. 

The pristine paramylon in its pristine state with no surface charges should not display any 

scavenging, except for a limited binding with the NaGC and NaTC due to non-electrostatic 

interactions between the adsorbent and the analytes. Tables 2.4 and 2.5 show the summary of 

their findings on the BS scavenging effect from BATs and TG reduction/weight change from 

the in vivo treatment on mice. 
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Table 2.4: Comparison in % of BSs bound to the adsorbent. BAT was conducted in PBS (pH 

6.8) and an enzyme kit/UV-Vis was used to quantify the free BSs. Reproduced from.84 

Adsorbents 

Adsorbate (Bile Salts, BSs)a 

BS mixture 

(%) 
NaC (%) NaDC (%) NaGC (%) NaTC (%) 

HTAP1 43.1 ± 1.5 37.0 ± 2.1 83.0 ± 2.6 19.5 ± 1.5 41.3 ± 0.8 

HTAP2 56.0 ± 0.8 51.9 ± 0.1 68.0 ± 1.1 36.4 ± 3.2 42.0 ± 0.6 

Paramylon ~ 0 12.0 ± 1.6 ~ 0 7.2 ± 3.3 16.4 ± 6.7 

Cholestyramine 95.7 ± 0.6 96.4 ± 1.8 92.6 ± 1.7 92.2 ± 1.3 90.7 ± 1.2 

 

aData are presented as means ± SE (n = 3/adsorbent) 

 

Table 2.5: Bodyweight change of high-fat diet-treated C57BL/6 J mice after a 5-week 

treatment. Adapted from84. 

Group 
Bodyweight (g) 

Bodyweight change (g) 
Initial Final 

Cellulose 28.7 ± 0.7 37.3 ± 0.9 8.6 ± 0.6 

HTAP1 27.1 ± 0.5 31.6 ± 0.6 4.5 ± 0.4 

HTAP2 28.4 ± 1.2 33.2 ± 1.6 4.8 ± 0.5 

Paramylon 28.5 ± 0.7 38.0 ± 1.0 9.5 ± 0.5 

 

The HTAP mediated sequestration of BSs during the BATs shown in Table–6 is 

attributed to two major underlying interaction mechanisms: 1) ionic/electrostatic interactions 

between the cationic QAGs on the HTAPs particles and anionic moieties on BSs, 2) 

hydrophobic interactions between HTAPs hydrophobic skeleton and the steroid nucleus of 
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BSs.84 The binding interactions were also affected based on the micellar sizest84 of the BSs as 

the available hydroxyl groups which participated in the formation of H–bonds.   

From the in vivo results, it was reported that HTAPs could be potential candidates in 

food additives to control weight gain. Here, cellulose, being structurally analogous to 

paramylon (β-1,4 linkage, whereas paramylon possesses β-1,3-bonds), was used as one of the 

negative controls. As shown in Table–7, the body weight changes in the HTAP-treated groups 

(gained weight ~17%) were reduced to ~50% of the cellulose-treated groups (gained weight 

~30%) indicating that the β-1,3-bonds on the HTAPs were resistant to any in vivo enzymes 

and HTAPs retained their effects. In contrast, for paramylon without QAGs, no statistically 

significant effects on controlling the body weight gain were observed (gained weight ~33%).84  

The plausible explanation for the weight gain by the HTAPs was postulated to be 

related to BS removal. The BSs as anionic exchange resins (AERs) have been reported to 

possess antidiabetic effects, where their efficacy for glycemic control was probably related to 

their efficiencies of sequestration of BSs and lipid micelles. Such alteration of the BSs’ EHC 

induced by AER administration enhanced the release of glucagon-like peptide-1 (GLP-1), 

where the hormone that induced insulin secretion, from intestinal L cells.86 Furthermore, the 

GLP-1 also reduces glucagon secretion, promotes satiety by delaying gastric emptying, and 

increases peripheral glucose disposal.86 These multiple effects have resulted in the 

development of GLP-1 secretagogues, as well as the discovery of long-lasting agonists of the 

GLP-1 receptor for the treatment of type 2 diabetes.84,86  

Recent studies concluded that the interruptions in the EHC of BSs caused by the AER 

administration increase the agonistic activities of TGR5 (Takeda-G protein-receptor-5), a 
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membrane-type bile salt receptor, and consequently the GLP-1 is then secreted by those 

activated TGR5.87–89 The HTAP induced BS sequestration triggering the stimulation of GLP-

1 release (secretagogues effect) subsequently promotes appetite suppression and leads to the 

control of the body weight gain.84 

 

2.7.2 Functionalized Ulvans  

Despite the many emerging environmental problems like “green tides” and 

“biofoulings”90, the green macroalgae (Ulva pertusa, Chlorophyta) Ulva is considered a 

probiotic, an edible seaweeds with high dietary fibre and possessing several bio-PSs that are 

beneficial to human health.91,92 The principal component of high growth Ulva is the soluble 

fibre ulvans, which are gelling sulphated polysaccharides with biological activities, such as 

immunoregulatory, cellular signalling modulators, anticoagulant, antibacterial antiviral, 

antioxidant, antihyperlipidemic and anticancer.91–95 Like glycosaminoglycans (GAGs), these 

water-soluble cell walls’ polysaccharides, ulvan have a repeating disaccharide structure 

predominantly comprised of a uronic acid linked to a neutral sulphated sugar (illustrated in 

Figure 2.8). More precisely, ulvans are chemically composed of sulphated L-rhamnose, D-

xylose, and uronic acids (D-glucuronic acid and its epimer L-iduronic acid),91–93 and they have 

potential applications in biomaterial science (wound dressings, tissue engineering, biofilm 

prevention, and excipients), nutraceuticals (antiviral, antioxidant, antihyperlipidemic, 

anticancer and immunostimulatory), functional foods and agriculture.91–95 
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Figure 2.8 Nomenclature and structure of the major repeating disaccharide units that 

comprise ulvan. Ulvanobiuronic acid A3s contains glucuronic acid (blue) attached to rhamnose 

3-sulphate (red), while the similar B3s also contain rhamnose 3-sulphate but has iduronic acid 

(green) in the place of glucuronic acid. Ulvanobioses are comprised of rhamnose 3-sulphate 

attached to xylose (orange). Xylose can contain a sulphate group, as seen in U2′s,3s. Reused 

and adapted from.91,96  

 

Li et. al. (2020)97 and Qi et. al. (2012)98 reported the BSs sequestration mediated serum 

cholesterol reduction efficiencies of high sulphate (—OSO3
—) content ulvans (HU) from in 

vivo studies in Kunming mice (male/female) models. The HU was synthesized using the 

sulfation agent, SO3—DMF followed by the purification of the final product (HU) via regular 

dialysis. In the studies, 84 mice were fed with inositol nicotinate (positive control), ulvan (U, 
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negative control), chow-fed (normal control) and HUs at varying doses for 21 days, 

supplemented with water and feed. In the post-study periods, the mice were not fed for 12 h, 

and they were weighed and blood samples were collected from the eyeballs to obtain a 

complete lipid profile through enzymatic detections with the results summarized in Table 2.6.97  

 

Table 2.6: Effects of U, HU, and inositol nicotinate (commercially available standard 

antihyperlipidemic drug) on serum lipid profiles (HDL-C is not shown here) in mice 

supplemented with a cholesterol-rich diet (composition: 2.0% cholesterol, 8.0% lard, 0.3% 

sodium cholate and 89.7% commercial chow). Adapted form.97 

Animal study group 
Dose 

(mg/kg) 

TC 

(mmol/L) 

TG 

(mmol/L) 

LDL-C 

(mmol/L) 

Normal control – 2.47 ± 0.41 0.66 ± 0.08 0.64 ± 0.11 

Hyperlipidemia – 3.75 ± 0.17 0.93 ± 0.15 0.95 ± 0.23 

Ulvan (U) 250 3.29 ± 0.49 0.83 ± 0.13 0.77 ± 0.15 

HU (low dose) 125 2.75 ± 0.42 0.75 ± 0.20 0.64 ± 0.10 

HU (middle dose) 250 3.07 ± 0.55 0.66 ± 0.25 0.69 ± 0.21 

HU (high dose) 500 3.22 ± 0.31 0.87 ± 0.12 0.66 ± 0.13 

Inositol nicotinate 500 3.33 ± 0.57 0.85 ± 0.10 0.74 ± 0.33 

 

Li et. al. (2020)97 observed that the mean body weight was reduced by 15.2% for the 

HU (250 mg/kg dose) treatment group, compared with the hyperlipidemia group. In terms of 

lipid profile, they found the HU-fed group (250 mg/kg) had an optimal effect on TG reduction 

(29.0%) compared to the hyperlipidemic group, but a lesser impact on LDL-C. Interestingly 

the antihyperlipidemic activity of HU at the dose of 125 mg/kg was found to be the strongest, 
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compared to the hyperlipidemic group, the TC and LDL-C concentrations were significantly 

decreased by 26.7% and 32.6% respectively.  

Similar efficacies for the HU on overall lipid profiles were also reported in a study 

conducted by Qi et. al. (2012).98 They concluded the antihyperlipidemic activity of HU at a 

dose of 250 mg/kg was the strongest, compared to the U-fed group, TG and LDL-C 

concentrations were significantly decreased 28.1% and 28.4%, respectively. Both findings 

confirmed that the antihyperlipidemic activity was not concentration-dependent for HU-fed 

mice.97,98 In another study conducted by Qi et. al. (2012),99 the authors synthesized acetylated 

ulvan (AU) with acetic anhydride in N, N-dimethylacetamide and investigated the effects of 

AU on the serum lipid profile through animal studies. Although there was no harmful effect 

observed in the net weight gain on the subjects (Kunming mice), the antihyperlipidemic 

activity of AU at the dose of 125 mg/kg was the strongest compared to the U-fed group, TG 

and LDL-C concentrations were significantly decreased by 25.3% and 20.6% respectively.99 

 

2.7.3 Polysaccharides from sea cucumber, Apostichopus japonicus (AJP) 

Liu et. al. (2012)100 reported in vivo antihyperlipidemic activities (on Male Wistar 

strain rats) of polysaccharides from sea cucumber, Apostichopus japonicus (designated as 

AJP), which was mainly composed of glucosamine, galactosamine, glucuronic acid, mannose, 

glucose, galactose and fucose, with an average molecular weight of about 36.2 kDa. The 

disruption of the EHC of the BS pool led to enhanced catabolism of the serum cholesterol, 

where AJP at a dose of 400 mg/kg could significantly reduce the serum total cholesterol (TC), 
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triglyceride (TG) and low-density lipoprotein (LDL-C) by 17.23%, 20.78% and 31.18%, 

respectively compared to hyperlipidemic groups.100 

 

2.7.4 Amino-bio-PS based BASs: Chitosan and Chitin/derivatives 

A myriad of applications has been reported for chitosan and chitin-based NMs.101–105 

Recently, Xu et.al. (2020)106 studied the in vitro bile acid sequestration resulting in the 

reduction of cholesterol for the BASs like chitin, chitosan and chitooligosaccharides (COS) 

extracted from lobster shells. They designed the BA binding study using sodium cholate (SC), 

sodium chenodeoxycholate (SCDC), sodium deoxycholate (SDC), and conjugated bile acid, 

sodium taurocholate (STC) where both their BASs’s samples and BA’s solutions were 

prepared in phosphate buffer (pH 7.0). The quantification of the post adsorption samples was 

conducted using the BQ Total Bile Acid Colorimetric Assay Kit followed by the absorbance 

at 540 nm through UV-Vis.106 Although the authors did not report the max adsorption capacity 

for their BASs (Chitin, Chitosan and COS), they denoted the percent adsorption capacity of 

their BASs at three different concentrations, where COS was found to be the most effective 

BASs among the three, showing approximately 50% adsorption at 50 mg/mL for the dihydroxy 

BA, the SDC. The more efficacious binding of the COS was due to the aqueous solubility 

(phosphate buffer) of the COSs leading to enhanced viscosity, the indirect force of which was 

believed to be the underlying reason for the binding with Bas in addition to electrostatic 

interactions.106 The chitosan and chitin were found to be insoluble or poorly dispersed in the 

phosphate buffer’s neutral pH. For the in vitro adsorption test, the hydrophobic chitin (50 
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mg/mL) displayed better binding with BAs due to the hydrophobic interactions leading to the 

aggregation of BAs/BSs on the surfaces.106 

From the above discussion, it is evident that the bio–PS based compounds have the 

capabilities to be considered for application in cholesterol reduction and hampering or reducing 

diet-induced obesity (DIO). And to the best of my knowledge no other literature, short 

communications or book chapters have reported on cellulose or nanocellulose (NC) – based 

(either CNFs or CNCs) or their derivatives or any other amino-bio–PS (other than chitosan and 

chitin) for use as either BAS or reducing LDL–C/body weight gain. CNCs (also known as 

nano-whiskers, CNWs), or other bio–PS based NPs systems for this BS scavenging 

applications leading to cholesterol reduction are fairly recent, and it is expected that more 

publications on these bio–PS materials will appear in the future. In a few of the literature, some 

other bio–PS based compounds like the dextran, alginates, dietary fibers, cyclodextrins, 

polyphenols, several hydrogels, etc. were reported to have efficacies in improving the total 

cholesterol profile, reducing the LDL–C level, and decreasing the body weight or stopping the 

weight gain (DIO) after feeding a heavy fat diet during the treatment period of conducted 

experiments. To discuss all the bio–PS based systems for such application is beyond the scope 

of this doctoral thesis and thus, readers are encouraged to navigate corresponding literature for 

gathering knowledge on their topics of interest.   
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Chapter 3: Cellulose nanocrystals (CNCs) based BAS 

3.1 Introduction  

 Cellulose is a long-chain, high molecular weight polysaccharide (an isotactic 

homopolymer) composed of repeating units of dimers or disaccharides of anhydro-D-

glucopyranose unit (AGU), known as cellobiose, where each anhydro-D-glucopyranose unit is 

connected by a β-1,4 glycosidic linkage and every other monomer is rotated 1800 with respect 

to its neighboring unit,74 as shown in Figure 3.1 (A). Regardless of its source, each cellulose 

chain is chemically asymmetric as one terminus has a reducing functionality, and the other end 

is non-reducing.74,107 

Cellulose microfibrils are the structural units in higher plants formed by a biogenetic 

bottom-up process leading to the formation of cellulose fibres to produce hierarchical systems 

[Figure 3.1 (B)]. These microfibrils contain highly ordered (crystalline) domains alternating 

with disordered (amorphous or para-crystalline) regions. These crystalline domains can be 

separated and extracted from a cellulosic source through a “top-down” deconstruction process 

by mechanical, chemical or combination of mechanical, chemical and/or enzymatic 

(endoglucanases for example) treatments, yielding cellulose nanocrystals (CNCs).74,107–109 In 

literature, a wide range of terminologies has been used to categorize cellulose nanocrystals, 

such as nanocrystalline cellulose (NCC), cellulose nanocrystal (CNC), cellulose nanowhisker 

(CNW), bacterial cellulose and/or bacterial nanocellulose (BNC) etc.74,110 Throughout the 

thesis, the CNC and CNW is used interchangeably. In most of the cases, the base material is 

the anionic CNC supplied by CelluForce, Canada with a tradename of NCCTM. Since one of 
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the major goals of this Ph.D. research is to prepare highly cationic NP systems, thus the 

removal of most of the surface sulphate half ester (–OSO3
–) groups is a desirable outcome in 

the development of the desired nanoparticles. Without desulfation, the net cationic charge 

densities for the NP synthesized from NCCTM would be lower and reduce the performance to 

bind and remove BS. 

 

 

 

 

 

 

 

 

 

Figure 3.1: A) Illustration of cellulose showing the intra and inter-chain H-Bonding for the 

individual microfibril and the molecular representation of β1,4 glycosidic linkages between 

the AGU units. B) Hierarchical structure of cell walls from which the elementary fibrils and 

the CNC can be obtained. Drawn from.111 

 

3.2 CNC Extraction and notable properties 

In the extraction of CNC, the most widely employed process involves acid hydrolysis, 

where concentrated sulfuric acid (H2SO4) and hydrochloric acid are commonly used.74,112 Due 

to such treatment, the disordered or para-crystalline regions of cellulose are disrupted by the 
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cleavage of accessible glycosidic linkages, whereas crystalline regions (the characteristic rod-

shaped nanocrystals) that are more resistant to acid treatment are preserved. Sulfuric acid 

(H2SO4) hydrolysis imparts abundant anionic sulfate half ester (SHE) groups (—OSO3
—) onto 

the CNC surface that induces electrostatic repulsion of CNC particles in aqueous solution.74 

Hydrochloric acid (HCl) hydrolysis introduces minimal surface charge while preserving a 

larger quantity of reactive primary hydroxyl groups113–115 that enhance the grafting of small 

molecules onto the CNCs allowing for a wide array of chemical modifications. For this reason, 

several batches of CNCs were from the commercially available microcrystalline cellulose 

(MCC) via HCl-mediated hydrolysis. 

CNCs have received unprecedented attention in the materials science community due 

to their unique properties, namely the S.M.A.R.T.© properties which are sustainable, 

modifiable, active, renewable, and natural/non-toxic. Other than this, these NPs also possess 

high specific surface area, high aspect ratio, high crystalline order and chirality, superior 

mechanical strength, and controllable surface chemistry.74 The dimensions of CNCs typically 

range from 2−50 nm in width and 100−2000 nm in length. Owing to their nano-size and low 

density, CNCs have a large surface area of 150–250 m2/g. They possess excellent mechanical 

properties, where the axial elastic modulus (Young’s modulus) of native CNCs ranges from 

110–220 GPa, and the tensile strength range from 7.5−7.7 GPa, which is comparable, and 

within the range of other reinforcement nanomaterials, such as carbon nanotube (CNT).74 
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3.3 Development of cationic CNC 

From the structure at a molecular level, it is evident that each AGU of a cellulose chain 

contains three hydroxyl groups which can be categorized into two chemical classes namely 

primary and secondary alcoholic groups.74 In most instances, the hydroxyl groups at the C2 

and C3 positions behave as secondary alcohols while the hydroxyl group in the C6 position 

acts as primary alcohol. Although, the relative reactivity of the hydroxyl groups has the 

following order116: (C6)–OH >> (C2)–OH > (C3)–OH, most of the modification 

predominantly occurs at the (C6)–OH.74 Thus, the grafting of QAGs will mainly occur at the 

C–6 position of —CH2OH to yield an ether linkage. As the NCCTM was desulfated through 

alkaline and acid-mediated hydrolysis to produced more 10 alcoholic groups, where the 

grafting ratio of the cationic groups would be increased. Additionally, to compare the 

efficiencies of the final products, the CNCs were also extracted from MCC117,118 via HCl-

mediated hydrolysis so that the —CH2OH groups protruded from the surface of the extracted 

CNCs could be utilized for the grafting of QAGs.  

 

3.4 Materials and Methods 

3.4.1 Materials 

Spray-dried cellulose nanocrystals (NCCTM) extracted from wood pulp (via sulphuric 

acid hydrolysis method) with an average charge density and molecular weight (MW) of 0.26 

mmol/g and 4460 kDa was provided by CelluForce Inc., Canada. All the reagents, & 

chemicals, such as microcrystalline cellulose (MCC, cellulose powder, 20 μ), glycidyl-
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trimethylammonium chloride/ (2,3-epoxypropyl) trimethylammonium chloride 

(GTMAC/EPTMAC, MW = 161.6 g/mol, d = 1.13 g/mL), Tetrabutylammonium hydroxide 

30-hydrate (TBAH, MW = 799.93), DOWEX® Marathon™ C ion exchange resin beads 

(diameter = 550 µm), were purchased from Sigma-Aldrich (MilliporeSigma) unless otherwise 

stated and were used as received without any further purification. HPLC grades of the solvents, 

like dimethyl sulfoxide, DMSO (boiling point, b.p.= 1890C), tetrahydrofuran (THF, b.p. = 

660C), 2–Propanol or isopropyl alcohol (IPA, b.p. = 82.50C), ethanol (EtOH, 78.40C), 

methanol (MeOH, b.p. = 64.70C), acetic acid (AcOH, b.p. = 1180C) etc. were also purchased 

from the MilliporeSigma and were used as received without any further purification. The fine 

(150 µm) nylon fabric filter (mesh# 100) was purchased from a commercial vendor.  Purified 

water (Milli-Q water) from a Millipore system (>18 MΩcm) was used to prepare the samples. 

Hydrochloric acid (HCl 1M) solution and sodium hydroxide (NaOH 1M) solution were diluted 

from freshly prepared standard solutions (highly concentrated) and were used for pH 

adjustments where applicable. 

 

3.4.2 Desulfation of NCCTM 

As discussed earlier, the majority of the surface primary (10) alcoholic groups on C6 

protruding from the CNC rods are occupied by sulphate half-esters (–OSO3
–) groups 

(reported119 S contents = 0.86 %, w/w), and thus are strongly negatively charged (reported43 

zeta potential value was –39 mV, laboratory data in 1 mM KCl provide a range of –48 mV to 

–58 mV). For the desulfation of NCCTM, alkali or acid-catalyzed hydrolysis are commonly 

used. It has been reported that the removal of surface sulfate half-ester (SHE) groups (–OSO3
– 
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groups) via desulfation using high concentrations of the alkali or acid may degrade or 

depolymerize120 the CNC and destroy the integrity of the pristine rod shapes. Although the 

alkali catalyzed desulfation is most widely used, the use of concentrated alkali may result in 

the 3:6- and 2:3-anhydride structure of the CNC.121 Thus, this thesis focuses on the preparation 

of different degrees of desulfated CNCs (DS-CNCs) using different strengths of NaOH and 

only one grade of DS-CNC via HCl-mediated hydrolysis. Furthermore, another grade of CNC, 

i.e., almost neutrally charged CNC was produced by extraction from the MCC via HCl 

mediated hydrolysis (illustrated in Figure 3.2). 

For alkaline desulfation, the existing surface SHE (–OSO3
–) groups of the NCCTM were 

removed using a modified procedure described in the literature.122,121 Briefly, 4 g of CNC was 

added to 100 mL MQ water (4% CNC dispersion, w/v) and the mixture was dispersed for 5 

min at 15,000 rpm using a homogenizer, then sonicated for 10 minutes. About 250 mL of the 

dispersion was added to a 1000 mL round bottom flask (RBF). The gradient desulfation was 

achieved by varying the NaOH concentrations. 70 mL of freshly prepared concentrated NaOH 

was added slowly with stirring (1000 rpm @the hotplate or using a motorized mixer of two-

blade propeller) for each gram of NCCTM kept in the RBF, with the concentration of NaOH 

kept at 3 M, 4 M, 5 M, and 6 M in the RBF. Each of the graded desulfation reactions/batches 

was allowed to react for 5 hours at 650C under stirring at ≥ 1000 rpm. During the reaction, the 

mixture turned slightly yellowish (illustrated in Figure 3.2), and this phenomenon occurred 

much faster at the highest concentration of the NaOH (the 6M mixture).  
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Figure 3.2: A) NCCTM supplied from CelluForce, Canada, and the desulfation reaction 

scheme. After the surface desulfation, the primary alcoholic (10) groups may get converted to 

alkoxy-sodium form after alkali-mediated desulfation (if HCl is not used for NaOH 

neutralization). B) Schematic representation showing the reaction set up for the desulfation of 

NCCTM or extraction of CNC (the CNCmcc or CNCMCC) from MCC. C) Schematic of the 

desulfation reaction setup. After the reaction, the colour changed, and bigger lumps of 

precipitates were observed. D) Extractions steps of CNC from MCC (20 μ powder) during 

which a more pronounced colour change was observed. During dialysis, the extracted CNCMCC 

was found a bit unstable in aqueous dispersion and settle at the bottom within a few hours. 
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As the desulfation was progressing, the partially desulfated cellulose nanoparticles in 

the suspension began to aggregate due to the induced interparticle attraction (Van der Waals 

force or hydrogen bonding) resulting from the removal of surface –OSO3
– groups. Similarly, 

for the HCl mediated hydrolysis, the same process was adopted but at a higher temperature of 

800C, and the concentration of the HCl was kept at 6 M. Based on the reaction conditions, the 

produced DS–CNCs were designated as DS–CNCx, where ‘x’ refers to the strength of NaOH. 

Likewise, the CNCMCC or the CNCmcc indicates the CNC extracted from the MCC in 6 M of 

HCl. 

Now for the alkaline desulfation, after 5 hours, each reaction was stopped by adding an 

appropriate amount of concentrated HCl (37%, w/v) to neutralize the NaOH in the dispersion. 

And placing the round bottom flask in an ice bath was done for quenching the desulfation 

reaction123,124 and for the rapid cooling to room temperature. The neutralization step using 

concentrated acid was also expected to convert the remaining surface sulfate groups in the 

sodium form of the partially desulfated CNCs (DS–CNC) to their protonated forms.125 At room 

temperature, the reaction mixture was diluted with a large excess of Milli Q water and 

centrifuged at 10,000 rpm at 40C126 for 10 min. The supernatant was discarded after 

centrifugation and the DS–CNC sediment was re-dispersed in Milli Q water. The redispersed 

suspension was dialyzed (molecular weight cut off, MWCO 12–14 kDa) against deionized 

water for 7 days, with continual water change until the effluent remained at neutral pH. The 

partially desulfated CNC was then concentrated by centrifugation and the sediment was 

redispersed in a small amount of M.Q. water for storage. A small portion of the DS–CNC 

powder was prepared by freeze-drying using a FreeZone 2.5L (–500C collector) benchtop 
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freeze dryer (Labconco, Kansas City, MO) for FTIR analyses, and overall, the yield was within 

75–90% determined by gravimetric analyses (GA).  

We encountered difficulties in redispersing the freeze–dried DS–CNCs due to very 

strong particle–particle127–129 cohesion (the cohesion conforms to the DLVO theory130,131), 

especially the DS-CNC6 powder obtained from a pilot batch. Thus, all subsequent batches of 

DS–CNCs (by alkaline/acidic hydrolysis) and the CNCmcc were kept as never-dried 

suspensions and stored in the fridge (4 – 80C) for the future ready-to-use condition while 

recording their individual concentrations of the suspensions through the GA. 

 

3.4.3 Grafting of GTMAC onto CNCs 

The quaternization of DS–CNCx, CNCmcc (also designated as CNCMCC throughout 

the thesis) and NCC™ samples were conducted using the modified procedure reported 

previously.132–134 The grafting of GTMAC onto the surface of DS–CNCx or CNCmcc/NCCTM 

is an etherification process based on the nucleophilic substitution reaction (SN2) reaction119 

where the grafting occurred at the primary alcoholic groups (—CH2OH) protruding from the 

surfaces of the NPs.119 When quaternization with GTMAC was performed in an alkaline 

solution, the epoxy ring would be hydrolyzed to yield non-reactive species, 2,3-dihydroxy-

propyl-trimethylammonium chloride via an undesirable side reaction.134 To avoid this side 

reaction, quaternization was conducted in organic or polar solvents, such as DMSO135 (b.p. 

1890C), isopropyl alcohol136 (IPA, an alcohol; b.p. 82.50C), and tetrahydrofuran136 (THF, a 

cyclic ether; b.p. 660C) instead of water, either with TBAH (dissolved in a minimum 
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stoichiometric amount of M.Q. water) or with NaOH as the catalyst to activate the surface 

hydroxyl groups facilitating the SN2 reactions.119  

In a typical procedure, an equivalent volume of 0.6 g of the CNC aq. dispersion (kept 

in a fridge) was dispensed into an RBF and the solvent exchange with DMSO was performed 

via the Heidolph™ Hei-Vap™ rotary evaporator. For IPA & THF (b.p. < b.p. of water), the 

CNC aq. dispersions were concentrated by the rotavap and then individual solvents were added 

to the almost dry CNC mass, dispersing the mixture using the Ultraturrax T25 homogenizer 

(IKA, Germany) at 15000 rpm for 5 minutes at 250C. Following the same procedure as 

described for DMSO, the quaternization reactions were performed, purified, stored, and the 

yield% determined via gravimetric analysis (GA).  
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Figure 3.3: A) Schematic showing the quaternization reaction for the CNC systems with 

GTMAC, added dropwise. Such reactions are SN2 etherification reactions and if not done in 

organic media, then the degree of quaternization, DQ and the yield % get drastically low due 

to the occurrence of undesired side reactions. And the obtained Q–CNCs from the NCCTM, 

DS–CNCs or CNCMCC were structurally considered as Zwitterionic of different degrees, where 

NCCTM leading Q–CNC was the most Zwitterionic and the CNCMCC leading Q–CNC was the 

least Zwitterionic. B) Schematic of the quaternization reaction setup. After the reaction was 

completed, the colour of the mixture was found to be a bit darker yellowish in DMSO media. 
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After 30 minutes, while the degassing was progressing, the heat was increased to 650C, 

and an equivalent volume of GTMAC solution (for CNC : GTMAC =  1 : 10 ratio) was added 

dropwise using a syringe pump and the mixture was allowed to react for 5 hours. The reaction 

mixture turned brownish at 5 hours and an unpleasant sardine odour was reported due to the 

reduction of DMSO to dimethyl sulphide (DMS)135. The reaction was then quenched by 

placing the reaction vessel in an ice bath123,124. Once at room temperature, the mixture was 

dialyzed (MWCO 12–14 KDa) against deionized water for 7 days (illustrated in Figure 3.3) 

with continual water change and the post dialyzed collected quaternized CNCs, Q-CNCs 

(chemically known as hydroxypropyl propyl-trimethyl-ammonium Chloride-CNC, HPTMAC-

CNC) were stored as the never dried samples in the fridge for future use. A very small portion 

of the Q–CNCs were dried for FTIR characterization. 

As mentioned earlier, a similar procedure was followed for the quaternization reaction 

conducted in IPA and THF136. For catalyst, where TBAH was not used, a few drops of conc. 

NaOH solution (15 M) was used, and the pH of the solution was adjusted to ≥ 13 to activate 

the surface primary alcoholic groups, —CH2OH. By the dropwise addition of GTMAC, the 

reactions were then conducted similarly as mentioned above. Like the DS–CNCs, a similar 

pattern of nomenclature was used for these cationic CNCs, by replacing the pre-fix with Q– 

(meaning quaternized). 
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Table 3.1: Reaction parameters for the desulfation of NCCTM, extracting CNC from MCC and 

quaternization of CNCs with GTMAC to prepare Q–CNCs. 

NPs 
Time 

(hrs.) 

Temperature 

(T0C) 
Reagent Used  Reaction media 

DS-CNC₃ 5 65 3 M NaOH MQ 

DS-CNC₄ 5 65 4 M NaOH MQ 

DS-CNC₅ 5 65 5 M NaOH MQ 

DS-CNC₆ 5 65 6 M NaOH MQ 

DS-CNCa 4 85 6 M HCl MQ 

CNCMCC 4 85 6 M HCl MQ 

Q-NCC™ 5 65 TBAH;  GTMAC (1:8) DMSO : MQ  = 90 : 10 

Q-CNC₃ 5 65 TBAH;  GTMAC (1:8) DMSO : MQ  = 90 : 10 

Q-CNC₄ 5 65 TBAH;  GTMAC (1:8) DMSO : MQ  = 90 : 10 

Q-CNC₅ 5 65 TBAH;  GTMAC (1:8) DMSO : MQ  = 90 : 10 

Q-CNC₆ 5 65 TBAH;  GTMAC (1:8) DMSO : MQ  = 90 : 10 

Q-CNCa 5 65 NaOH;    GTMAC (1:10) DMSO : MQ  = 90 : 10 

Q-CNCaa 8 — 10 65 NaOH;    GTMAC (1:10) IPA : MQ  = 80 : 20 

Q-CNCae 14 55 NaOH;    GTMAC (1:10) THF : MQ  = 80 : 20 

Q-CNCMCC 5 65 NaOH;    GTMAC (1:10) DMSO : MQ = 90 : 10 

 

3.4.4 FTIR Characterization of DS–CNCs and Q–CNCs 

The Fourier Transform Infrared Spectroscopy, FTIR was used to confirm the presence 

of the functionalities on CNC after the modification of NCCTM. Test pellets were prepared by 

grinding and compressing approximately 2% of the freeze-dried samples in KBr, and the 

measurements were conducted using a Tensor 27 BRUKER machine at a resolution of 4 cm−1, 

with a scan time of 32 s, from 4000 to 400 cm−1. The FTIR spectra were acquired and analyzed 

using the OPUS software. 
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3.4.5 Elemental Analysis of DS–CNCs 

The sulfur (S) content (in %) of NCC™ and DS-CNC samples were determined using 

a 4010 Elemental Analyzer (Costech Instruments) coupled to an Isochrom (Micromass UK) 

continuous flow isotope ratio mass spectrometer (CFIRMS). The SHE contents (—OSO3
—) 

were then calculated from these measurements. 

 

3.4.6 Potentiometric/Conductometric titration of DS–CNCs 

Potentiometric titration was performed using a Metrohm 809 Titrando Autotitrator 

System equipped with a water bath to control the temperature. The titrator was controlled by 

the Tiamo software that dosed μL of titrants in each injection/dosing. Measurements were 

performed in triplicate in a closed jacketed vessel at 25ºC while stirring at a medium rate of 4 

rpm. The conductivity was measured using a conductivity electrode. 

The surface sulfate half ester, SHE (—OSO3
—) content was also measured through 

conductometric titration with the freshly prepared and standardized NaOH.43,137 The titration 

was performed as outlined by Beck et. al.138 Before the titration, the CNC samples were treated 

with Dowex® Marathon™ C, hydrogen form (DM–C), a strong cation exchange resin, to 

convert the SHE groups from the sodium form (—OSO3Na) to the protonated form (—

OSO3H). The conductometric titration indirectly measures sulfate groups by assuming a 1:1 

ratio of H+ ions to sulfate half esters, therefore, the ion exchange is a critical step.138 In a typical 

procedure, the DM-C ion exchange resins were thoroughly washed with ethanol until the 

filtrate became colourless and it was dried under vacuum.  A 1.0 to 1.5%(w/v) CNC suspension 

was mixed with DM-C (12 g DM-C/g dry CNC) in a sealed glass vessel, gently stirred and left 
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for 30 minutes. The resins were removed via filtration through a GF/F grade (0.7 μm pore size) 

glass microfiber filter. This treatment process was repeated a total of six times (6x) to ensure 

complete ion exchange with fresh DM-C,138 as illustrated in the Figure–3.4.  

 

 

Figure 3.4: Ion exchange steps for the conversion of Na–form of sulfate half ester, SHE (—

OSO3Na) groups to acidic forms of the SHE (—OSO3H) groups done by the cation–exchange 

resin, Dowex® Marathon™ C, hydrogen form (DM–C). Literature suggested conducting 

multiple cycles of ion–exchange can ensure complete exchange of the targeted ion onto the 

surfaces of the nanoparticles (NPs). During the exchange process, the known starting 

concentration (conc.) of the dispersion gets diluted due to rinsing the beads with MQ water 

each cycle, and the final conc. can be determined through gravimetric analysis (GA).  
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Following ion exchange, the titrations were performed using the Metrohm 809 Titrando 

Autotitrator by diluting a sample containing 150 mg of dried DM-C treated CNC to 80 mL and 

adding 0.8 mL of a 0.1 M NaCl solution to raise the conductivity to a measurable level. 

Additionally, the pH of the suspension was adjusted to ~ 3 – 4 with a few drops of 37% (w/w) 

HCl, and 1 to 10 mM standardized NaOH solution was used in the titration to determine the 

sulfate content. The NaOH solution was added in aliquots of 100 μL over 20 to 60 minutes, 

and the conductivity and pH were continuously measured throughout the titration. The 

conductivity was corrected for dilution effects and plotted against the volume of NaOH. From 

this plot, the equivalence point was determined from the interception of the linear regression 

of the two linear sections of the graph. For precise and accurate reading during titration, it was 

important to use a fresh NaOH solution and to standardize it against the primary standard 

potassium hydrogen phthalate (KHP) immediately before titrating the sample. The pH meter 

was also calibrated with fresh pH standards before standardizing the NaOH. 

 

3.4.7 Potentiometric/Conductometric titration of Q–CNCs 

Conductometric titrations with AgNO3 were performed to determine the quaternary 

ammonium content of the quaternized CNC samples. In a typical procedure, a 60 mL of Q–

CNC aqueous suspension was prepared at various concentrations of between 2 – 6 mg/mL 

from the concentrated stock solution stored in the fridge. 30 mL of the prepared suspension 

was added to the conical double jacketed vessel and the content was gently stirred during the 

titration. A 1 to 10 mM solution of AgNO3, depending on the degree of cationization was used 

to titrate the chloride counter ions of the quaternary ammonium groups. The titration was 
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performed using a Metrohm 809 Titrando Autotitrator and 50 μL aliquots were added every 

30 seconds until two clear linear sections were visible in the Conductivity–AgNO3 volume 

plot. The plot was corrected for dilution effects139 and the equivalence point was determined 

from the interception of the linear regressions of the two linear sections of the graph. The 

quaternary ammonium contents and degrees of substitution were calculated. 

 

3.4.8 Aggregates sizes (DH) and zeta potentials (ZP) of NPs 

The zeta potential (ζ-potential) of a particle can be calculated from140 ζ=
3𝜂𝜇

2𝜀𝑓(𝑘𝑎)
, where 

ζ is the zeta potential (mV), η is the viscosity of the solvent, μ is the electrophoretic mobility, 

ε is the dielectric constant of sample and f (ka) is Henry’s function. Henry’s function is a 

function of k, the inverse of the Debye length (thickness of the electric double layer) and the 

particle radius (a). Therefore, (ka) is the ratio of the particle radius to the electric double layer. 

When the electric double layer is thin (ka>1), Smoluchowski approximation140 is used and 

Henry’s function has a value of 1.5, thus simplifying the equation to ζ=
𝜂𝜇

𝜀
. The point where 

the zeta potential is zero is known as the isoelectric point (IEP), where the colloidal system is 

the most unstable. However, a zeta potential value of between –20 to 20 mV is generally 

considered unstable and aggregation has often been reported.140  

In this study, both the size (hydrodynamic diameter, DH, in nm) and zeta-potential (ZP, 

in mV) analyses were performed using a Malvern Nano-ZS90 zetasizer. The measurements 

were done with 0.1%, 0.05%, and 0.01% (w/v) of appropriate samples of pH ranging from 2 

to 10 (where applicable) at 250C and the reported results were the average of three 
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measurements for DLS and 10 repeated measurements for zeta potential. A minimum of 700 

μL sample was loaded into the DTS 1070 folded capillary cells/cuvette to measure the ζ-

potentials, and the Zetasizer software of version 7.13 was used to control the instrument. The 

size measurements of NPs were measured by dynamic light scattering (DLS, where θ = 173°). 

Regular disposable polystyrene (PS) cuvettes, DTS0012 were used for the DH measurements 

of the NPs, unless otherwise mentioned elsewhere for a specific cuvette. 

 

3.4.9 Transmission electron microscope (TEM) images of NPs 

TEM images were obtained using a Philips CM10 electron microscopy with an 

acceleration voltage of 60 keV. In preparing the samples for TEM characterization, the re-

dispersed (after sufficient dilution) aqueous dispersions (0.001– 0.01 wt.%, depending on the 

NP systems), were sprayed (through a lab-made venturi tube for spraying) or pipetted drop(s) 

onto FCF#200-copper grids (FCF#200, Formvar/Carbon Film which has 200 mesh/grid), and 

allowing them to dry at ambient temperature overnight before imaging. Samples with hard-to-

find good resolution images were stained by either FeCl3 or lead citrate (trilead dicitrate, 

C12H10O14Pb3) & uranyl acetate {[UO2(CH3CO2)2H2O)]. H2O}n double staining. 

 

3.4.10 Batch Adsorption Tests (BATs) for binding efficiencies of NPs 

A variety of analytical methods have been developed for the separation, detection, and 

determination of bile acids and their metabolites.141–145 The most often used methods for the 

quantification of bile acid include chromatographic (LC, GC, HPLC, LC-MS), 

electromigration, and enzymatic techniques.146–153 HPLC with supercritical fluid extraction 
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and pulsed amperometric detection has been applied for the determination of bile acids in feces. 

To the best of our knowledge, there are only a few reports154 on the indirect spectrophotometric 

determination of cholic acid where the colic acid is converted to a new entity by enzymatic 

treatment,155,156 or by reacting with furfural157 (i.e., 2-Furaldehyde, or Furan-2-

carboxaldehyde; an organic aldehyde) and sulfuric acid. Due to the lack of chromophore(s) 

(e.g., an aromatic ring), BAs do not have any UV absorbances unless they are converted to a 

compound having chromophore(s) or an aromatic ring. 

Due to the lack of a tool within the resource available, here we are reporting the binding 

efficiencies of the developed NPs through the following three (3) categories of BATs based on 

detection/quantification techniques:  

1) BATs of the NPs with a surrogate marker for which a negatively charged dye (e.g., 

methyl orange, MO) was chosen. MO has a pKa value of 3.5 and displays a max 

absorbance at the wavelength (λmax) of 464 nm.158–160  

2) BATs of the NPs with sodium cholate (NaC/SC), where unbound/free SCs were 

detected/quantified through the conductance measurement.161 Although the 

sensitivity and accuracy of the conductance measurement are not as precise, being 

more sensitive and accurate over the surface tensiometry, this conductivity method 

was considered as the more suitable method for this project. 

3) BATs of the NPs with SC where the unbound SC were detected/quantified through 

the conversion of SC to intermediate furfural–cholate followed by the UV-Vis 

detection. The furfural–cholate has a λmax of 620 nm.157 
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All the three modes of BATs mentioned above require the use of calibration plots for 

quantifying the unknown ligands (MO, SC etc.) in aqueous solutions. Additionally, 

polyvinylidene difluoride (PVDF) hydrophilic membrane filters (Durapore™ Membrane 

Filters, 0.45 or 0.8 μm; MilliporeSigma™) were used to filter the post-BAT mixtures. Thus, 

for the MO via UV–Vis and SC via conductance, the calibrations curves were constructed for 

both filtered and unfiltered reference standard solutions. For the furfural–cholate, being 

inconvenient, time-sensitive reaction/measurement, and tedious process, no filtration was done 

in this case and the calibration plot was conducted using unfiltered reference solutions. 

Each of the BATs with MO/SC was performed by stirring 20 mL mixture at 250 rpm 

for 2.5 hrs as shown in Figure–3.5 [20 mL mixture = 5 mL of the CNCs’ dispersions at a 

specific concentration + 15 mL of MO/SC solution of a specific concentration]. At least 5 

different concentrations of MO/SC were used in the Langmuir model fitting and all BATs were 

conducted at neutral pH and at RT (250C). For the BATs with MO, 100 ppm, 250 ppm, 500 

ppm, 750 ppm, and 1000 ppm aqueous solutions were used, and two vials of the BATs (a set) 

were conducted simultaneously based on these MO/SC concentrations. For each set of the 

MO/SC concentrations as well as for the NP samples, a blank (20 mL of the MO solution for 

that conc. only, without any NP added) vial was always run to eliminate the likelihood of 

mechanical/instrumental/operator errors so that determined/calculated Qmax values possessed 

the desired accuracy. And for the construction of the calibration curve, a conc. range of 0 – 25 

ppm was utilized, both for the filtered (PVDF membrane filters, 0.2 μ) and unfiltered solutions.  

Similarly, for BATs conducted with SC for quantification using conductometry as well 

as UV-Vis (furfural–cholate, the coloured analog of the SC), the 5 selected conc. were 1 mM, 
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5 mM, 10 mM, 20 mM, and 25 mM. Similarly, for each set of samples, a blank (20 mL of the 

SC solution without any added NP; also considered as a blind test) vial was always run to 

eliminate the likelihood of errors. And in the case of detection via conductance, the calibration 

curve was constructed for a conc. range of 0 – 30 mM of the SC, and for the detections via 

UV-Vis method, the corresponding calibration curve was constructed for the conc. range of 0 

– 27 μg/mL. The initial and final concentration of the ligand was measured using a Cary 100 

UV–Vis spectrophotometer and the conductivity probe of the Metrohm 809 titrator for MO 

and SC, respectively.  

Once the BATs were completed for MO, no visible aggregates were observed for the 

lower conc. of MO (i.e., the conc. < 250 ppm), and thus a few mL of the post–BAT MO 

mixtures were filtered and diluted appropriately with a known dilution factor (DF) before 

proceeding with the absorbance measurements @464 nm.158–160 Visible aggregates were seen 

distinctly for any of the BATs conducted with the SC. But due to the formation of unstable 

sediment/precipitates after centrifugation of the post–BAT mixtures, the filtration method was 

adopted. Once the filtrates were ready for the measurement of either conductance or 

absorbance, appropriate dilutions were made wherever necessary, and the measurements were 

recorded along with the dilution factor (DF) for further data analyses. The respective 

calibration curves and the fitted equations were used to convert the absorption or conductance 

values of the ligands for unknown conc. to its corresponding conc. 
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Figure 3.5: Schematic of the experimental setup for the BAT of NPs A) with Methyl Orange 

(MO), an anionic dye, and B) with Sodium cholate (SC), one of the primary bile acids in the 

human body. Here, the 1 and 2 represent the vials of two trials for the same conc. of ligands 

(and the NPs) to minimize the manual/experimental error, and the B vial stands for blank for 

each set of conc. For simplicity, the set of two vials for only one conc. of the ligands are shown 

here. For Langmuir adsorption isotherm nonlinear fitting model, a min of five (5) conc. of the 

ligands were chosen to conduct the BAT with constant conc. of the NPs/adsorbents. C) and D) 

represent the chemical structures of MO and SC, respectively in aq. solutions. 

 

The furfural-cholate was synthesized,157 both for constructing the calibration curve and 

during quantification of the unbound SC from the post-BAT samples, by reacting 1 mL of the 

reference NaC solution with 6 mL of 16 N sulfuric acid (H2SO4), 1 mL of freshly prepared 

furfural (1%, w/v) for 13 minutes at 650C ± 0.20C (reaction scheme shown in Figure-3.6). Once 
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the reaction was done (turned into a slightly pink colour), the mixture was placed on an ice 

bath for rapid cooling followed by the addition of 5 mL of glacial acetic acid to the mixture 

(turned out to be a slightly greenish blue colour, darker for higher SC conc. of the reference 

standard solutions). The UV measurements were then conducted at λmax and recorded. 

 

 

Figure 3.6: A) Reaction scheme between furfural and sodium cholate.157 B) Color produced 

after 13 mins of reaction. C) Color produced after the addition of acetic acid as the final step. 

 

For all the BATs, the ligand (dye & NaC) removal % and amount of ligand adsorbed 

(qe) on the substrate/adsorbent (the developed NPs) were calculated using the following 

equations162–164 (3.1) and (3.2): 
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐶0 − 𝐶𝑒

𝐶𝑜
𝑥 100 (3.1) 

𝑄𝑒 =  
(𝐶0 − 𝐶𝑒)𝑉

𝑚
 (3.2) 

The Qe for the Langmuir Isotherm could be expressed in the linearized form (Eq. (3.3)) 

𝑄𝑒 =
𝐾𝐿 ∗ 𝑄𝑚𝑎𝑥 ∗ 𝐶𝑒

1 +  (𝑘𝐿 ∗ 𝐶𝑒)
        𝑎𝑛𝑑        

1

𝑄𝑒
= (

1

𝑘𝐿 ∗ 𝑄𝑚𝑎𝑥
) ∗

1

𝐶𝑒
   +     

1

𝑄𝑚𝑎𝑥
 (3.3) 

 

𝑁𝑜𝑤, 𝑓𝑜𝑟 
1

𝑄𝑒
= (

1

𝑘𝐿 ∗ 𝑄𝑚𝑎𝑥
) ∗

1

𝐶𝑒
   +     

1

𝑄𝑚𝑎𝑥
  

𝐻𝑒𝑟𝑒, 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =
1

𝑄𝑚𝑎𝑥
 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑠𝑙𝑜𝑝𝑒 𝑖𝑠 =   

1

𝑘𝐿 ∗ 𝑄𝑚𝑎𝑥
 

 

where Qe is the amount of ligand adsorbed by 1 g of adsorbent (mg/g), Ce is the equilibrium 

concentration of free ligand molecules in the solution (mg/L), C0 is the initial ligand 

concentration (mg/L), V is the volume of solution (L), m is the mass of adsorbent (g), kL is the 

Langmuir constant, and the Qmax is the max adsorption capacity (unit mass/g) for the adsorbent 

for that ligand at equilibrium–concentration of ligand and temperature (T0C). 
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3.5 Results and Discussion 

3.5.1 Percentage yield and Desulfation of NCCTM  

After the DS–CNC was synthesized, purified, and collected as the never-dried 

concentrated slurry, the conc. was recorded, and by carefully measuring the volume of the 

slurry, the percentage yield was determined which is presented in the bar chart in Figure 3.7. 

As discussed earlier in section 3.4.2, a longer reaction time and higher temperature during the 

desulfation reaction could drastically reduce the yield165 and this was evident for the alkaline 

desulfation process showing the lowest yield % when 6 M NaOH was used.  

The possible reason for such a decreasing trend in the yield% of DS–CNCs with 

increasing concentration of NaOH was associated with the polymorphic conversion of native 

cellulose allotrope-I to allotrope-II due to mercerization43,166,167 of highly concentrated alkali 

treatments. Literature suggested that when the concentration of NaOH exceeded the threshold 

(approx. 15-20%, w/v of NaOH) cellulose-I swelled, and dissolved cellulose-I yielding 

disordered or amorphous cellulose.43,166,167  

Regardless of the yield, it was found from the titration and elemental analysis (EA) that 

a ‘gradient desulfation’ (i.e., an increasing pattern of desulfation with the increasing strength 

of NaOH used for desulfation) of NCCTM for all the four alkalis mediated DS-CNC was 

achieved (Figure 3.7 C, D) and this was one of the expected outcomes. Although the data were 

not in total agreement with published literature168 results (CNC extracted by H2SO4 hydrolysis 

of native cotton fibre), the different starting CNC used for desulfation in our experiments was 

the most likely reason for the observed variations.  
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Figure 3.7: Yield % obtained for the A) DS–CNCs and B) the corresponding Q–CNCs (except 

the Q–NCCTM and Q–CNCMCC, which were not synthesized from any DS–CNC) C) Column 

chart representing the sulfate half ester groups (—OSO3
—) contents for different DS–CNCs 

determined via conductometric titration and EA. D) Average % reduction of surface —OSO3
— 

contents based on the two methods. 
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For the synthesis of the DS–CNC with gradient desulfation content, our data showed 

that the expected trend of sulfate half ester (SHE) groups (—OSO3
—), i.e., the DS–CNC6 

possessed the lowest amounts of —OSO3
— groups among all the 4 alkali-mediated DS–CNCs, 

i.e., desulfation degrees: DS–CNC6 > DS–CNC5 > DS–CNC4 > DS–CNC3. 

The yield of DS–CNCa obtained via the desulfation through the HCl acid-mediated 

hydrolysis was higher compared to the yield in DS–CNC3. Furthermore, such form of 

desulfation also produced the highest DS–CNC and approx. 53% of the —OSO3
— groups were 

removed from the NCCTM for HCl acid-mediated desulfation. However, for the CNCMCC the 

yield% was found to be the highest which was in the range of 93%. As the MCC did not have 

any surface —OSO3
— groups (obtained from the certificate of analysis, CofA report of the 

supplier), the CNCMCC were without—OSO3
— groups and consequently, was not considered 

as a candidate for the titration and EA for the measurement of —OSO3
— contents. 

Here, the gradient desulfation processes gave rise to new primary (10) alcoholic groups 

(—CH2OH) on the surfaces of the nanocrystals that were initially occupied by —OSO3
— 

groups in NCCTM prior to desulfation, and thus further chemical modifications were now 

feasible on the 10 alcoholic groups. As the sulfate half ester groups displayed a decreasing trend 

due to gradient desulfation, the repulsive forces from the surface —OSO3
— groups were 

reduced, resulting in the inter-particle aggregation of the nanocrystals. Such forms of 

aggregations of the DS–CNCs were also evident from the aqueous dispersions (Figure 97, in 

appendix) prepared even at the lowest concentration (0.05%, w/v). 
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Based on these gradient DS–CNCs, the corresponding Q–CNCs were also synthesized, 

purified, and stored for future use (a representative example is shown in Figure 3.8). The 

average yield % for these Q–CNCs was found within the range of 70 — 80% indicating that 

the grafting of GTMAC was successful (all parameters for the reactions in this chapter are 

summarized in Table-3.1). Here, the highest yield was recorded for the Q–CNCa (obtained 

from DS–CNCa) which was ~ 83%. Additionally, as these Q–CNCs were mostly prepared from 

the partially DS–CNCs, the quaternized–NPs were highly cationic and more hydrophilic, yet 

trace amounts of sulfate half-ester, SHE groups (—OSO3
—) were still present on the surfaces 

making the NPs zwitterionic (schematically represented in Figure 3.8).  

 

 

Figure 3.8: Post dialysis suspension (concentrated) of quaternized CNCs, Q–CNCs where the 

leftmost indicates the Q–CNC6 and the next to the right refers to the Q–CNCa. The rightmost 

image is the schematic representations of the synthesized Q–CNCs which are also the 

Zwitterionic NPs. All the Q–CNCs developed thus far for this chapter, being more hydrophilic, 

were found very easily dispersible in water. In aq. suspensions, both the counterions, the Cl— 

for the grafted QAG groups and the Na+ for the leftover/trace SHE groups (—OSO3
—) are 

ionized making them Zwitterionic but overall cationic. These phenomena of Zwitterions also 

shed light on why and how the Q–CNCs exhibit some degrees of aggregations in colloidal 

suspensions. 
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3.5.2 FTIR characterization of DS–CNC and Q–CNCs  

The FT-IR peaks of the DS–CNCs (Figure–3.9C) correspond to the peaks described in 

the literature134,168–171 (Figure–3.9 A, B). The broad band at 3600–3000 cm–1 corresponds to 

—OH; a strong band due to hydroxyl (—OH) stretching appeared at 3413 cm−1. The 

absorbance at 2902 cm−1 is due to symmetric C—H vibrations. The peak at 1430 cm–1 is 

associated with CH2 scissoring motion; the band at 1113 cm–1 represents the stretching of the 

glucopyranose unit; a small peak at 815 cm–1 corresponds to symmetric stretching of the S–O–

C linkage. The absorbance peak at 2902 cm–1 is due to the symmetric C—H vibration; an 

intense band at 1644 cm–1 from absorbed moisture; the C—H deformation mode of glycosidic 

linkage is assigned to absorbance at 897 cm–1; and absorbance between 1030 and 1163 cm–1 is 

attributed to C—O stretching in major ether bands in CNC. The asymmetrical S=O vibration 

should have a peak at 1250 cm–1. The peak at 1033 cm–1 has been attributed to the stretching 

vibration of —OSO3
— groups. A peak at 1427 cm–1 corresponds to —CH2 bending; and at 

1203 cm–1, the peak corresponds to C—OH bending in-plane at C–6.  

From the combined FTIR spectra (Figure 3.9C), due to the gradient desulfation of 

NCCTM, the —OSO3
— groups were partially removed, thus the peak at 1033 cm–1 was altered, 

which is also in agreement with published literature.169 The FTIR characterization confirmed 

that the DS–CNCs were successfully prepared and the gradient removal of the surface —

OSO3
— groups were achieved, and the remaining surface —CH2OH would be the preferred 

sites for the grafting of QAGs. 
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Figure 3.9: A) FTIR spectra of (i) raw material (corn stalk); (ii) the extracted cellulose; and 

(iii) the CNCs. Reused from.134 B) FTIR spectra of (a) unmodified sulfuric-acid-hydrolyzed 

CNCs and (b) GTMAC-CNCs. Reused from.134 C) FTIR spectra of NCCTM and the 

corresponding DS–CNCs showing the reduction of the peak heights @ 1033 cm–1 which is 

reported to be for the —OSO3
— groups (very subtle, and discernible easily if zoomed in). D) 

FTIR spectra of all the corresponding Q–CNCs based on the gradient DS–CNCs. Literature 

reported the peaks would be more intense than its precursors and we had such agreement for 

the synthesized Q–CNCs. Individual plots (not presented here) of DS–CNCx and respective Q–

CNCx showed the distinct difference of peaks’ intensities although no new peaks were 

discernible. 
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Similarly, for the structural characterization and identification, the FTIR of all the 

corresponding Q–CNC samples were also performed (Figure–3.9 D). For the Q–CNC, an 

increase in the intensity of ether bands was observed between 1030 cm–1 and 1163 cm–1, in 

addition to a prominent band at 1479 cm–1 attributed to CH2 bending mode134 and methyl 

groups of the cationic agent, all of which was in agreement with published literature.134,168–171 

 

3.5.3 Grafting efficiencies and QAG contents of the Q–CNCs  

The synthesized Q–CNCs NP systems were also characterized and evaluated by 

conductometric titrations to determine the amounts of quaternary ammonium groups, QAGs 

[—N+(CH3)3]. The determined QAGs are listed in Table–3.1 and shown in Figure–3.11, where 

the QAG contents increased with an increasing degree of desulfation. 

 

Table 3.2: The quaternary ammonium groups (QAG) contents, degree of substitution (DS), 

and the cationizing reaction efficiencies (CRE%) of the cationic CNC NPs (Q–CNCX). 

Cationic NPs QAG (mmol/g) Experimental pH DS CRE% 

Q-NCC™ 0.21 6.73 0.03 3.6 

Q-CNC₃ 0.79 6.42 0.15 15.6 

Q-CNC₄ 1.03 6.77 0.20 21.1 

Q-CNC₅ 1.63 6.63 0.35 37.5 

Q-CNC₆ 1.79 6.32 0.40 42.6 

Q-CNCa 2.17 6.63 0.52 55.9 

Q-CNCMCC 2.03 6.52 0.48 50.7 
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And Figure–3.10 represents the outlook of the typical conductometric titration plots 

(both NaOH and AgNO3 titration) and the equations utilized to calculate the QAGs, DS, and 

CRE%. 

 

 

Figure 3.10: A) An acid–base conductometric titration curve & the equation utilized for 

determining the sulfate half ester (SHE) contents (mmoles/Kg of the CNC). Usually, three 

distinct zones are observed in such forms of conductometric titration plots, and in this case, 

the volume (mL) required to neutralize the acidic forms of the SHE groups in the zone–2 is the 

number considered for calculation. B) AgNO3 mediated conductometric titration plots for 

determining the QAG contents and the equations used to determine various parameters.  
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Due to the gradient desulfation process, more surface 10 alcoholic groups were 

exposed/accessible for the grafting reaction. As a result, the highest QAG contents among the 

Q–CNCs were observed for the most desulfated CNC. The DS–CNCa and the QAG were found 

to be 2.17 mmoles/g (Q–CNCa) and the degree of substitution (DS) was 52%. Although the 

CNCMCC was assumed to have the low level of —OSO3
— groups (and thus, consequently, most 

of the surface protruding —CH2OH groups are free to participate in the cationization reaction), 

it was expected to have most grafting onto the NPs.  

However, the Q–CNCMCC NPs did not display the highest QAG contents, and the most 

probable reason would be the inter-particle aggregation during reaction caused by the Van der 

Waals force and hydrophobic interaction. Other than this NP, all the other Q–CNCs showed a 

trend of increasing QAG contents (gradient quaternization) which were consistent with the 

gradient desulfation degrees. 
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Figure 3.11: A) The QAG contents of all the synthesized Q–CNCs which were determined from 

the equivalence (end) points obtained in the conductometric titrations of the 10 mM AgNO3 

with individual NPs. B) Comparison of the degrees of substitution of QAG onto the NPs’ 

surfaces with the QAG contents. Essentially, a higher achieved DS from a higher reaction 

efficiency (RE%) usually ensures a greater amount of grafting of the QAG, which was one of 

the expected outcomes for the target-specific application. C) Comparison of SHE and QAG 

contents of the modified CNCs (M–CNCs). The QAG contents exhibited a pattern of gradient 

increase over the Q–CNCs, especially for those that were synthesized from the gradient 

desulfated CNCs (DS–CNCs) with decreasing contents of surface —OSO3
— groups. D) The DS 

and CRE% of all the Q–CNCs made from DS–CNCs. 
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From the results obtained, we concluded that DS–CNC6, DS–CNCa and the CNCMCC 

yielded Q–CNCs with higher contents of QAGs. Several literature suggested that it is possible 

to enhance the reaction efficiencies (RE%) for QAG grafting if organic solvents were 

adopted136 as the reaction media for the cationization reactions with the GTMAC. The 

underlying reason for such an increase in the RE% was that the solvents such as isopropyl 

alcohol (IPA) and tetrahydrofuran (THF, a cyclic ether) reduced the likelihood of the 

degradation of the GTMAC before being grafted on the NPs. We utilized IPA or THF with 

trace amounts of water to cationize DS–CNC6 and DS–CNCa and the enhancement in the QAG 

grafting were evaluated.  

Figure –3.11 summarizes the QAG contents of the Q–CNCs based on the solvent used 

as a media during the reaction. Higher QAG contents were recorded for the Q–CNC 

synthesized in THF (Q–CNC6e, QAG = 2.51 mmol/g; and Q–CNCae, QAG = 3.02 mmol/g) 

rather than Q–CNC produced in IPA media (Q–CNC6a, QAG = 1.96 mmol/g; and Q–CNCaa, 

QAG = 2.57 mmol/g). Obviously, the most desulfated DS–CNCa yielded the highest QAG 

containing Q–CNC when the THF was used as the reaction media (the Q–CNCae). Such 

investigations from the pilot syntheses of these Q–CNCs were to demonstrate that the grafting 

efficiency could be improved, and our findings conformed with previously reported 

findings.136 The achievement of strongly cationic NPs via the higher extent of grafting, and the 

DS–CNC being the intermediate for synthesizing all the Q–CNCs, the degree of desulfation 

(DD) and the desulfation reaction efficiencies (RE%) were not determined. Due to the time-

consuming grafting reaction and tedious method of slow addition of GTMAC, any further plan 

to produce a larger batch of Q–CNCs using IPA and THF solvents was not considered.  
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3.5.4 Sizes and Zeta potentials of DS–CNCs and Q–CNCs  

Zeta potential and size characterization of 0.05 % (w/v) aqueous suspensions of 

desulfated–CNCs (DS–CNCs) were conducted to evaluate the DS–CNCs. Table–3.3 

summarizes the average sizes (DH) and zeta–potentials (ZPs) of the DS–CNCs and the 

corresponding quaternized–CNCs (Q–CNCs). 

 

Table 3.3: The average sizes (DH) and zeta–potentials (ZPs) of the 0.05% (w/v) aqueous 

suspensions of DS–CNCs and their corresponding Q–CNC, determined from the zetasizer. 

Nanoparticles 

(NPs) 

ZP @ Experimental 

pH (mV) 
ZP_STDV. 

Size, DH @ 

Experimental pH (nm) 

Size, 

(DH)_STDV. 

NCC™ – 42.0 0.7 107.4 9.1 

DS-CNC₃ – 37.3 1.4 147.4 6.1 

DS-CNC₄ – 36.2 3.1 180.7 11.8 

DS-CNC₅ – 33.9 0.6 247.3 4.3 

DS-CNC₆ – 24.1 2.3 273.9 5.7 

DS-CNCa – 11.9 0.9 224.8 21.5 

CNCMCC – 6.4 1.1 1057 48.9 

Q-NCC™ 13.4 7.6 127.4 10.9 

Q-CNC₃ 27.1 3.2 152.0 16.4 

Q-CNC₄ 31.4 2.4 198.9 23.6 

Q-CNC₅ 36.2 3.3 228.0 10.1 

Q-CNC₆ 43.3 1.6 231.3 33.6 

Q-CNCa 35.8 2.6 132.6 10.3 

Q-CNCMCC 38.8 3.6 826.2 39.7 
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Based on the gradient desulfation process, the surface charge of the DS–CNCs was 

reduced. Since the surface —OSO3
— groups were removed due to the gradient desulfation of 

NCCTM, it should result in a reduction of the negative charges on the surface of CNCs. 

Possessing lower negative ZP values, the interparticle repulsions in their aqueous suspensions 

were reduced leading to the formation of aggregates driven by Van der Waals interactions. The 

increasing trend of the average hydrodynamic diameters (DH) of the aggregates further 

confirmed the aggregation of the suspended particles, and Figure–3.11 shows the trends of size 

and ZP of the DS–CNCs obtained through the gradient desulfation that yielded DS–CNCMCC. 

The DH and ZP data for the Q–CNCs at 0.05 % (w/v, aq. unfiltered) are also reported 

in Figure–3.12, where Q–NCCTM refers to the cationic CNC synthesized from the CelluForce 

CNC (NCCTM), without further modification. The gradient increase in the surface cationic 

charge densities, evident from the ZP values, reinforced the fact that unoccupied or free surface 

10 alcoholic groups were necessary for further modifications or grafting to yield cationic 

CNCs. The more the desulfation of NCCTM, the more will be the surface cationic charge 

densities after grafting with GTMAC. As all the DS–CNCs were partially desulfated, the Q–

CNCs appeared to be zwitterionic nanoparticles, and thus, they were prone to aggregate in 

aqueous suspension at low concentration, even at 0.05% (w/v). Due to such aggregation, the 

suspensions were cloudy and especially the Q–CNCMCC was found to be unstable and 

sedimented to the bottom of the storage container (in as is concentrations of the post-dialysis 

samples).  
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Figure 3.12: A) Summary of the average sizes (DH) and ZP of all the DS–CNCs and the 

CNCMCC. Here the gradient reduction of the surface negative charges of these NPs also 

establishes the fact of gradient removal (desulfation) of surface SHE groups (—OSO3
—). Due 

to such phenomena, interparticle repulsions got reduced and aggregations of the NPs were 

seen from the DH data. B) Gradient increasing trend of surface cationic charges of the Q–

CNCs obtained from the corresponding DS–CNCs. In this case, being the Q–CNCs 

Zwitterionic, inconclusive trends of aggregation of the NPs were seen from the DH data. C) 

Effect of organic solvents as the media of cationization reaction, giving the highest 

cationization for the DS–CNCa in THF solvent (an ether). D) Summary of DH and ZP of the 

Q–CNCs obtained from different cationization reactions done in DMSO, IPA, & THF solvents.  
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3.5.5 Sizes and Zeta potentials of the chosen Q–CNC @ different pH ranges 

The gastrointestinal (GI) pH, transit time, and temperature profiles are variable 

throughout the human GI tract (GIT), and such fluctuations in temperature, pH, transit times, 

and motility (peristalsis) can affect the drug delivery,172 or in this case the binding interactions 

of cationic CNCs with the secreted bile acids in the duodenum. The gastric pH ranges from 1.7 

to 4.7 with an average gastric emptying time of 30 minutes (ranging 7–202 mins). During the 

small bowel transit, which had a duration of 67–532 min (median: 247 min), the pH increased 

slightly from 5.9–6.3 in the proximal to pH 7.4–7.8 in the distal section. Colonic pH conditions 

were characterized by values fluctuating mainly between pH of 5 and 8.172,173 

Keeping this in mind, the Q–CNCs systems that possessed the highest cationic charges 

i.e., the Q–CNC6, Q–CNCa, and the Q–CNCMCC were evaluated by the size and zeta potential 

over the pH range of 2–10 and the results are summarized in Figure–3.13. 

 

 

Figure 3.13: Summary of the average aggregate sizes (DH) in A) and the average ZPs in B) of 

the three chosen Q–CNCs for which the ZPs were found highest discussed earlier.  
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From the pH data of the highest Q–CNCs, it was found that the aggregate sizes 

remained in a stable state over the GI pH ranges, although at lower pH (pH ≤3), the Q–CNCs 

seemed aggregated compared to those at pH 4 or 5. But, the Q–CNCMCC were inherently larger, 

over 600 nm regardless of the pH changes due to the larger sizes of the extracted NPs from the 

MCC. Although there were no significant aggregations at a specific pH, no precise conclusive 

trend could be drawn from the DH data. Being Zwitterions, some aggregations were evident 

for these NPs due to the interparticle electrostatic interactions of opposite charges on the 

surface of adjacent NPs. In the case of ZP, the lowest pH, like in the gastric pH, possessed the 

highest ZP for the Q–CNC6 and Q–CNCa Zwitterionic NPs. Whereas the ZPs were found to 

be slightly in a lower range at higher pH, especially if the pH > 8.  

From the literature, it is evident that the surface charge of NCCTM or DS–CNCs was 

dominated by the covalently linked sulphate ester (SHE) groups (—OSO3
—) on the CNC 

surfaces174, the reported pKa174 of which is 1.9. Thus, the change in pH (in the range of 3–8) 

did not significantly alter the ionization state and the SHE groups on the CNC surfaces 

remained almost fully dissociated for the Zwitterionic Q–CNC aqueous dispersions. However, 

at pH below 2, the protonation of SHE groups should commence, thereby decreasing the net 

negative charge on the DS–CNC / Q–CNC surfaces.  When the pH of the Q–CNC dispersions 

increased to 8 or higher, some of the covalently bound SHE groups on the surface of CNC 

were dissociated. Thus, there is a greater possibility that several available QAGs on the Q–

CNC surfaces would be neutralized by the ionized SHE groups leading to an overall reduction 

in ZP.  
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3.5.6 TEM images of DS–CNCs and Q–CNC 

The TEM studies were performed to evaluate the morphology of the synthesized NPs. 

As discussed in the methods section, the Cu-grid was prepared and dried before the 

experiments were conducted. After careful analysis, we observed evidence of aggregation (as 

shown in Figure–3.14) for almost all the modified NPs (DS–CNC and the Q–CNCs) that were 

attributed to the drying phenomena during the sample preparation.  

 

Figure 3.14: TEM images of pristine CNCs (NCCTM), the DS–CNCs and the CNCMCC shown 

on the top row. Although the aqueous suspensions of the samples were made in diluted 

concentrations and sonicated prior to pipette onto the CFC grids, they showed interparticle 

aggregation due to drying. The bottom row shows the TEM images of representative Q–CNCs 

samples made and dried similarly to the other NPs as mentioned above.   
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This drying mediated aggregation was typically evident for the NCCTM, although the 

colloidal suspensions were very stable with the ZP as well as the DH values within the 

colloidally stable ranges (ZP ≥  ± 25 mV). Thus, the CNCMCC and, the DS–CNCs showed 

interparticle aggregations due to the H-bonding and Van der Waals forces which were evident 

from the TEM images as well as the DH data, regardless of the drying mediated aggregation 

for the TEM grid preparation. Since all the Q–CNCs were Zwitterions, aggregation could be 

induced during the drying process on the TEM grid, thus the findings were in contrast to the 

DH determined in aqueous solution via DLS. As for the gradient desulfation as well as for the 

gradient quaternization, there were no structural changes on the surface except for the removal 

of SHE (—OSO3
—) groups (for desulfation) or higher extent of grafting (for cationization), 

thus TEM images could not differentiate the NPs of the same category. 

 

3.5.7 Batch Adsorption Tests (BAT) for chosen/selected NPs 

The evaluations of the binding efficiencies of the synthesized NPs were conducted 

using the Langmuir monolayer adsorption isotherm (LAMI) via linearized fittings, as 

described in the method section. As the literature suggested that such physicochemical 

adsorption of ligand onto the substrates is mostly monolayered175–177 and being the most widely 

reported mode of analyses, only the Langmuir isotherm was considered for the analysis of the 

data. And, as described in the method section, the BAT was subclassified into three different 

experimental modes based on the detection techniques and the ligands (adsorbate/analyte) used 

namely: NPs + MO via UV-Vis, NPs + SC via Conductometry and lastly NPs + SC via UV-

Vis (converting the SC into colored analogs). 
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3.5.7.1 BAT with Methyl Orange (MO) via UV-Vis method 

All the Q–CNCs were examined to evaluate their binding/adsorption efficiencies for 

the anionic organic dye, MO which has a λmax of 464 nm158–160 in the UV-Vis absorption 

spectrum. MO, with a MW of 327.33 g/mole, is highly soluble in water (5 g/L @ RT) and it 

displayed a red color in acidic medium and yellow in basic medium with a pKa of 3.47. Figure–

3.15 explains the possible physicochemical adsorption of MO. 

 

Figure 3.15: Schematic representations of all probable interactions of MO with NP systems. 

The figure explains a fraction of the overall adsorption @ the surfaces is still possible even 

though the NP is negatively charged, and this is feasible due to the existence of other non-

electrostatic binding forces (hydrophobic interactions, H-bondings etc.). A strong complex of 

NP–MO is possible for the cationic NPs even though the NPs are happened to be Zwitterionic.  
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In this study, the selected highly anionic NCCTM NPs were considered as the negative 

control and one of the partially desulfated CNCs, which is the least anionic (in this case, the 

DS–CNCa), was considered as the positive control. The CNCMCC was also included in this 

study as a positive control of the BAT experimental design. Both the experimental controls 

herein would provide us with the information to determine the adsorption/binding or the 

parameters (effect of nano-sizes and partial negative charges on adsorption) that should be 

important in developing the next generation S.M.A.R.T.© bile acid sequestrants (BASs). The 

max. equilibrium adsorption (Qmax values) obtained through the linearized fitting of the 

Langmuir Monolayer Adsorption Isotherm (LMAI) is presented in Table–3.2 and Figure–3.16.  

 

Table 3.4: Summary of the Qmax values obtained from the BATs with MO with the control and 

non-control NPs, and their corresponding aggregate sizes, DH and ZPs. The sodium salt of the 

MO of MW of 427.33 g/mole was used for the BATs in this section. 

NPs Qmax (mg/g) Qmax (mmol/g) KL ZP (mV) Size, DH (nm) 

NCC™ 35.3 0.11 0.018 – 43.7 107.4 

DS-CNCa 82.1 0.25 0.043 – 11.9 147.4 

CNCMCC 86.4 0.26 0.061 – 6.38 1057 

Q-CNC₃ 118.7 0.36 0.098 27.1 152.0 

Q-CNC₄ 129.1 0.39 0.109 31.4 198.9 

Q-CNC₅ 163.2 0.50 0.122 36.2 228.0 

Q-CNC₆ 203.1 0.62 0.131 43.3 231.3 

Q-CNCa 235.2 0.72 0.151 35.8 132.6 

Q-CNCMCC 206.4 0.63 0.123 38.8 826.2 
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Figure 3.16: A) The calibration curves of filtered and unfiltered MO reference stock solutions. 

B) Average of the two calibration curves obtained for the filtered and unfiltered ref. solutions 

of MO. C) Average DH and the calculated Qmax from the BAT with MO for the chosen NPs. The 

BATs were done in RT, in inherent (neutral) pH, and the amount/mass of the individual NPs 

added into the BAT vials was the same for all conc. of the MO. and for the DH measurements, 

the conc. of the individual NP was at 0.05% (w/v) aq. suspension. D) Average ZP and the 

calculated Qmax from the BAT with MO for the chosen NPs. 

 

From the above data, it is apparent that cationic NPs displayed potential for the 

removal/sequestering of anionic dyes. The highest Qmax for the MO adsorption was found to 

be 235.2 mg/g for Q–CNCa NPs, where the measured DH was found to be the lowest and the 

ZP displayed the highest positive values among all the Q–CNC systems.  The Qmax for the Q–
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CNC6 and the Q–CNCMCC were quite similar which was slightly over 200 mg/g, although the 

aggregate sizes (DH) of these two NP systems were different (as the Q–CNCMCC was 

synthesized from the CNCMCC NPs which possessed a DH of ~1053 nm), where the average DH 

of the Q–CNCMCC was 826 nm compared to 231 nm for Q–CNC6 NPs. From the plot, the 

presented DH data did not correlate with the Qmax values for MO, but a conclusive inference 

could be drawn from the ZP data, where the surface cationic charges were more descriptive for 

the adsorption of oppositely charged ligands.  

But the effects of nano-sizes are not negligible either, as the negatively charged pristine 

CNC, the NCCTM, which is the negative control, provided some degrees of adsorption of MO 

over the BATs. Such adsorption was due to the high surface area of the NPs, as well H–bond- 

at the exposed surfaces. To validate the negative control, two positive controls were considered 

for the BATs, namely the DS–CNCa and CNCMCC NPs. The Qmax of DS–CNCa clearly 

explained the effect of ‘nano’ sizes on the adsorption of an analyte, where the ionic charges 

were similar. Whereas the Qmax data of the CNCMCC indicated that in addition to particle size, 

surface functional groups capable of forming H–bonds with the analytes were also an important 

factor for the physicochemical adsorption.  

To further establish the effect of surface charges and sizes, the charge shielding of 

NCCTM and DS-CNCa NPs were conducted by adding highly conc. (50 mM and 100 mM) 

NaCl and then BATs were conducted (Figure–3.17). Due to the charge shielding, aggregation 

of the particle occurred, and the aq. suspension turned cloudy. The average DH data presented 

in Figure–3.17 confirmed that the interparticle aggregation was due to the H–bonds/Van der 
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Waals interactions since surface charges were almost neutralized based on the obtained ZP 

data. 

The NCCTM NPs (negative control) were significantly shielded at the salt conc. of 100 

mM NaCl which was found ~ – 10 mV and the DH obtained was 540 nm. For the positive 

control, the DS–CNCa NPs were almost fully shielded as the ZP was found to be < –2 mV, 

with an aggregate size of ~ 1200 nm. From the Qmax values of the plot C) and the plot D) of 

Figure–3.17 that after the surface negative charges were screened, the adsorption capacities 

increased several folds indicating that the presence of opposite charges on the surfaces induced 

stronger adsorption for the NP systems.  

 

From the results, the following conclusions could be determined:  

➢ The physicochemical adsorption of negatively charged NPs offered some degrees of 

adsorption due to the extensive surface area (SA). Such surface area was the major 

factor promoting the physical adsorption due to non–electrostatic interactions (Van der 

Waals, H–bonds etc.).  

➢ Possessing opposite surface charges is the most important factor for monolayer 

adsorption driven by ionic interactions of the substrates and ligands. The electrostatic 

interactions are long-range attractive forces that mainly establish the formation of 

irreversible complexes between the NPs and the analytes. 

  



 

 94 

 

 

Figure 3.17: A) The outlook of sonicated aq. DS–CNCa at two different conc. (0.05 & 0.1 %, 

w/v) in 50 mM and 100 mM NaCl solutions. All the suspensions became cloudier after the 

dispersions were made in the NaCl solutions due to the significant extent of aggregation as a 

result of the charge shielding. Such aggregations are evident from the DH and the ZP data 

presented in the plot–B). Both controls (NCCTM and DS–CNCa) at a conc. of 1 mg/mL (0.1%, 

w/v) were considered for conducting the BATs in charge shielded state with the MO. C) Plot 

comparing/summarizing the ZP, and the Qmax values obtained from the BATs with MO through 

the LMAI linear fitting model. D) Plot summarizing the DH and Qmax values of the charge-

shielded controls. 
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3.5.7.2 BAT with Sodium Cholate (SC) via Conductance and UV–Vis method 

For the conductance measurement method and UV-Vis method after converting the SC 

into coloured analogs, the BATs were conducted on NPs based on the QAG contents, DH, and 

the ZP values. Among the library of Q–CNCs, only the Q–CNC6, Q–CNCa and Q–CNCMCC 

were selected for the BATs of SC to evaluate their adsorption efficiencies. Similarly, as 

mentioned previously, the NCCTM, the DS–CNCa were considered for conducting the BATs 

as the negative control and the positive control, respectively. Figure –3.18 shows the possible 

mechanisms between the SC molecules and Q–CNC NPs and the calibration curves 

constructed through the conductance method and UV–Vis methods. 

Sodium cholate (SC), the sodium salt of one of the primary bile acids in the human 

body, is highly soluble in water and becomes completely ionized leaving the conjugate base as 

strongly anionic. Now during the BATs, once the aq. dispersions of the cationic NPs were 

added, significant electrostatic interactions between these oppositely charged components 

(NPs and the SC) induced the binding of the molecules onto the surfaces of the NPs. After the 

addition of the NPs’ aq. dispersion into the BAT vessels/vials, all the suspensions 

instantaneously became cloudy, and as time passed, visible aggregates started appearing for 

almost all the Q–CNC systems. The other feasible binding mechanisms for such adsorbent–

adsorbate complex formation were through the formation of H–bonds, hydrophobic 

interactions/Van der Waals interactions, all of which are schematically illustrated in Figure–

3.18 A). 
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Figure 3.18: A) The possible mechanisms of physicochemical adsorption of SC onto the 

surface of a Q–CNC system. During the BATs, most of the Q–CNCs showed distinct and visible 

aggregates and the commencement of such lumps started appearing slowly the moment after 

adding the NPs into the vessel containing the aq. solutions of SC. Although the mixture got a 

bit cloudy for NCCTM, cloudier for DS–CNCs or CNCMCC, no distinct aggregates were visible 

for such NP systems. B) & C) Calibration curves of aq. reference solutions of SC constructed 

through conductance and UV–Vis measurements, respectively. 
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The Qmax determined through the Langmuir Monolayer Adsorption Isotherm (LMAI) 

linear fitting model is shown in Figure–3.19. The negative control, NCCTM, showed some 

adsorption through the non-electrostatic interactions discussed in section 3.5.7.1 (BATs with 

MO) and the Qmax values were 96.3 mg/g for the conductance method and 42.7 mg/g using the 

UV–Vis method. In the positive control, DS–CNCa, with most of the surface negative charges 

removed as well as many of the 10 alcoholic groups freed up, a significant amount of H–

bonding and hydrophobic interactions occurred, yielding a Qmax of 151.2 mg/g (conductance 

method) and 186.2 mg/g (UV–Vis method). Among the Q–CNCs, the highest Qmax was 

reported for Q–CNCa with a magnitude of 421.2 mg/g (conductance method) and 393.7 mg/g 

(UV–Vis method), although this NPs were termed as moderately Zwitterionic. For the least 

Zwitterionic NPs, the Q–CNCMCC showed better adsorption for the SC, even though they 

exhibited interparticle aggregations leading to sizes greater than 800 nm (table 3.2) and the 

Qmax for these NPs was 319.7 mg/g (conductance method) and 361.1 mg/g (UV–Vis method). 

Lastly, for the Q–CNC6, being moderately Zwitterionic, the adsorption capabilities were 

affected due to the interparticle aggregation, but the sorption profile was found to be similar to 

Q–CNCMCC. 

Except for the Total Bile Acid (TBA) Assay kit (Colorimetric; BioVision, Inc.), as 

there was no accessible and user-friendly tool to quantify SC, two ‘not widely used’ methods 

reported in the literature were utilized. Due to the nature of the reaction in the formation of 

furfural–cholate, and the strict time control, the obtained Qmax values for the SC displayed a 

large standard deviation/error making this technique less reliable than the conductance method. 

And for the conductance method for the BATs, the blank used was the 0.1 % (w/v) aq. 
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suspensions of the corresponding NPs so that the effect of counterions (mostly the chloride 

ions, Cl—) on the specific conductance were accounted for during the measurement for the 

post–BAT filtrated solution. 

 

 

Figure 3.19: The Qmax values obtained for SC through the LMAI linear fitting from the BATs 

via A) Conductance measurements, and B) UV–Vis measurements. Plots C) and D) 

summarized those Qmax values with the ZP and the DH respectively. 
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3.6 Conclusions 

This chapter discusses the evolution and systematic development of CNC-based NP 

systems that possessed varying cationic charges with traces of negative charges from the SHE 

(—OSO3
—) groups. Such Zwitterions NPs were more hydrophilic (thus easily dispersible in 

water) than their unmodified counterparts were capable of retaining the overall cationic 

charges over the GI pH ranges. As these ‘green’ NPs were produced from natural and 

sustainable sources (the CNCs; nontoxic, biocompatible), they are as attractive candidates for 

many different applications, such as effluent treatment or plasma cholesterol reduction by 

sequestering the bile salts.  

After several physicochemical characterizations of these ‘green’ (natural) NPs using 

different tools, they were evaluated for their binding efficiencies with negatively charged 

ligands through the batch adsorption tests, BATs. In the BATs, the binding or adsorption 

efficiencies (determined by the Qmax values) of the NPs for the ligand/analyte offered insights 

on their removal efficiencies for the targeted analyte. The most cationic CNCs (C–CNCs) 

notably the Q–CNC6, Q–CNCa and the Q–CNCMCC NPs were proven to have the capability of 

removing an anionic dye, MO from a solution confirming their potential use in effluent 

treatments. Due to the lack of a robust tool for the detection of bile salts, the MO was used as 

the surrogate marker for bile salts and the obtained data could be extrapolated to indicate the 

efficiency of their adsorption of bile salts.  

Further studies on the Q–CNCs with SC revealed a huge breakthrough of their 

efficiencies to bind with (in other words remove/sequester) the bile salt (sodium cholate, SC is 

the representative molecule) from the solution. The determined Qmax of the Q–CNC6, Q–CNCa 



 

 100 

and the Q–CNCMCC NPs systems for the SC was almost 1.5 – 2 times higher than the MO. 

Such evaluation confirmed that the developed NP systems possessed significant capabilities to 

adsorb or conversely sequester/remove the bile salts from a bulk of samples, making them as 

efficient S.M.A.R.T.© BAS for use as the next-generation alternative to ‘intolerable’ 

cholestyramine. 
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Chapter 4: Hydrophobically modified PS based NMs as BAS 

4.1 Introduction 

The modified CNCs with the GTMAC molecules imparted the Q–CNCs NPs with more 

hydrophilic characteristics, which was discussed in Chapter 3. Additionally, BATs revealed 

the role of hydrophobic and electrostatic interactions between SC molecules and hydrophilic 

Q–CNCs. As one of the major objectives of this Ph.D. study is to achieve better PS 

(polysaccharide) based NMs that possess the capabilities to form irreversible NM–BS/BA 

complex. Hence, the modification of cationic CNC with a hydrophobic moiety could enhance 

the binding with SC molecules. From the discussion in Chapter 2, we noted that a hydrophobic 

group containing C–12 chain offers a balance between the overall hydrophilic–hydrophobic 

nature for the modified NPs. Based on this observation, a new hydrophobic molecule 

consisting of an epoxide moiety N,N-Dimethyl-dodecyl (1,2 epoxy propyl) ammonium 

chloride (DDEAC), (similar to GTMAC), with a C–12 chain, was synthesized. Modification 

of chitosan (CS) with such molecules are reported in literature,178,179 but being de novo grafting 

for CNCs, we utilized the same reaction methodology similar to GTMAC grafting, for the 

quaternization of CNCs with the DDEAC which yielded NPs systems denoted as Q–C12–CNC. 

For quaternization, DS–CNC6 was used as the base material, and the NP was evaluated for the 

adsorption efficiencies for anionic ligands through methods described in Chapter 3. 

In addition to the Q–C12–CNC, a polymeric CNC-based system making the CNC 

amphiphilic (possessing both hydrophilic and hydrophobic domains) was considered in this 

chapter. The 2-(Dimethylamino) ethyl methacrylate (DMAEMA) monomer was grafted onto 
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the CNC surfaces via the atom transfer radical polymerization (ATRP) followed by 

quaternization reaction with methyl iodide (CH3I) to impart permanently cationic charge 

(denoted as CNC–g–pQDMAEMA). The NPs were evaluated for their adsorption capacities 

of anionic molecules (e.g., methyl orange, MO & sodium cholate, SC etc.). 

One of the most widely used bio–PS in the biomedical field, chitosan (CS), was also 

considered for the scavenging of BS/BAs. Here the commercially available (85% DD), 

chitosan (CS), is a linear polysaccharide composed of randomly distributed β-(1-4)-linked d-

glucosamine and N-acetyl-d-glucosamine (structural representation in molecular level is 

shown in Figure–4.1) and is insoluble in water (green solvent) or most of the organic 

solvents.180–183 It is the deacetylated derivative of α–chitin, which is the second most abundant 

bio–PS after cellulose.48,184 CS and its derivatives (modified/functionalized CS) have long been 

approved by the US–FDA for commercial use in food, biomedical and pharmaceutical fields 

due to their safety, non-toxicity, biodegradability, biocompatibility and beneficial 

antimicrobial and antifungal activities.180–183 However, their limited solubility in most solvents 

limits their application and hence modifications of CS had used to prepare water-soluble 

derivatives with permanent cationic charges. Such quaternized/cationic–CS (Q/C–CS) NPs or 

the block type binary (gemini) polymers via grafting the Q–CS onto the CNC systems (QCS–

CNC) were then evaluated for their efficiency in the adsorption of MO/SC. 

The in vitro evaluation of the adsorption efficiencies of the NP systems namely the Q–

C12–CNCs, CNC–g–pQDMAEMA, Q–CS, and QCS–CNCs will be discussed in this chapter 

offering insight necessary for the development of BASs with better adsorption profile. The 

discussion would also provide the reader with the information to compare the PS-based BAS. 
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Figure 4.1: A) Molecular structure of commercially available CS (DD = 85%) showing the 

groups/positions that can be functionalized: chemical modifications are feasible on the C–6 

@ the primary alcoholic groups and on the —NH2 groups @ C–2. Due to a very strong steric 

hindrance, no chemical modification is possible on the —OH groups @ C–3. The available 

free —NH2 groups @ C–2 are the primary amines that always get protonated at any pH below 

~8 (thus pH-responsive) to provide cationic functionalities of the molecule. B) A basic 

representative of cationic CS where many of the —OH groups (depending on reaction 

efficiencies) @ C–6 have been functionalized with GTMAC making the CS permanently 

cationic (the Q–CS), regardless of the pH. 

 

4.2 Materials and Methods 

4.2.1 Materials: 

The N,N-dimethyl-N-dodecyl amine, DMDA (MW = 213.4 g/mol, density = 0.79 

g/mL), epichlorohydrin (1-Chloro-2,3-epoxypropane, MW = 92.5 g/mol, density = 1.18 g/mL),  

2,2,6,6,-tetramethyl-1-(pyperidinyloxy) radical (TEMPO), sodium bromide (NaBr), sodium 

hypoclorite solution (NaClO; reagent grade, available chlorine 10-15 %), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide, EDC/EDAC (MW = 155.24, free base basis) and N-

Hydroxysuccinimide (NHS), 2-(N-Morpholino) ethanesulfonic acid (MES) buffer, 2-
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dimethylaminoethyl acrylate, DMAEMA (MW = 157.2 g/mol, density = 0.93 g/mL), methyl 

iodide (iodomethane, MW = 141.94, density = 2.28 g/mL, b.p. = 41–430C) were purchased 

from Sigma-Aldrich and used as received without any further purification. Chitosan, CS from 

shrimp shell (≥ 85% deacetylated, low MW ~ 90–125 KDa) was purchased from Alfa Aesar 

(part of Thermo Fisher Scientific) and used as received without any further purification. 

Purified water (Milli-Q water) from a Millipore system (>18 MΩcm) was used to prepare the 

samples. The GTMAC and all the other commonly used chemicals, such as NaOH/KOH, KCl, 

NaCl, potassium hydrogen phthalate (KHP), HCl acid (37% w/w), H2SO4 (98% w/w), glacial 

acetic acid (99.7% w/v) and all the other solvents like dimethyl sulfoxide, DMSO (boiling 

point, b.p.= 1890C), 2–propanol or isopropyl alcohol (IPA, b.p. = 82.50C), methanol etc. were 

also purchased from the MilliporeSigma and were used as received.  

 

4.2.2 Synthesis of DDEAC surfactant & Q–C12–CNCa NPs 

The N,N-dimethyl-N-dodecyl-N-(1,2 epoxy propyl) ammonium chloride (DDEAC) was 

synthesized following the method described in the literature178,185,186 with some modifications 

as shown in Figure–4.2. Briefly, 68 mL N,N-dimethyl-N-dodecyl amine (DMDA), 78 mL 

epichlorohydrin, [Epichlorohydrine : DMDA = 4 : 3 (weight ratio)] and 90 mL IPA (b.p. 

82.50C) were added to a round bottom flask (RBF). The reaction mixture was stirred at 500 

rpm for 30 hours at 300C under nitrogen purge to ensure an inert ambient environment inside 

the RBF. Then the IPA was removed using a Heidolph™ Hei-Vap™ rotary evaporator at 95°C, 

and the resulting semi-solid residue was repeatedly washed with large excess diethyl ether. 

After purification with ether, the DDEAC surfactant residue was dissolved in a minimum 
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volume of IPA, and the trace ether was then removed by further rotary evaporation at 600C to 

concentrate the soluble product. Finally, the yellowish liquid of the surfactant solution of 

moderate viscosity was stored in a container and the conc. was recorded through the GA 

denoting a 75% yield. 

 

Figure 4.2: A) Reaction mechanism of synthesis of DDEAC surfactant containing epoxide ring 

within the structure. B) DDEAC synthesis setup and outlook of the final product as in solution 

in IPA. Stored in RT after recording the conc. via the GA while the yield was also recorded. 
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Once the characterization of the synthesized DDEAC was performed via Surface 

Tensiometry (ST), the quaternization of a selected DS–CNC with the DDEAC was conducted 

(illustrated in Figure 4.3), which was followed by purification as reported for the GTMAC 

mediated quaternization in the Chapter–3. For this reaction, the DS–CNC6 was used for 

quaternization, where the stored DS–CNC6, was redispersed in the IPA : H2O mixture (90 : 

10) to perform the quaternization reaction. The hydro–alcoholic mixture (IPA–Water) was 

chosen for this reaction as this reaction media has a better CRE% (cationization reaction 

efficiency) of the NPs as reported in Chapter 3 as well as the DDEAC was readily soluble in 

IPA. 

After the synthesis of the Q–C12–CNC6, the purification was performed following the 

routine procedure as described earlier, and the concentrated suspension was then stored as a 

never-dried suspension at 4 – 80C (refrigerator) by recording the conc. and yield % obtained 

through gravimetric analysis (GA). Lastly, a small amount of the stored suspension was freeze-

dried using the FreeZone 2.5L (–500C collector) benchtop freeze dryer (Labconco, Kansas 

City, MO) for FTIR characterization of the Q–CNC NPs. 
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Figure 4.3: Schematic representation of the quaternization (a de novo synthesis) of DS–CNC6 

with the synthesized DDEAC. A) Reaction steps showing the SN2 reaction and the final Q–NP, 

structurally which is a Zwitterion having a C–12 hydrophobe (dodecyl alkyl chain) onto the 

grafted QAG. B) Schematic of the reaction setup at the laboratory scale, the insert represents 

the purified Q–C12–CNC6 Zwitterions which were then stored under refrigeration as the never 

dried suspension for further usage. 
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4.2.3 Synthesis of quaternized chitosan (Q–CS) 

The synthesis of QCS–g–CNC NPs were performed according to the three reaction 

steps:  

i. Synthesis of a water-soluble derivative of chitosan [the quaternized chitosan (Q–CS)] 

with GTMAC, which is denoted as N-(2-hydroxyl) propyl-3-trimethyl ammonium 

chitosan chloride (HTCC)  

ii. Synthesis of oxidized CNC (CNCOX) with surface carboxylic acid groups (— COO—) 

through 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) mediated oxidation,  

iii. Grafting of HTCC onto CNCOX. 

 

4.2.3.1 Synthesis of the quaternized chitosan (Q–CS), the HTCC 

As the first step of the overall synthesis, the N-(2-hydroxyl) propyl-3-trimethyl 

ammonium chitosan chloride (HTCC), or quaternized chitosan (Q–CS) was produced from a 

one-step reaction with slight modification187–189, and the reaction scheme is shown in Figure–

4.4. Briefly, 2g of low molecular weight chitosan (CS) oligosaccharide (average MW ~110 

KDa; degree of deacetylation, DD ~85 %) was dispersed in 100 ml of 1.0% (w/w) acetic acid 

(CH3–COOH; or in short HAc./AcOH) solution, followed by homogenization with Ultraturrax 

T25 homogenizer (IKA, Germany) for 10–15 minutes to ensure the complete dissolution of 

the CS polymer with a pH of ~2.9. In the acidic solution, the CS was brownish-yellow in color, 

slightly viscous, and with the characteristic smell of HAc. [Viscosity: 50–500 cP for a 1% w/v 

solution in 1% acetic acid, information provided from supplier].  
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Figure 4.4: A) Schematic representation of the reaction scheme for the synthesis of Q–CS 

(HTCC). B) The overall reaction setup and purification of HTCC. The purified HTCC was 

found completely water-soluble and was seen as slightly yellow/brown in aq. solution. The 

solution was stored at RT recording the conc. (obtained via GA) and was ready to use.  

 

The mixture was transferred to a round bottom flask, and GTMAC solution was added 

dropwise at a 1:12 molar ratio (glucosamine/GTMAC) when the temperature of the acidic CS 

solution approached 800C to achieve a higher (desired) degree of quaternization and stir at 600 

rpm for 20 hours. The reaction was stopped after 16 hrs, and upon cooling to room temperature, 

acetone (4 – 80C) was added to the mixture at a 5:1 volume ratio. The addition of acetone 

coagulated the Q–CS as it sedimented to the bottom and recovered. It was then washed twice 

with excess acetone and dried in the vacuum oven to remove the trace amount of acetone. The 

solid was dissolved in water and dialyzed in DI water to remove unreacted GTMAC and trace 
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of acetone. The dialysis was (MWCO 12–14 KDa) conducted against deionized water for one 

week with continual water change until the measured water conductivity remained constant. 

The post-dialyzed solution of the purified Q–CS was stored in the refrigerator and a small 

amount of the sample was dried in the freeze dryer for FTIR characterization. 

 

4.2.3.2 Synthesis of the oxidized CNCs (CNCOX): TEMPO mediated oxidation 

The surface hydroxyl groups of CNC can be oxidized to carboxyl groups using sodium 

hypochlorite (NaClO) assisted by 2,2,6,6-tetramethyl-1-(pyperidinyloxy) radical 

(TEMPO).188,190,191 TEMPO is a stable and water-soluble nitroxyl radical and due to its steric 

hindrance, it can only oxidize the primary hydroxyl groups on CNC to carboxylic acids. After 

sonication of the refrigerated DS–CNCa or the CNCMCC in a Branson 1510 sonicator (Branson 

Ultrasonic Corporation, USA) for 10 min., an equivalent amount of suspension containing 1.3 

g (8.02 mmol glycosyl units) of the CNC was transferred to the RBF. Then, TEMPO (20 mg, 

0.128 mmol) and NaBr (400 mg, 3.880 mmol) were added to the CNC suspension and stirred 

for 30 min at room temperature. Then the pH of the solution was adjusted to 10 – 10.5 by 

adding 0.1 M NaOH. The oxidation was initiated by slowly adding NaClO 13% (9.8 ml, 17.114 

mmol) over 30 min under gentle agitation. The pH was kept constant at 10, by continuous 

micro-addition of NaOH. The reaction was complete when no further reduction/change in the 

pH was observed, (approximately by 4 hrs). After 4 hrs, excess oxidant was quenched using 

MeOH or EtOH (10 mL) to terminate the oxidation and the pH was adjusted to 7 using 0.1 M 

HCl. To purify the oxidized nanocrystals, the solution was dialyzed against distilled water for 

at least 72 hrs. Figure–4.5 describes the overall reaction and synthesis protocols. 
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Figure 4.5: A) Reaction scheme and laboratory setup for the synthesis of A) TEMPO-oxidized 

CNC from a selected DS–CNC or NCCTM, and B) the QCS–g–CNCOX from the oxidized CNC 

NPs, which are structurally considered as a block type (M–N–M type) NPs and are Zwitterions 

having traces of both of the SHE groups (—OSO3
—) and —COO— groups along with the 

grafted Q–CS fibers. This overall cationic NPs were stored in the fridge for longer storage as 

the never-dried suspensions, recording the conc. and yield%. In both cases of the syntheses, 

the NPs obtained were found less stable, especially the DS–CNCOX which readily settled down 

at the bottom from the dispersions. The QCS–g–CNCOX NPs were found a bit more stable than 

those of the CNCOX NPs.  
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4.2.3.3 Grafting of QCS on the CNCOX NPs using EDC crosslinker 

For the last synthesis step,188 an equivalent volume of 0.2 g CNCOX was dispensed into 

an RBF. A 50 mL solution containing 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 

0.19g, 1 mmol) and N-Hydroxysuccinimide (NHS, 0.11g, 1 mmol) was then added to the 

CNCOX suspension and stirred for 15 min. Another portion of the solution containing 0.36 g 

HTCC was dispensed and added to the first solution to yield a ~200 mL reaction volume. 2-

(N-Morpholino) ethanesulfonic acid (MES) buffer (1.95g, 0.05 M) was added to the reaction 

medium and the pH was adjusted to 5 using 1 M NaOH or HCl. The reaction was stirred for 

24 hrs at RT and dialyzed (MWCO: 12,000 Da) against D.I. water for 4 days until the 

conductivity of the dialysis medium remained constant. 

 

4.2.4 Synthesis of pQDMAEMA–g–CNC NPs by Free Radical Polymerization116 

Here the synthesis was done in two separate reaction steps as follows: 

i. First, synthesis of the polymeric CNCs from the monomer DMAEMA producing the 

pDMAEMA–g–CNCs,192 and  

ii. Quaternization of the pDMAEMA–g–CNC using methyl iodide, MeI (CH3I).
192 

 

4.2.4.1 Synthesis of pDMAEMA–g–CNC by ATRP 

The reaction scheme of the synthesis of CNC-g-PDMAEMA and quaternization of 

pDMAEMA–g–CNC is shown in Figure–4.6. Briefly, an equivalent volume of 2 g DS–CNC 

was dispensed in an RBF, sonicated, and purged with nitrogen for one hour (1 hr) at room 

temperature (i.e., 250C). Then, 300 mg APS (or appropriate volume of APS dissolved in water, 



 

 113 

freshly prepared) was added to the RBF under stirring at a temperature of 600C. About 10 – 15 

minutes was allowed to raise the temperature up to 600C during degassing (10 – 15 minutes).192  

  

 

 

Figure 4.6: A) Synthesis set up and steps of pQDMAEMA with the monomer DMAEMA. B) 

Corresponding polymerization reaction scheme of the synthesis from DS–CNCx via ATRP. 
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Once the degassing was completed, the temperature was reduced to 500C, and 2.14 mL 

of alumina treated and degassed DMAEMA was added and the temperature was gradually 

raised to 700C over 30 min, and the reaction was conducted for 3 hr under continuous stirring. 

After completion, the product was centrifuged and washed with excess MilliQ water 3–5 times. 

Dialysis was conducted against DI water for 5 days followed by MQ, and the final product 

(pDMAEMA–g–CNC) with known concentration and yield (%) was stored in the refrigerator. 

 

4.2.4.2 Quaternization of the synthesis of pDMAEMA–g–CNC by MeI192,193 

The equivalent dispersion containing 300 mg of pDMAEMA–g–CNC and MeI (2 mL) 

were both dispensed in an RBF and stirred for 7 days (Figure-4.7). The crude pQDMAEMA–

g–CNC was purified by evaporating excess MeI under vacuum. After that, the quaternized NP 

dispersion was then purified via consecutive washing and centrifugation cycles in water (x 4) 

and finally stored under refrigeration (4–80C) while recording the conc. and the yield%. A 

small portion of the NPs was freeze-dried for FTIR characterization, and an off-white powder 

was obtained after drying. 
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Figure 4.7: Quaternization of the pDMAEMA–g–CNC using MeI at the RT192,193. The 

pQDMAEMA–g–CNC is structurally a Zwitterion, and a significant extent of aggregation was 

seen in the post-dialyzed suspension, which was stored at 4–80C. 

 

Figure–4.8 summarizes the NPs that were synthesized and discussed in this chapter. 

 

Figure 4.8: Schematic structural representations of Zwitterionic NPs to be discussed in this 

chapter, A) the Q–C12–CNC6, B) the QCS–g–CNCx, and C) the pQDMAEMA–g–CNCx NPs 

which resemble like the bottle-brush. The associated counter ions for the QAGs are chloride 

(Cl—) for A) and B), and for the C) it is iodide (I—) 
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4.2.5 Method: 1H NMR characterization  

The 1H NMR measurements for the synthesized surfactant, DDEAC was conducted at 

25.0 ± 0.10C on a Bruker Avance NMR spectrometer operating at 300 MHz with the field 

strength of 7.0 Tesla. D2O and CD3OD (99.9 atom % D) were used to prepare the stock 

solutions (7-10 mg/mL) of the surfactants for 1H NMR study. The peaks were referenced with 

respect to tertamethylsilane, TMS (δ = 0.00 ppm) when CD3OD was used as a solvent and to 

4,4-dimethyl-4-silapentane-1-sulfonic acid, DSS (δ = 0.00 ppm) when D2O and/or DMSO was 

used as a solvent. In all NMR experiments, the number of scans (16 on average) was adjusted 

to achieve a good signal-to-noise and was recorded with a two-second relaxation delay in a 

digital resolution of 0.04 Hz/data point at a flip angle of 300 of the pulse program. The 

following notation was used for the 1HNMR splitting patterns: singlet (s), doublet (d), triplet 

(t), multiplet (m), and double doublet (dd). Data analyses were done through MestreNova 

(Mnova NMR) software. 

 

4.2.6 Surface Tensiometry (ST) 

Surface tension measurements for the DDEAC were conducted on a DCAT 11 

(Dataphysics) tensiometer. Continuous dosing was performed by a liquid dispensing unit 

(LDU) that is capable of dosing microliters of titrants. The Wilhelmy plate method was used 

to measure the dynamic surface tension at the air-water interface to determine the critical 

micelle concentration (CMC) of DDEAC. A highly concentrated aqueous solution (12.5 mM) 

DDEAC was periodically titrated into the water to gradually increase the concentration to 3 

mM, with surface tension measurements taken after each titration. 



 

 117 

4.3 Results and Discussion 

4.3.1 CMC determination of DDEAC 

The % yield of the DDEAC was recorded as ~75%. The determined surface tension 

(SFT) of the DDEAC was found to be 1.79 mM which was in close agreement with reported 

values from literature185 (1.88 mM).  This confirmed that the synthesized DDEAC was 

produced successfully with high purity. Figure–4.9 shows the SFT plot and the point of 

intersection that corresponded to the formation of the micelles.  

 

Figure 4.9: A) SFT plot of DDEAC obtained from the Tensiometer. B) DDEAC molecule’s 

chemical structure and schematic representation of the micelles. C) Fate of the DDEAC 

molecules at the water–air interface as the conc./no. of the molecules increases due to addition. 
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It is well-known that the SFT reduction is significantly controlled by the monomer 

concentration and less on the aggregates/micelles. Additionally, a saturation of the surface 

layer (interfacial layer) corresponds to the interfacial saturation of the monomer. All excessive 

surfactant molecules form micelles and do not affect the surface layer, which participates to a 

limited degree in the SFT reduction. Such phenomena are schematically represented in Figure–

4.9 (C).  

 

4.3.2 Yield and QAG contents 

From gravimetric analysis (GA) the corresponding concentrations were determined, 

and then the % yield was calculated. Here, the highest yield% was achieved for the Q–CS 

systems whereas the Q–CS grafted NPs (QCS–g–CNCa) exhibited the lowest yield. For the 

selected NPs in this chapter, the second-highest yield was observed for the Q–C12–CNC6 which 

was ~76%, and Figure–4.10 shows the % yield and the QAGs determined from the 

conductometric titration. 

The QAG represents the extent of cationic groups onto the surface of the NPs and was 

mostly determined to correlate with their adsorption efficiencies of anionic species or NPs. 

Among the NPs, the highest QAG content was ~2.4 mmol/g determined for the brush–CNCs 

i.e., the pQDMAEMA–g–CNC NPs where the majority of the pendent pDMAEMA chains 

were quaternized. For the non-quaternized pDMAEMA–g–CNC, the 30-ammonium content 

was determined to be 2.92 mmol/g, slightly higher than the QAG contents of their quaternized 

counterparts. 
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Figure 4.10: A) Percentage yield of the selected NPs synthesized. Here, except for the Q–CS, 

all the NPs are structurally considered as Zwitterions where, the QCS–g–MCCa (or in another 

written format QCS–g–CNCMCC) was the least or non-Zwitterions. B) The quaternary 

ammonium groups (QAG) contents determined from the AgNO3 mediated conductometric 

titrations. C) The N,N-dimethyl-N-dodecyl amine monomer showing point of polymerization 

and the formation of tertiary (30) amino groups (due to protonation) that can be quantifiable 

by HCl—NaOH mediated conductometric titration.      

 

 

The degree of substitution (DS) and the % cationization reaction efficiencies (CRE%) 

were calculated for selected NPs. Both sets of data for the DS and CRE% are presented in the 

appendix.  
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4.3.3 FTIR Characterization 

To confirm the presence of the DDEAC (the grafted QAG containing the C–12 

hydrophobe) and the presence of PDMAEMA on the CNC surface, the FTIR of the precursor 

(CNC in this case) was also conducted. Figure–4.11 shows the FTIR spectra of all the NMs. 

The characteristic peak at 1030 cm—1 for the Q–C12–CNC indicated the successful grafting of 

DDEAC onto the CNC surface via the ether linkage134, —C–O–C—. The rest of the spectra, 

although very noisy, was similar to the CNCs with some new discernible peaks. 

 

Figure 4.11: FT–IR spectra of A) CNC, Q–C12–CNC, and the pQDMAEMA–g–CNC showing 

some characteristic peaks, and B) the CNCOX, Q–CS, and the QCS–g–CNCs with notable 

characteristic peaks. 

 

Compared with the spectrum of pristine CNC, the pQDMAEMA–g–CNC displayed 

new small shoulders at 2761 and 2819 cm—1 corresponding to the symmetric and asymmetric 

stretching of methyl (CH3) groups as well as another obvious new peak at 1727 cm—1 that is 

related to the stretching of the C═O bond on PDMAEMA chains. These bands are 

characteristic peaks of PDMAEMA. 
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In the case of CNCOX or MCCOX (figure–4.11 B), where the C–6 or the 10 alcoholic 

groups (—CH2OH) were oxidized to —COOH groups, the C═O peak appeared at 1730 cm—1 

which is the characteristic of the carboxyl group in their acid form.188 Conversely, the presence 

of this peak further ensured that the oxidation at C–6 of most of the pendent/accessible surface 

—CH2OH groups were successful. Due to the similar chemical composition of CS and CNC, 

no difference was observed for the Q–CS and the CNCOX, except for the peak at 3200 cm—1 

which corresponded to the —N–H stretching vibrations of the —NH2 groups of the Q–CS.188  

The C–O–C stretching vibrations for the ether linkage of GTMAC onto the CS were 

observed at 1030 cm—1. In the QCS–g–CNC, the peak at 1730 cm—1 corresponds to C═O 

groups which were significantly reduced compared to CNCOX, confirming the conversion of 

the carboxyl groups (—COO—) in the grafting reaction with the free 10 amino groups (—NH2) 

188. Due to the formation of new amide bonds (—C═O–NH—), the peak for the C=O groups 

shifted and were found buried under the water peak. But the C=O groups of the acetyl groups 

(CH3C═O) of Q–CS chains (the 85% deacetylated CS was used as the starting material) was 

quite noticeable. The newly formed amide bonds were evident by the presence of the peak at 

1696 cm—1 which was the C=O peak of the formed amide bonds.188 
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4.3.4 Aggregate sizes (DH) and zeta potentials (ZP) 

The aggregate sizes and ZPs were determined to understand the adsorption, i.e. removal 

efficiencies (RE%) of the anionic species for cationic NMs developed and presented in this 

chapter. Although during the measurement of the DH and the ZP of the NPs, the concentration 

selected (0.1% or 0.05% w/v, for instance) was way below that used for BATs, but the DH and 

ZP of such concentration would give an idea to the reader for their corresponding RE% and 

thereafter to establish the possible trend(s) conclusion(s). The table below lists all the DH and 

ZPs of the NPs.  

 

Table 4.1: Average aggregate sizes (DH) and ZP of the selected NPs 

NPs  Zeta Potential (mV) STDV_ZP Size, DH (nm) STDV_DH 

Q-C₁₂-CNC₆ 33.9 1.1 1033.3 43.5 

Brush-CNC 29.1 1.7 1121.1 53.1 

Q-CS 37.6 11.6 1739.3 61.5 

QCS-g-CNCa 27.5 1.1 447.4 25.5 

QCS-g-CNCMCC 41.9 2.3 1679.7 59.2 

 

The effects of pH changes on the average DH and ZPs were also investigated for several 

selected NPs among the library of NMs systems. As mentioned, and discussed earlier in 

Chapter–3, our gut has different segments of pH zones, and the expectations were to have the 

NPs’ capabilities to retain their cationic charges over the range of pHs. From Figure–4.11 (C 

and D), it is obvious that ZPs of the selected NPs were less fluctuating or labile than the DH at 

a specific pH. Due to the impacts of the pH change on the net surface charges, the inter–
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particles aggregations occurred at a specific pH. For such forms of aggregations, the ionic 

interactions as well as the nonionic (H–bonding, hydrophobic or Van der Waals interactions) 

interparticle interactions are the most causative mechanisms. If the surface negative charges 

were screened in a low concentration of calcium chloride solutions (CaCl2), the ZP fluctuations 

and the variations of the DH were less frequent or dominant (data presented in the appendix), 

however, some aggregations occurred due to nonionic interparticle interactions. (Figure–4.12). 

 

 

Figure 4.12: A) Average aggregate sizes (DH) and the ZP of selected NPs. B) Experimental 

pH of the aq. suspensions of the NPs. C) The ave. DH – pH profile of the three selected NPs 

(Zwitterions), and D) The ZP – pH profile of the three selected NPs. 
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4.3.5 TEM Images of the NMs 

Figure–4.13 represents the TEM images of selected NPs, which illustrate the 

aggregation of the NPs. For NP systems, it is known that during drying of the sprayed (through 

the lab-made venturi tube) or pipetted NPs samples on the Cu–FCF#200 grids, aggregation 

occurred when the solvent (dispersion media) was removed. The densely packed aggregation 

was evident for the Q–C12–CNC6 Zwitterionic NPs due to the drying effect, and the enhanced 

hydrophobic interactions of the C–12 dodecyl chains on the grafted QAGs.  

The CS was made hydrophilic and water-soluble due to the cationic groups on the Q–

CS NPs, however, the TEM image showed aggregates of different aggregate sizes. Other than 

the drying effect, the most likely reason, in this case, was the formation of H–bonding between 

the pendent/protruded hydroxyl groups (—OH) of the 10 alcoholic moieties (—CH2OH) as 

well as the partial hydrophobic interactions, even though the interparticle cationic repulsions 

were more pronounced. Similar aggregations were observed for the Q–CS grafted NPs due to 

the same reasons, especially for the QCS–g–CNC6 systems whereas for the QCS–g–CNCMCC 

systems, fewer aggregations were evident. 

Lastly, the polymeric–CNCs, i.e., the brush–CNCs (pQDMAEMA–CNCs) also 

showed moderate aggregation, however, it was possible to capture an image of single or mildly 

aggregated NPs. 
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Figure 4.13: Best possible obtained TEM images of the cationic (Zwitterionic) NMs systems; 

the Q–C12–CNC6, Q–CS, QCS–g–CNCa, QCS–g–CNCMCC, and the pQDMAEMA–CNCs.      

 

4.3.6 BATs for the NMs with MO and SC 

The batch adsorption tests (BATs) were conducted for the NPs with both MO (anionic 

dye) and the SC (anionic bile acid, sodium salt), and the max adsorption efficiencies were 

determined from the linear fitting of the Langmuir monolayer adsorption isotherm (LMAI). 

One of the representative examples of binding phenomena is shown in Figure 4.14.  
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Figure 4.14: A) The sodium cholate molecule and its two different faces in flat stereochemical 

conformation (schematic). B) Schematic illustration of the Q–C12–CNC6 and the complex 

formed with SC due to the physicochemical adsorption via ionic interactions (attractive long-

range force, predominant, H–bonding as well as the hydrophobic interactions. Once the NP 

gets fully saturated as the monolayer formed, it is least likely to form another layer of 

adsorbates (the SC in this case) over the already formed monolayered complex. The 

dispersibilities of the NPs were seen drastically and significantly decreased right after the 

complexes were formed.  

 

In Figure 4.15, the calculated Qmax values for the NPs is described, where it is evident 

that the adsorption of MO onto the NP surfaces was not as strong compared to SC. The possible 

reason could be the compositional and stereochemical differences between these two 

molecules. As described in Chapter–3, the monovalent (single anionic charge) MO with two 
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phenyl rings in the structure possessed a pKa of ~3.5 and being in the sodium salt form, it was 

fully dissociated/ionized within the experimental pH. Due to the stereochemical conformation, 

the hydrophobic interaction with the hydrophobic domains on the NP surface was not as 

significant. The lack of H–bonds forming groups on the MO was another reason for the 

comparatively lower adsorption compared to SC. 

 

Figure 4.15: Comparison of the Qmax values for the Q–C12–CNC6, brush–CNC, and the Q–CS 

with A) average ZP and, B) average DH. C) The Qmax values of the three NPs obtained from 

the BATs where the quantifications were done via conductance measurements. For A), B), and 

C) the QCS–g–CNCs were under synthesis. D) Qmax values for all the NPs via UV-Vis method. 
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In the case of the monovalent SC that possessed a steroid nucleus (CPPP ring) with 

three hydroxyl groups with a pKa of 5.13, the molecule was completely ionized to the sodium 

salt form at the experimental pH (~ 6.5—7.8). Stereochemically, the molecule possessed a flat 

conformation with two distinct faces (hydrophilic/hydrophobic) consisting of the steroid ring 

and the –OH groups, these molecules could participate in the H–bonding and hydrophobic 

interactions, in addition to the usual ionic long–range attractive forces. Furthermore, the 

specific surface areas (SA) offered by the NP systems would be an added benefit for such 

physicochemical adsorptions. These could be the likely reasons for a greater extent of 

adsorption onto the NP surfaces than those of MO. 

Although the average DH and ZP for the brush–CNCs were in micron size and ~ +29 

mV respectively, these NP systems displayed the highest Qmax for the SC adsorption of ~ 469 

mg/g (UV–Vis detection) NPs, but they did not seem as efficient for the adsorption of the MO. 

The possible entrapment of SC within the tentacles (pQDMAEMA chains) of the brush–CNCs 

could be the additional reason for better adsorption of SC. Furthermore, the dispersion of the 

pQDMAEMA was slightly more viscous (just visually observed and investigated, no 

experiment conducted on the U–tube viscometer) compared to other NP dispersion of the same 

concentration.  

From the SC adsorption data (the Qmax values) from either of the detection techniques 

(Conductance or UV–Vis), it is evident that the presence of hydrophobic moieties could 

enhance the physicochemical adsorption of the SC. Such difference in the adsorption of SC 

between the hydrophilic (Q–CNC6, chapter–3) and slightly hydrophobic CNCs (Q–C12–CNC6) 

was obvious when compared between their Qmax values (UV–Vis technique) (299 mg/g and 
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405 mg/g), where the data were sufficient to provide an explanation on the role of hydrophobic 

moieties. 

 

4.4 Conclusions 

This chapter discusses the hydrophobically modified CNCs, hydrophilic chitosan (Q–

CS), brush–CNCs, and block type CNCs (QCS–g–CNCs) NPs systems and their efficiencies 

on adsorption (or removal efficiencies) of anionic species, such as MO and SC. The cationic 

(also Zwitterionic) NPs developed was found to be stable over a range of pH of 2–10, which 

lies within the GI pH ranges. Within the pH ranges, all the NPs retained their cationic charges 

(manifested by the ZP values) and the ZPs were colloidally stable (± 25 mV). The NPs 

suspensions were stable during the storage with little sediments at the bottom, however, if 

sediments were found, those were readily dispersible.  

The significant extent of adsorption of SC by these nano-systems could be utilized as 

efficient BASs. However, once the biosafety of these NMs are evaluated on live cells, 

standardized animal testing (in vivo) or studies on human volunteers should be conducted to 

establish their efficiencies as the BAS. Additionally, these systems were effective for the 

adsorption of an anionic dye confirming their suitability as sustainable adsorbents for effluent 

treatment.  

The NPs being based on the naturally resourced bio–PSs (cellulose and chitosan), 

possess S.M.A.R.T.© properties, and thus should not be harmful for human application or 

contaminate water, as the ions associated with the NPs were listed among the essential 

electrolytes.  
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Based on the results from this chapter it could be concluded that the availability of a 

sustainable and natural BAS with better efficiencies and minimal or no adverse effect is very 

close to reality, from the laboratory benchtop to the consumers at an affordable price. 

 

4.5  Future Directions 

It is very apparent that the presence of hydrophobe onto the NPs can affect the binding 

of SC with the NPs, and such evaluation should be conducted for hydrophobes present on the 

CS or the modified CS grafted CNCs. For all the NPs, the comparative studies for BATs with 

SC should be conducted for commercially available BAS, cholestyramine. And lastly, although 

it was assumed that these NPs should not be harmful to humans, the biosafety of all the NPs 

should be conducted via live healthy cells culture tests, either on microorganisms or on 

eukaryotic cells.  
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Chapter 5: Amino–PS, Chitin based NMs as BAS 

5.1 Introduction 

A myriad of applications has been reported in the literature on chitin-based NMs over 

the last few decades.101–105 Chitin, the amino bio–PSs, is the second most abundant biopolymer 

found in nature after cellulose. It is a linear polysaccharide comprised of glucosamine (2-

amino-2-deoxy-β-D-glucopyranose) and N-acetyl glucosamine (2-acetamide-2-deoxy-β-d-

glucopyranose) monomeric units bound via β-(1→4) linkages194 as shown in Figure–5.1.  

Regardless of the sources, chitin exists in alpha, beta and gamma domain 

conformations, the difference being that the adjacent polymer chains are arranged in an anti-

parallel, parallel, and mixed alignment/arrangement respectively. Chitin is found in fungal cell 

walls, in exoskeletons of certain marine invertebrates (e.g., sponges, coral) and in a variety of 

arthropods. The α-conformation is the most abundant in nature and is commonly extracted 

from the shells of crustaceans (e.g., shrimp, crab, lobster).195–197  

A network of secondary electrostatic hydrogen bonds, formed among the hydroxyl, 

acetyl, and amino groups, produces the chitin’s three-dimensional crystalline matrix. The α-

chitin conformation forms a stronger structure (which is less prone to swelling) due to 

interchain bonds between hydroxymethyl groups which is not commonly observed in β 

conformation. The N-acetyl glucosamine monomeric unit forms multiple strong inter- and 

intra-chain hydrogen bonds due to its acetyl group and thus, a homopolysaccharide produced 

from this monomer is largely insoluble.   
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Figure 5.1: A) Sources of chitin from sustainable sources and how chitin exists inside the 

exoskeletons. Here, I: Plywood structure of chitin, II: Ch-MFs in the matrix, and III: 

Mechanically extracted individual chitin NFs from the demineralized and deproteinized pure 

α–Chitin (powder). The insert to the right shows the crystalline (ordered, resistant to acid 

hydrolysis) and amorphous (disoriented/disordered, easily accessible for and prone to acidic 

hydrolysis) region of the individual bundle of chitin fibers. B) Parallel anti-parallel and mixed 

alignment polymorphs of chitin showing their different orientations of chains. The arrow 

indicates the reducing terminus/end. C) Basic chemical structure of the α–Chitin skeleton 

showing the glucosamine (GA) and N-Acetyl glucosamine (NAGA) attaching through the β-

(1→4) linkages. Here the position 2 (C–2, for the acetamido groups) and position 6 (C–6, for 

the 10 alcoholic groups, CH2OH) of the glucopyranose unit are the positions where most of the 

chemical functionalization occurs. A) & B) Adapted from.194,196,198,199  
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Once deacetylated, the N–acetyl glucosamine unit becomes a glucosamine unit with 

increased hydrophilicity, where the primary amine becomes protonated at low pH generating 

a positive charge. The amount of positively charged amino groups is increased by deacetylation 

and the degree of deacetylation (DD) is determined from the ratio of glucosamine to N-acetyl 

glucosamine, thus a higher DD of the α–chitin (De-Chitin) would have more free amino groups 

(—NH2) at C–2 position rendering it to be more positively charged. Because the free —NH2 

groups can be easily protonated200 at pH below ~8, similar to the slightly acidic pH (4 — 6.3) 

of the small intestine. Due to the favourable pH-responsive cationic properties of deacetylated 

chitin, there is a possibility that it can interact with the anionic carboxylic group on bile salts 

via electrostatic forces making the chitin/chitin-based NMs (nanofibers and nanowhiskers) 

suitable for use as bile acid sequestrants, BAS.201 

Thus, in this chapter the commercial α–chitin powder was modified via two different 

extraction methods from which chitin nanofibers (Cht.NFs), also commonly known as 

nanochitin in literature,200,202–205 and the chitin nanowhiskers/nanocrystals (Cht.NWs/NCs)206–

211 were produced. The NWs were further modified by cationizing with GTMAC to produce 

NPs that are more cationic (the Q–Cht.NWa) than their precursors. This is to enhance their 

capabilities of binding anionic species (SC, MO etc.), whereas the extracted Cht.NFs remained 

in their purified form that depended on the protonation of the surface 10 amino groups (—NH2) 

for their cationic charges to be utilized as the adsorbents for anionic species (e.g., SC). The 

microscopic images in Figure–5.2 shows both types of chitin-based NMs. 
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Figure 5.2: Microscopic images of A) Chitin nanofibers or nanochitin (Cht.NFs), and B) chitin 

nanowhiskers or nanocrystals (Cht.NWs or Cht.NCs). Adapted from.198,211–214 

 

Chitin-based NMs were never explored in this lab (TAM lab) and being the newest 

addition to the list of NPs, several parameters were optimized to prepare the NPs. Several 

Cht.NFs were prepared based on the number of cycles or passes through the microfluidizer 

(μFD, details in the method section) namely, the Cht.MF_P0, Cht.NF_P1 to Cht.NF_P5 where 

the Cht.MF_P0 (MF stands for microfiber) indicates the deacetylated α–chitin (De–Cht.B) 

where the deacetylation was conducted via alkaline hydrolysis. Cht.NF_P1 corresponds to the 

extracted nanofibers (NFs) obtained by passing one cycle through the microfluidizer (μFD), 

whereas the P5 refers to the NFs obtained by the consecutive passing of 5 cycles through the 

microfluidizer (μFD). Since the NWs were extracted via the HCl acid-mediated hydrolysis of 
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α–chitin by dissolving or cleavage of the amorphous regions, the produced NWs/NCs were 

denoted as Cht.NWa/NCa. 

 

5.2 Materials and Methods 

5.2.1 Materials 

α–Chitin powder (practical grade, MW ~ 400 KDa) from shrimp shells was purchased 

from the MilliporeSigma (Sigma Aldrich) and used as received without further purification. 

Purified water (Milli-Q water) from a Millipore system (>18 MΩcm) was used to prepare the 

sample solutions. The GTMAC and other commonly used chemicals like NaOH/KOH, KCl, 

NaCl, potassium hydrogen phthalate (KHP), HCl acid (37% w/w), H2SO4 (98% w/w), glacial 

acetic acid (99.7% w/v) and other organic solvents were purchased from MilliporeSigma and 

used as received. 

 

5.2.2 Alkali mediated deacetylation of α–Chitin followed by Cht.NF extraction 

Complete deacetylation of α–chitin powder through hydrolysis using alkali is 

impractical and was not reported in the literature. By partial deacetylation, many of the surface 

acetyl groups (—COCH3) of the acetamido groups (—NHCOCH3) at C–2 of the chitin 

structure could be removed, leading to the exposure of new or free/unoccupied 10 amino groups 

(—NH2). By doing so, such forms of De–Cht.B could be protonated in an acidic solution, which 

is expected to improve the dispersibility of the insoluble chitin/De–Cht.B. Improved 

dispersibilities of the De-Cht.B is required or necessary as it would reduce the clogging of the 

interaction chamber of the microfluidizer (μFD). Furthermore, such dispersions would 
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facilitate the transmission of mechanically applied energies during the mechanical pre-

treatment of the De.Cht.B dispersions prior to passing through the microfluidizer (μFD) 

cycle.215  

The reported values of the optimal strength of NaOH varied from 33% – 60% (w/v) 

and 25 – 30 mL was commonly used for 1 gram of acetylated α–Chitin powder. For such 

deacetylation reactions, the reported temperature ranged from 950C – 1070C and depending on 

the conditions, the time for the reaction was usually set from 2.5 hrs – 24 hrs.216–223 In this 

study, the deacetylation reaction parameters were set at 35% (w/v) NaOH [= 8.75 M] and 25 

mL of NaOH was used for1 g of α-Chitin powder, and the reaction condition was: time set at 

2.5 hrs, temperature at ~ 950C under continuous reflux. A 0.03g of NaBH4/1 g of α–Chitin was 

added to the reaction mixture as a catalyst/reducing agent to prevent the strong alkali-induced 

depolymerization,220 formation of 3:6- and 2:3-anhydride structures, and & weight loss. 

For the deacetylation, briefly, 15 g of α-Chitin powder was weighed into a 500 mL 

round bottom flask (RBF) and then 375 mL of freshly prepared 35% (w/v) NaOH was 

dispensed into the RBF. The mixture was homogenized for 10 min, as the temp of the oil bath 

was raised to ~1000C. The mixture was then refluxed at 950C at 1200 rpm for 2.5 hrs. Once 

the reaction was completed, it was stopped (a change in color was observed for the mixture), 

and the RBF was placed in an ice bath and followed the usual procedure to purify the De–

Cht.B. After purification, the post–dialyzed slurry was recovered and stored at RT in a storage 

bottle while recording the concentration via gravimetric analysis (GA), their pH, and the 

yield%. Figure–5.3 illustrates the overall steps of the deacetylation reaction of the chitin 

powder. 
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Figure 5.3: A) Overall roadmap for the defibrillation of the chitin to produce Cht.NFs from 

the deacetylation of α-Chitin powder. Adapted from.215 B) Deacetylation reaction steps at a 

molecular level showing the partial deacetylation giving rise to the 10 amino groups onto the 

surfaces. Drawn and adapted from.224 C) Processing of deacetylation at laboratory scale from 

reaction to purification steps. The De–Cht.B was found very unstable and within a few hours, 

they form loosely settled sediments at the base of the container bottle or glassware. Several 

pilot batches of De–Cht.B were made and instantly non–using products were kept in the fridge 

(2–80C) for longer storage.  
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5.2.3 Cht.NFs (nanochitin) extraction via mechanical treatment 

Once the De–Cht.B was prepared, then individual Cht.NFs were extracted 

(defibrillated) following the literature225,226 with some modification. For such defibrillation, a 

combination of aggressive mechanical treatments, namely homogenization & sonication for 

multiple times and passing it through microfluidizer (μFD) was conducted. A 0.22% (w/v) 

aqueous De.Cht.B suspensions acidified with glacial acetic acid to pH of ~ 2.7 – 3. were 

prepared. The concentration was thus fixed after several trial-and-errors so as to reduce 

clogging when it was passed through the μFD. As discussed in the introduction, the 

acidification protonated the available surface —NH2 groups, which improved the aq. 

dispersibility of the cationic De.Cht.B.  

The in-house supplied air pressure did not go above 60 psi (4.16 bar) @ the air gauge. 

And for the μFD used in this case, the processed pressure (psi) = Supplied air pressure (psi) x 

237, giving rise to max 14,220 psi or 980.4 bar of processed pressure [1 bar = 14.504 psi]. 

Available literature suggested that running the pre–treated pH adjusted dispersions at a higher 

pressure (1500 bar), thus it was planned to run through the in-house μFD to complete five 

cycles/passes so that five different sets of NFs could be achieved and collected. 

All the five prepared dispersions of the De.Cht.B (for obtaining Cht.NF_P1–5) were 

homogenized for 5 min followed by a total of 4 cycles of sonication in the ultrasonic bath 

where each cycle of sonication consists of 4 runs, and each run was 10 min long, having 15 

min intervals between the runs, as shown in Figure–5.4.  
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Figure 5.4: A) The processing of the De–Cht.B dispersions for mechanical pre–treatment prior 

to run through the microfluidizer (μFD): from pH adjustment to multiple cycles of 

homogenization/sonication. The snapshot of table enlists a few specific parameters for the 

sonication steps. B) Schematic illustration for the impact of the mechanical pre–treatment 

steps on the bundled De–Cht.B fibers which get slightly loosened up as such. Drawn from206. 

C) Schematic of the operational principle of the μFD. D) The steps showing how the multiple 

cycles of runs passed through the in–house μFD to obtain/collect the Cht.NFs_P1-5. For the 

pass–2 and above, the channels/pathway of the μFD was flushed, let bleed, and collected in 

the same vessel with only a few mL of MQ water (~5 mL) before the collected content was 

dumped into the feeding (inlet reservoir). Thus, gradually increased dilution effects (for conc.) 

were seen as expected for the Cht.NFs samples which are > pass–1. 
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Literature suggests that such mechanical pre-treatments would ensure the loosening (as 

shown in Figure–5.4) of the compacted groups of nanofibers within the bundle structure206 

through numerous H–bonds. The pH was readjusted for all the completed pre–treated 

dispersions if there were any deviations of the observed pH. The mechanically pre–treated and 

pH adjusted (~3) aq. dispersions of the De–Cht. samples were then passed through the μFD, 

which transformed the suspended NPs into a clear dispersion due to defibrillation via the 

interaction chamber giving rise to individual and shortened NFs. All the received liquid were 

then centrifuged @ 10,000 rpm for 4 mins (only one cycle), and the supernatants were 

collected and denoted as Cht.NF_Px, as shown in Figure–5.5 for the recovered pre–/post 

dialyzed NFs. 

 

 

Figure 5.5: The Cht.NF_P1–5 solutions after the collections from the microfluidizer, μFD (the 

top row; before dialysis) and the purified solution after the dialysis. The relative viscosity was 

found to increase towards the Cht.NF_P5 solution just through the visual inspection (glass rod 

assisted) by the experimenter.  
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During the collections of the defibrillated chitins i.e., the Cht.NFs_Px obtained 

displayed a very slight brown color which became more pronounced and noticeable for the 

Cht.NF_P5 samples. The viscosity was increased from the pass–1 towards pass–5, and for the 

Cht.NF_P5, where the recovered samples were thick and flowed readily even after the 

purification by dialysis. All the Cht.NF samples were dialyzed to remove the acetic acid and 

the post–dialyzed purified NF dispersion were then collected, stored in storage bottles 

recording their pH, conc. (through the gravimetric analysis, GA) and calculated the yield%. 

And all the solutions were stable during storage. 

 

5.2.4 HCl mediated deacetylation of α–Chitin (Cht.NW/NC extraction) 

As illustrated in the schematics shown in Figure–5.1, the chitin microfibrils possessed 

amorphous (disordered) and crystalline (highly ordered) domains. It was reported that mineral 

acid hydrolysis could dissociate such regions with low lateral order (the amorphous regions) 

to extract the water-dispersible, highly crystalline residue (the nano–whiskers/crystals) to yield 

a stable colloidal suspension. During such hydrolysis, the chain cleavage at the random 

locations along the microfibrils resulted in partially acetylated whiskers that are rod-like or 

spindle-like particles. Thus, the hydrolysis via HCl acid was performed following the method 

described in the literature206–211 with minor modifications. Briefly, 1 g of α–Chitin powder was 

weighed and dispersed in a beaker containing 30 mL of 3M HCl acid using a homogenizer. 

The mixture was then placed in an RBF on a hot plate to perform the hydrolytic cleavage under 

reflux at a 950C for 1.5 hr and a mixing speed of 600 rpm. A slight darkening of the reaction 

mixture was evident at the end of the reaction, and the product was purified following the usual 
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steps using the methods described in the previous chapters. After five days of dialysis, the 

purified slurry was collected, homogenized, and the pH, conc. (via GA) and the % yield was 

recorded and stored. The NPs were slightly unstable, and sediments were observed at the 

bottom of the vessel after several hours. A small fraction of the aqueous slurry was freeze-

dried for FTIR analysis. Figure–5.6 shows the synthetic and purification steps. 

 

 

 

Figure 5.6: Schematic representation of the acidolysis of chitin’s bundled microfibrils206, and 

the particle structure of the Cht.NWs (to the right). The bottom row shows the extraction and 

the purification steps of the Cht.NWs from the commercially available –chitin powder. Several 

pilot batches of Cht.NWs were extracted, stored in the fridge, and utilized as required.   
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The pH of the post–dialyzed slurry was within ~5.4, where the e surface —NH2 groups 

would be protonated. Such pH-dependent protonation of the —NH2 groups on the Cht.NWa 

imparted positive charges (—N+H3) to the surface of the NPs that stabilized the colloidal 

dispersions of Cht.NWa NPs due to the repulsive forces (thus pH-responsive) between the 

crystallites. As the NWs were extracted via the acid-mediated hydrolytic cleavage of the 

amorphous regions of the chitin microfibers, the NPs were denoted as Cht.NWa. 

The Cht.NWa NPs were further deacetylated through alkaline deacetylation to impart 

larger numbers of free —NH2 groups/NPs to the NPs (Cht.NWab), hence one pilot batch was 

performed. As the degree of deacetylation (DD) [which corresponds to the availability of the 

—NH2 groups] achieved was only slightly higher than the Cht.NWa, the Cht.NWab was not 

considered to be further quaternized with GTMAC molecules.  

 

5.2.5 Quaternization of the extracted Cht.NWa/NCa 

The post–dialyzed Cht.NWa were then quaternized to introduce permanent, non–pH-

responsive cationic charges to the surface of the NPs. Due to the lack of the suggested method 

in the published literature, and the similarity of the molecular structure/composition of the CS 

and chitin, the same quaternization method using GTMAC for the CS was used to quaternized 

the Cht.NWa. Briefly, an equivalent volume of 1 g of Cht.NWa was dispensed into the RBF 

and diluted with ~200 mL of IPA:H2O [= 90:10]. The pH of the mixture was then adjusted to 

~13.8 with freshly prepared 6 M NaOH solution to activate the surface 10 alcoholic groups (—

CH2OH) for the etherification SN2 reaction. By dropwise addition of the 1:12 molar ratio of 

the GTMAC, the reaction was completed in ~ 6 hr @ 650C and 500 RPM.  
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A similar routine procedure was used to purify the Q–Cht.NWa NPs and the post–

dialyzed slurry (off–white coloured) was recovered with its pH, concentration (via gravimetric 

analysis, GA), and the % yield determined. Figure–5.7 illustrates the overall reaction and the 

synthesis steps. 

 

 

 

Figure 5.7: A) The etherification SN2 reaction for the grafting of GTMAC onto the surface 10 

alcoholic groups (—CH2OH) producing the Q–Cht.NWa. B) The overall process of the 

synthesis and purification of the cationic chitin NWs (the Q–Cht.NWa). The purified NWs were 

found to retain their stability up to ~24 hrs, as after that loosely formed and easily redispersible 

sediment was seen to form at the bottom of the container.   
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5.2.6 Other methods 

All the other methods for the characterization of NPs e.g., the FTIR, conductometric 

titrations, DH and ZP measurements, UV–Vis measurement, and the TEM imaging were 

performed as discussed in Chapter–3. As there were a few modifications planned in the BATs 

conducted with the MO and the NPs, the methodology for the BATs would be discussed below.   

 

5.2.7 Batch Adsorption Tests (BATs) of the NPs with MO 

Some difficulties were observed for the fitting of the linearized plots of the Langmuir 

Monolayer Adsorption Isotherm (LMAI) for 6 data points, hence it was planned to increase 

the number of concentrations of MO for the BAT studies. Thus, a total of 10 concentrations of 

the MO, ranging from 50 ppm to 500 ppm was selected. For the planned BATs, all the freshly 

prepared MO solutions, UV–Vis absorbances (after appropriate/required dilutions) were 

measured right after their preparation, as well as after the BAT studies (to see if there are any 

differences). All the BATs for the NPs along with the individual in situ parallel negative 

controls were conducted on a speed-controlled shaker in 15 mL conical centrifuge tubes. The 

same calibration curve was used during the analyses for all the BATs conducted for the NPs 

developed here. Other than this, the rest of the experimental steps were performed according 

to the protocols described in Chapter 3. 

As the quantification of free/unbound SC through the conductometric method and UV–

Vis method (converting SC to its colored analogue) was tedious and lengthy, none of the BATs 

were performed with the SC molecule. In the next section, such detection protocol with MO 
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(which was mentioned above) would be introduced and be discussed. Figure–5.8 shows the 

schematic representation of the BAT tests with 10 different conc. of MO. 

 

 

 

Figure 5.8: A) The modified BATs done with Cht.NFs and Cht.NWs for MO of 10 different 

concentrations (50–500 ppm) at RT on a shaker. The data obtained from the UV-Vis 

measurement @ λmax (after appropriate dilutions as required) was then fitted through the 

linearized Langmuir Monolayer Adsorption Isotherm (LMAI). B) Molecular structure of MO 

and schematic representations of monolayer adsorption of the MO molecules onto the 

nanocrystals (NCs) of sustainable nanomaterials (e.g., Q–CNCs or Q–Cht.NWs).  
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5.3 Results and discussion 

5.3.1 Yield % of the developed NMs (chitin based) 

Figure–5.9 summarizes all the chitin-based NPs developed in this study. The % yield 

of the NWs obtained by the acidolysis of α–chitin was lower as the amorphous regions of the 

α–chitin microfibrils were cleaved, dissolved and removed during the centrifugation process. 

For the NFs, it was seen with more cycles, the acidified and mechanically pre–treated De–

Cht.B samples after passing through the microfluidizer (μFD) resulted in a higher yield. 

 

 

Figure 5.9: A) The percentage yields of the chitin derivatives including NFs and NWs. B) The 

schematic representation of the quaternized Cht.NWa, of which in aq. suspensions, the 

available surface (—NH2) groups got protonated making them more cationic over the grafted 

QAGs at the protruded 10 alcoholic groups (—CH2OH). 

 

5.3.2  FT-IR of the developed Chitin–NMs 

For the De–Cht.B, Cht.NWa, and Cht.NWab, the freeze-dried mass could be grounded, 

but for the Cht.NF_P1 to Cht.NF_P5 samples, the dried mass could not be grounded (as shown 
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in Figure–5.10). Rather they were cut into finely small pieces to prepare the FT-IR pellets, and 

Figure–5.10 shows the FTIR spectra of all the derivatives of α–chitin.  

 

 

Figure 5.10: A) Freeze–dried samples of the α–chitin derivatives. B) Notable peaks of Chitin 

and chitin–NWs from literature.227 C) & D) FT–IR spectra of the α–chitin and all chitin 

derivatives, including the NFs, NWs, and the Q–Cht.NWs.  
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Following are the notable peaks in the spectra227–229: the OH stretching at 3450 cm–1, 

NH stretching at 3264 cm–1 and 3105 cm–1, CH vibrations in the 2900–2800 cm–1 range, amide-

I CO at 1655 cm–1, amide II (a combination of C–N–H stretching and N–H bending) at 1560 

cm–1, CN stretching at 1166 cm–1. The shoulder at 1655 cm–1 is due to inter molecular hydrogen 

bonding between acetylamide groups (—NH–CO–CH3) and intra molecular hydrogen bonding 

between acetylamide C=O and C–6 hydroxyl groups (OH), reported to be associated only with 

α–chitin228,229, indicating all the derivatives of α–chitin. Thus, the FTIR data confirmed that 

the chemical (alkaline/acid hydrolysis, quaternization etc.) or mechanical treatment of α–chitin 

to produce the derivatives did not alter the chemical nature of the native/commercial α–chitin. 

 

5.3.3 QAGs and cationic groups contents via conductometric titrations 

The QAG contents were determined by AgNO3 titration through the conductance 

measurements, similar to the quaternized–chitosan (Q–CS) NMs discussed in the previous 

chapter (Chapter–4). However, for the NFs produced from the different passes which were not 

quaternized, they possessed surface 10 amino groups (—NH2), and the protonated amino 

groups (thus cationically charged, the —N+H3) could be quantified by the simple acid–base 

titration with the corresponding conductances. Figure–5.11 shows the contents of quaternary 

ammonium groups (QAGs) and the cationic amino groups (—N+H3) obtained from the AgNO3 

and NaOH titrations, respectively.  

From the data, it was evident that in the acidic pH of ~3, all the Cht.NFs possessed 

strongly protonated —NH2 groups, which gradually increased after the protonated & pretreated 

De–Cht.B samples underwent multiple cycles @ the microfluidizer (μFD). As such, the highest 
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protonated —NH2 groups contents was observed for the Cht.NF_P5 (1.70 mmol/g) followed 

by Cht.NF_P3 contents (1.24 mmol/g) and then Cht.NF_P2 (1.10 mmol/g). However, for the 

Cht.NF_P4, a sharp transition was observed for the protonated —NH2 groups contents (1.48 

mmol/g) than those of the Cht.NF_P3The possible exposure of some new 10 amino groups 

(PAGs, —NH2) on the surfaces of the fragmented nanofibers (Cht.NF_PX, obtained from 

multiple passes) could be the most likely reason for such a noticeable increase in the 

protonated–PAGs contents. 

 

 

Figure 5.11: A) The QAG contents and the protonated —NH2 groups’ contents of chitin-based 

NMs determined through conductometric titrations using 0.01 M AgNO3 and 0.1 M NaOH 

respectively as the titrant. B) A representative plot where two modes of conductometric 

titrations were plotted in the same graph. 

 

As these NFs showed notable protonation of the —NH2 groups @ C–2 at a pH below 

~8, no further quaternization of these NFs was conducted. This would also provide an insight 
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into the role of quaternized and non-quaternized amino–PS based NMs for the adsorption (i.e., 

removal) of anionic analytes like the MO (or SC).  

Now, in terms of QAG, the Cht.NWa were grafted with GTMAC @ C–6 producing the 

Q–Cht.NWa, and the determined QAG contents were found 2.31 mmol/g. As QAGs were 

resistant to pH changes, such grafting imparted the permanently cationic charges to the NPs. 

However, for the Q–Cht.NWa since there were some free/unoccupied —NH2 groups @ C–2 

on the surfaces of NPs, they would display pH-responsive characteristics in terms of 

cationization and such phenomena could be an added benefit for sequestering the anionic 

species like the SC or MO. 

 

5.3.4 Ave DH and zeta potentials (ZPs) of the developed Chitin–based NMs 

The average aggregate sizes (DH) and the ZP of the samples of chitin based NMs were 

measured to elucidate the colloidal stabilities and their capabilities of sequestration of the SC 

(or MO) based on their surface cationic charges, respectively. Figure–5.12 describes the 

samples prepared for the size and zeta potential measurements. A total of four vials were 

prepared for the measurements: acidic pH (~3), inherent pH (the default pH of the post–

dialyzed concentrated suspensions) (~5), neutral pH (~7) and alkaline pH (~10), to also check 

the NMs’ stabilities over the GI pH range in different zones as well as to evaluate the 

characteristics of the surface charges in such conditions.  

Due to the insoluble nature of the commercial α–chitin, the dispersions were prepared 

at 0.05% (w/v), whereas all the other chitin dispersions were prepared at 0.1% (w/v). The 

dispersions were slightly viscous for the Cht.NFs even at that low concentration, and an 
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increasing trend in the viscosities were evident with the number of passes for the production 

of the NFs (Cht.NF_P5 > … … Cht.NF_P1).  

 

Figure 5.12: The prepared dispersions of α–chitin and its derivatives. The commercial α–

chitin is insoluble/non–dispersible in MQ water and thus a lower conc. (0.05%, w/v) of the 

suspensions was prepared and adjusted the pH. For the chitin NFs prepared (0.1%, w/v) 

derived from the 5 different passes @ µFD, more thick suspensions were seen for the vials 

having the adjusted pH of ~7 and ~10. The Cht.NWa and the further deacetylated NWs 

(Cht.NWab) were found stable at any pH without any precipitation or sediment/cake formation, 

but the latter were seen cloudier at the same conc. The ZP/DH of any GTMAC grafted NPs 

were seen not so variant over pH changes in the previous chapters. The inherent pH of the 

post–dialyzed Q–Cht.NWa were found > ~5.6, thus only the three different pH adjusted 

suspensions were prepared in this case. 
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The average DH and ZP data of the chitin derivatives are shown in Figure–5.13. The 

commercial α–chitin possessed a size of ~ 4µm, and after alkaline deacetylation, the aq. 

dispersibility of the De–Cht.B was enhanced due to the available/unoccupied surface —NH2 

groups that were protonated @ the experimental/inherent pH (~ 7). Due to such protonation, 

the cationic charges of the —N+H3 groups induced the repulsion that increased their colloidal 

stability with a DH of ~ 1.5µm. The development of the cationic charges was also evident from 

the increase in ZP for the De–Cht.B NPs over the ZP of the α–chitin. 

The Cht.NWa possessed significantly lower DH than the De–Cht.B NPs with a DH of 

~527 nm for the Cht.NWa and a ZP of ~ +26 mV. Further deacetylation of the NWa (producing 

the Cht.NWab NPs) slightly increased the ZP to ~+29 mV with a DH of ~425 nm due to reduced 

aggregation arising from more inter–particle repulsions between the cationic charges. A 

significant decrease in the DH was observed after quaternizing the NWs, where the Q–Cht.NWa 

displayed a ZP of ~ +40 mV and a DH of ~119 nm. The reduction in the DH was attributed to 

the higher inter–particle repulsions between the cationic charges of QAGs and the protonated 

—NH2 groups on the surface.  

All the Cht.NFs obtained from different passes @ the µFD showed strongly cationic 

characteristics (manifested by the ZPs > +32 mV, figure–5.13 B) at their inherent pH (~5.5) of 

the corresponding aq. dispersions. For the NF_P1, the aggregate size was found ~1.5 µm, and 

the other four NFs (P2–P5) possessed a DH of ~1300 nm.  
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Figure 5.13: A) Average aggregates’ sizes (DH) and the ZPs of commercial α-chitin and its 

derivatives: deacetylated chitin (alkaline; De–Cht.B), chitin nanowhiskers (Cht.NWa), 

deacetylated chitin nanowhiskers (Cht.NWab), and quaternized chitin nanowhiskers (Q–

Cht.NWa). B) Comparison of DH and ZPs of Q–Cht.NWa and the Cht.NF_Px NMs along with 

the quaternized chitosan (Q–CS). C) and D) Effect of different pH on the DH and the ZPs 

respectively for the chitin derivatives. The ZPs of the De–Cht.B, Cht.NWa and the Cht.NWab 

were found negative at alkaline pH (pH ~10) most probably due to the deprotonation of the 

primary alcoholic groups at C–6 producing the anionic alkoxy (—CH2O
—) ions. At that 

strongly alkaline pH (~10), all the protonated amino groups (—N+H3) would be deprotonated 

and would thus revert to the uncharged primary amino groups, PAGs (—NH2). 
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The effects of changes of pH were also evaluated for the α–chitin and its derivatives 

and the DH data (Figure–5.13 C) indicated that all the NMs (De–Cht.B, Cht.NWa, Cht.NWab 

and the Q–Cht.NWa) showed similar stabilities over the four different pHs (pH ~3, ~5.5, ~7, 

and ~10). Although there were some aggregations observed for the NPs in the aqueous 

medium, when the pH shifted from acidic to alkaline no sharp increase in the DH of the NPs 

was observed, except for the De–Cht.B. In terms of the ZP of the chitin derivatives, a notable 

reducing trend for the overall surface cationic charges were evident for all the NMs as shown 

in Figure–5.13 D. 

The DH and the ZPs of the Cht.NF_Px NMs were also evaluated with respect to the 

changes in pH of the dispersion media, as shown in Figure–5.14. As expected, the primary 

amino groups, PAGs (—NH2) that were available on the surfaces of the NFs became 

protonated (—N+H3) @ acidic medium (pH ~3) and thus the ZP values became strongly 

positive. Due to the higher cationic charges that produced higher inter–fibrillar repulsions 

resulting in the size of the aggregates becoming smaller at acidic pH, especially for the NFs 

P2–P5 with DH of less than 1µm. Once the pH of the dispersion was increased from inherent 

pH (~5) to neutral pH (~7), no significant changes in the DH of the NFs were observed except 

for the NF_P1 which displayed a sharp increase in size due to aggregation. Such phenomenon 

is also evident, and it could be explained based on the reduction of the ZPs from +36 mV (@ 

pH ~5), to +5 mV (@ pH ~7) as a consequence of the deprotonation of the protonated PAGs 

(—N+H3) of the surfaces. Like the other chitin derivatives described in Figure–5.13 C & D, all 

the NFs possessed negative ZPs @ a pH of ~10 due to the reason discussed earlier. From the 
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careful inspection of the vials of the NFs @ that at pH (~10) visible flocs suspended in the 

media was observed. 

 

 

 

Figure 5.14: Effect of various pH of the dispersion medium on the A) DH of the De–Cht.B 

(Cht.MF_P0) and the Cht.NF_P1–5, and B) ZPs of the same NPs.  

 

 

5.3.5 TEM images of Chitin–based NMs 

Due to the expected aggregation upon drying of the samples on the CFC grids, better 

quality TEM images were not obtained after multiple trials. Figure–5.15 shows the TEM 

images (@ poor resolution) of the NFs and NWs derived from the α–chitin. After several trials 

in making the TEM grids we were unable to find a better resolution images for the Cht.NF_Px. 

As mentioned earlier, the NFs obtained from the pass–1 to pass–5 were found slightly viscous 

and after preparing the suspensions for preparing the grids, it was a bit concentrated and further 

aggregations occurred during drying the grids. Having the suspensions for the TEM in diluted 

concentrations failed to provide the acceptable TEM images.    
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Figure 5.15: The TEM images of the extracted Chitin derivatives: the Cht.NFs obtained from 

the microfluidizer through pass–1 to pass–5 (labeled as Cht.NF_P1, Cht.NF_P2, 

……Cht.NF_P5) and the Q–Cht.NWs. The TEM image of the Cht.NWs was not acquired. 

 

5.3.6 BATs of Chitin–based NMs with MO 

As discussed in the materials and methods section, due to the ongoing plan to develop 

the cholate sensor, these NMs were not evaluated for their capabilities to sequester SC from 

the BAT studies. Here, the NMs were evaluated for their adsorption capabilities of MO. The 

determined Qmax values are listed in Table 5.1 and the corresponding plots are shown in Figure–

5.16, where reasonable comparisons could be made for some selected NPs described in the 

previous chapters.  
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Table 5.1: The determined Qmax values of some selected NPs (including the chitin-based NPs), 

from the batch adsorption tests (BATs) with methyl orange (MO), and the corresponding zeta 

potentials (ZP) and sizes (DH) of the NPs. 

Full names of NPs 
Abbreviated 

form of NPs 

Qmax 

(mg/g) 

STDV

_Qmax 

ZP 

(mV) 

Size, DH 

(nm) 

Nanocrystalline Cellulose (CNC) NCC™ 35.3 5.2 -43.7 92.3 

Desulfated CNC (by HCl) DS–CNCₐ 82.1 7.3 -13.4 194.8 

Commercial α–Chitin powder α–Cht. 55.2 11.2 2.0 3613.0 

Deacetylated Chitin (by NaOH) De–Cht. 91.3 6.4 2.8 1516.3 

Deacetylated Chitin (by HCl) / 

Chitin Nanowhiskers 
Cht. NWₐ 186.7 8.1 25.5 527.0 

Deacetylated Chitin/~Nanowhiskers  

(1st by HCl, then by NaOH) 
De-Cht.ab 207.3 7.4 28.6 424.8 

Chitosan (DD = 85%) CS 82.6 4.1 21.6 2093.7 

Quaternized Chitin Nanowhiskers Q-Cht. NWₐ 327.4 9.3 32.5 119.3 

Quaternized Chitosan Q-CS 278.5 11.6 35.0 1739.0 

Quaternized Desulfated CNCs Q-CNCₐ 295.2 6.7 35.8 132.6 

 

From the Qmax data and the ZP values of the chitin derivatives as shown in Figure–5.16 

A), it was evident that the Q–Cht.NWa possessed higher adsorption capacities over other NP 

systems, even for the other Q–NPs, such as Q–CS and Q–CNCa.  From the earlier discussion 

on the adsorption capacities of the Q–CS, similar types of binding/interaction forces were 

observed for the adsorption of the MO on the surfaces of Q–Cht.NWa. The Q–Cht.NWa NPs 

possessed additional cationic groups (the protonated PAGs, —N+H3) @ pH ~7 on the surfaces 

over the grafted quaternary ammonium groups (QAGs), as the primary (10) amino groups, 

PAGs (—NH2) of the Q–Cht.NWa became protonated at that pH. Thus, stronger ionic attractive 
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forces were evident between the anionic MO molecules and the Q–Cht.NWa, as shown in 

Figure–5.17. As discussed in the preceding chapters, as well as reported in the literature, the 

electrostatic attractive forces (long-range force) between the opposite charges were the most 

crucial factors, for the binding/chemi–adsorption of the system.  

 

 

Figure 5.16: A) The determined Qmax values obtained from the linearized Langmuir Monolayer 

Adsorption Isotherm (LMAI) of the chitin derivatives and comparisons of the Qmax values of 

some selected NPs with the chitin derivatives against the ZP values. B) Same data against the 

aggregates’ sizes (DH) explaining the possible relationship between the surface charges and 

the adsorption.  The Qmax values of the five different Cht.NFs from 5 different passes are plotted 

against the C) ZP values and D) the aggregate sizes (DH). Here, the P-0 is the De–Cht.B. 

 



 

 160 

The Q–CS, derived/synthesized from the commercial chitosan (CS), are the nanofibers 

(NFs) that are hydrophilic, solvated fibers that were found completely soluble in water at low 

concentrations. Due to the inter–fibrillar/particle aggregation from the H–bonding, probably a 

few of the surface–QAGs (quaternary ammonium groups) became shielded. This could be the 

most likely reason for the lower Qmax (278.5 mg/g) of the Q–CS compared to the Q–Cht.NWa. 

But due to their complete water solubilities, the Q–CS nanomaterials showed comparable 

adsorption of the MO with other NPs, namely the Q–CNCa and the Q–Cht.NWa.  

 

Figure 5.17:  The schematic representation of all the probable in-effect forces that are 

responsible for binding/adsorption between the cationic NPs and the anionic MO molecules. 

The top image is for the Q–CNC NPs and the bottom is for the Q–Cht.NWa. The Q–Cht.NWa 

possesses surface PAGs (—NH2) that got protonated @ the pH of ~7 and thus are able to 

establish the additional ionic attractive forces between the —N+H3 groups and the sulfonate 

groups (—SO3
—) of the MO molecule during the BATs. Such phenomena explain the most likely 

reason of the greater extent of MO adsorption by the Q–Cht.NWa over the Q–CNCs. 
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The De–Cht., Cht.NWa and the Cht.NWab (here the De–Cht.ab on the plot) NP systems 

showed greater adsorption, especially both NWs i.e., the Cht.NWa & Cht.NWab or the MO 

molecules over the NCCTM or the DS–CNCs due to the presence of PAGs (—NH2) which were 

protonated. In this case, due to the size and lower aq. dispersibilities, the De–Cht. showed very 

lower extent of MO adsorptions. For the commercial α–chitin and CS, which were completely 

insoluble in water resulting in an unstable dispersion, these two particles showed some degrees 

of MO adsorption (Figure–5.16 A/B), where the non–ionic forces (hydrophobic 

interactions/Van der Waals forces, H–bonds formation etc.)  could be the most likely reasons 

for the interaction. During the batch adsorption tests (BATs), the post–adsorption mixtures of 

these two systems were precipitated, due to unstable dispersion. 

 

Table 5.2: The determined Qmax values of the chitin nanofibers (Cht.NFs) from the batch 

adsorption tests (BATs) with methyl orange (MO), and the corresponding zeta potentials (ZP) 

and sizes (DH). 

Full names of NPs/NFs 
Abbreviation 

of NPs/NFs 

Qmax 

(mg/g) 

STDV

_Qmax 

ZP 

(mV) 

Size, DH 

(µm) 

Deacetylated Chitin (by NaOH) Cht.NF_P0 91.3 6.3 2.8 2.71 

Chitin Nanofiber, Pass–1 Cht.NF_P1 119.9 3.1 5.3 2.01 

Chitin Nanofiber, Pass–2 Cht.NF_P2 191.6 4.6 21.7 1.42 

Chitin Nanofiber, Pass–3 Cht.NF_P3 200.7 7.1 24.7 1.34 

Chitin Nanofiber, Pass–4 Cht.NF_P4 258.8 2.6 26.0 1.14 

Chitin Nanofiber, Pass–5 Cht.NF_P5 307.5 5.4 29.4 1.03 
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The determined Qmax values from the BATs with MO for the chitin nanofibers 

(Cht.NFs) obtained from multiple runs/passes through the microfluidizer (µ–FD) are listed in 

Table 5.2 and shown in Figure–5.16 C & D. For the cases of adsorption of MO by Cht.NFs, an 

increasing trend of the Qmax were observed with increasing passes to produce the NFs using 

the µFD, and the Cht.NF–P5 showed the highest Qmax (308 mg/g) for MO. Such adsorptions 

were inversely proportional to the aggregate sizes of the Cht.NFs. Although, the zeta potentials 

(ZPs) were not significantly higher for the NFs compared to the ZPs of Cht.NWa or the Q–

Cht.NWa, they showed comparable adsorptions for the MO, especially for the Qmax of Cht.NF–

P5, which was higher than the Q–CS or the Q–CNCa NPs. The most likely reason for this could 

be the viscosity of NF dispersions as shown in Figure–5.12.  

During the processing and purifications, all the NFs were more viscous (by visual 

inspection) than the NW dispersions of the same concentration. The dispersion viscosities were 

higher for the NFs obtained with higher passes in the µ–FD. Although none of the viscosities 

were measured for the NP system in this Ph.D. work, due to the viscosity, for example, for the 

Cht.NF_P5, more MO molecules may have entrapped to the NF_P5 vicinity leading to greater 

adsorption. Further studies should be conducted to examine the effect of the viscosities of the 

NFs on the adsorption of anionic species. Similar behavior for the dispersions’ viscosities was 

also reported in the previous chapter (Chapter–4) for Q–C12–CNC and brush–CNC NPs.  
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5.4 Conclusions 

This chapter discusses the chitin and chitin-based NMs, where this natural bio–PS 

possessed the S.M.A.R.T.© properties with the additional structural benefit of the PAGs (—

NH2) on the surfaces that became protonated at a pH below ~8 making the overall systems 

more cationic. These cationic systems showed higher zeta potentials in acidic pH (~3) and the 

quaternized chitin NWs (the Q–Cht.NWa) were stable at pH up to ~10. The NF systems 

obtained from higher passes (mainly the Cht.NF_P4 and _P5) through the µFD were more 

viscous at their inherent pH (~5.5) and their ZP or the DH were not significantly changed until 

a pH of ~7. All the systems showed greater physico-chemical adsorption of MO demonstrating 

their potential as the adsorbent for effluent treatment and as the BAS to sequester the bile salts 

for treating hypercholesterolemia. 

 

5.5 Future Directions 

The relative viscosities of the NP dispersions were found to be one of the important 

factors for binding MO or anionic species. Thus, the measurement of viscosity of the NP 

dispersions should be conducted and further investigation should be carried out to determine 

their impact on the binding of ligands to the substrate. Before they can be considered for human 

application, the biosafety of such NMs should be determined.  
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Chapter 6: Development of Sodium Cholate detection System 

6.1 Introduction 

The detections of BS in aqueous samples are non-user friendly and the current methods 

for such detections have many notable limitations143 as shown in Figure–6.1. This challenge is 

due to the lack of availability of methods at the laboratory scale, such detections of BS from a 

benchtop instrument, which had been ignored for a long time. The bile salts do not have any 

UV–Vis absorbance (as shown in Figure–6.2) regardless of the conc. used for analysis and thus 

the UV–Vis technique was not suitable to directly measure the absorbance to determine the 

unknown concentration. The common tools/method used for the detection and quantification 

of BS along with their limitations (mentioned in the parentheses) are146–153: 

• Enzyme Kits (widely used in many disciplines, accurate, UV–Vis detection, expensive) 

• UV–Vis spectroscopy via producing intermediate-colored analogs157 which have been 

discussed in Chapter–3/4 (troublesome, presence of artifact, quantitative) 

• Conductivity Measurement161,230,231 (acceptable & quantitative, but major artifact due 

to presence of counter ions) 

• Isothermal Titration Calorimetry, ITC232–237 (acceptable, but qualitative) 

Due to the limitations or pitfalls for each of the individual lab-scale methods/tools, further 

research is necessary to develop a tool capable of measuring the concentrations of ions/analytes 

of interest (here SC) based on the ionic activities in aq. samples. In this regard, a membrane 

electrode selective to BS could be a gold standard, which was not taken into consideration and 

had long been ignored and unexplored. If a drug selective electrode (DSE) could be devised, 
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then it would unlock immense opportunities to the material and analytical sciences and could 

result in a significant breakthrough.  

 

Figure 6.1: Common techniques utilized for detection of BS, their advantages and 

disadvantages. Except for the enzyme kit, all the methods are used at the industrial scale of 

detection. Table drawn and adapted from.143  
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6.2 Ion-selective electrode (ISE) 

There are a wide variety of commonly used names for the polymeric electrodes, such 

as ion-selective electrode (ISE), drug selective electrode (DSE), indicator electrode, flexible 

membrane electrode (FME), or the polymeric membrane electrode (PME).238–250 The major 

developments in the history of ISE occurred over the last several hundred years. Gibbs (in 

1875), Arrhenius (in 1887), Nernst (in 1888-1889), Ostwald and Planck (in 1890) have 

conducted studies on the properties of semi-permeable membranes, thermodynamic 

relationships of membrane equilibria and the theory of electrolyte solutions.240–242 Herein, the 

concepts like diffusion potential, potential difference and ionic mobility have led to the 

evolution of membrane electrochemistry.240–242 

An ion-selective electrode (ISE) is an analytical tool or a sensor (a half cell electrode) 

which can be used to determine the concentration of the analyte (ions/drugs of either cationic 

or anionic) of interest based on the activity of the analyte in aqueous solution by measuring the 

electrical potential (EMF, in Volts or mV) across a polymeric membrane designed as being 

selective or partially selective to the target analyte(s)240,241,244,246–248. Such ISE is a half–

electrode (half–cell), and in combination with another reference half–electrode (RE, a half–

cell), a full electrochemical cell is established. In terms of the RE, the Ag/AgCl or the saturated 

calomel electrode, SCE (Hg2Cl2) are the most common reference electrode. Figure–6.2 shows 

the basic fabrication of a full electrochemical cell consisting of an ISE and a RE.240,241,244,246–

248 
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Figure 6.2: A) UV–Vis spectra of the aqueous solution of sodium cholate (SC). The peak that 

appeared was for the cyclohexane ring and doesn’t show any hypsochromic/bathochromic 

(blue/red) or hypo–/hyperchromic shift based on the changes in conc. The chemical structure 

of the SC is shown just below the spectrogram. B) A basic schematic of an electrochemical cell 

consisting of the ISE (half–cell) and the RE (a Ag/AgCl electrode, another half–cell) connected 

to a voltameter or a benchtop pH meter. For the RE, the inner solution used was the aq. 3M 

KCl saturated with AgCl for which the known half-cell potential is +0.2225 V (with respect to 

the standard H–electrode). 

 

ISEs can be classified according to the nature of the basic membrane material. The 

main requirement is that the membrane must be immiscible with respect to the solutions and 

solid contacts. There are four main types of ion-selective electrodes240–242: 

➢ Solid-state membrane electrodes 



 

 168 

➢ Liquid (or plastic) ion-selective electrodes 

➢ Glass membrane electrodes 

➢ Electrodes with suitable additional membranes 

Such a benchtop model of the ISE offers several advantages, namely, (a) they are user friendly 

and easy to operate, (b) not so expensive to fabricate, (c) a higher conc. Can be determined 

through the dilution effect, (d) the real-time conc. determination based on the activity of ions 

is possible, (e) either anionic or cationic ions can be determined/quantified depending on how 

the ion-selective membrane (ISM) has been fabricated. However, there are some unavoidable 

and inherent limitations251–255 for the ISE that may be difficult/impractical to circumvent, such 

as– 

• The ISM allows more than one type of analyte (if present) to pass through it, producing 

artifacts to the measured potential due to the passage of other ions. 

• The ISM fails to measure the potentials with precision or accuracy for analytes for 

which it was not made selective, which is inconvenient in many instances.  

• The measured potentials by the ISM of the ISE are based on the conc. of the 

analytes/ions in equilibrium at the ISM’s surfaces which is only ensured for diluted 

conc. of the sample solutions. At a higher conc. of analytes, say an amphiphilic (thus, 

can work like a surfactant) drug, micelles are formed resulting in a reduction of the 

mobilities of the free single molecules. Consequently, the conc. of the free drug 

molecules at the immediate vicinity of the membrane would be lower than that in the 

bulk causing significant inaccuracy in the measured potentials.  
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This chapter briefly discusses the development of a cholate selective/detecting 

membrane electrode and its application in the determination of the unknown conc. of the post–

BAT samples. The idea of drug selective membranes (DSM) or the electrodes (DES) is a cliché 

and thus was being reported by many of the research bodies to detect/quantify drugs of interest. 

Herein, this study was conducted from the inspiration of Siegfried Lindenbaum’s (R.I.P.) 

(1981)243 and Luigi Campanella’s (1982–83) works247 on a bile salt electrode using a liquid 

membrane. In these studies, flexible polymeric membranes were not used, rather an ionophore 

solution sandwiched between two polytetrafluoroethylene, PTFE (Teflon) discs to ‘mimic’ a 

membrane was used.243,244,246–248 Considering the facts, the cholate selective flex-membrane 

(CSM) based electrode (the CSE) offers a possible approach to quantify the concentration of 

sodium cholate continuously. 

 

6.3 Cholate selective membrane electrode (CSE): Components 

The CSE is a reference electrode (RE) consisting of a custom-made Ag/AgCl electrode 

with four components: the electrode body, inner Ag/AgCl probe, end cap or also known as 

electrode head or tip, and the drug selective membrane (CSM). The inner Ag/AgCl reference 

electrode probe was made by coating the silver rod with silver chloride through electrolysis in 

a 100 mL of 1 M NaCl for 20 minutes with Ag–rod as anode and platinum electrode as a 

cathode. Figure–6.3 shows the schematic of a drug selective electrode (DSE), here the cholate 

selective electrode, CSE, depicts all four components. The electrode head/tip is detachable, 

onto which the selective membrane, CSM is cut and glued at one of the ends.  
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Figure 6.3: A) The schematic illustration of the components of CSE showing all 4 parts of that 

half–cell. B) The success in preparing the unprecedented CSM for the 1st time after several 

trials and errors. During the working mechanism of the electrode system, this CSM is 

considered as the salt bridge. C) The Ag/AgCl reference electrode, RE (a half cell) to be used 

to construct a full electrochemical cell (E–Cell). 

 

Several numbers of electrode heads were fabricated from the in-house facilities at the 

University to run multiple quality assurance tests to confirm that they are working well. Once 

the glued CSM was secured at the tip, ~1.5 mL of the target analyte solution i.e., the sodium 

cholate, SC (NaCh.) solution prepared in an ionic strength adjustor (ISA, here 10 mM NaCl 



 

 171 

was used) was pipetted into the housing before the tip was screwed into the CSE PVC housing. 

As outlined in Figure–6.4, the selective membrane that separates the CSE from the unknown 

samples, works as the salt bridge between the two half cells of the E–Cell. For the Ag/AgCl—

RE, the inner solution used was the 3 M KCl solution saturated with the AgCl. Once the E–

cell was connected to the voltameter, the shorthand notation could be written as follows— 

CSE  I  10 mM NaCl, 10 mM NaCh  II  Test solution  I  RE  [where II is the CSM] 

 

Here, Figure–6.4 shows the shorthand notation of the full E–cell setup using the CSE 

and the RE. 

 

Figure 6.4: The cell diagram (shorthand notation) of the E–cell to be used in this chapter’s 

work which is the quantification of SC from unknown conc. of the samples obtained from the 

BATs conducted between SC and the selected developed NMs. 

 

In the cell diagram (shorthand notation) of the ISE mediated E–cell, the single vertical 

line indicates a phase boundary, such as between the metal electrode, M (s) and M+(aq), or 

between X (s) and X–(aq.) [the spectator ions are usually omitted]. The double vertical line 

represents the salt bridge or the ion/drug selective membrane, ISM/DSM (cholate selective 
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membrane, CSM in this case). By convention, the electrode written to the left of the cell 

diagram is the anode, while the right-hand side electrode is considered as the cathode. 

 

6.4 Working principal of the CSE: Nernstian response 

For the E–cell based on the ISEs/CSE there are no products or reactants since no redox 

exists.256 Here, only the inner or outer solutions contain ions and the potential measured 

(Emeas)
256 for a solution is the potential difference between the, 

• Potential @bulk analyte/outer side of the membrane (Eouter), and  

• Potential @the reference/inner side of the membrane (Einner) 

Thus,     𝐄𝐦𝐞𝐚𝐬 = 𝐄𝐨𝐮𝐭𝐞𝐫 − 𝐄𝐢𝐧𝐧𝐞𝐫 6.1 

The potential @the membrane is related to the concentration of ions present on each side of 

the CSM and it can be expressed by the Nernst equation256: 

From the Nernst equation, 𝐄 = 𝐄𝟎 −
𝟐. 𝟑𝟎𝟑𝐑𝐓

𝐧𝐅
𝐥𝐨𝐠

𝟏

[𝑪]
 6.2 

 

where R is the gas constant [8.314 (V.C)/(K.mol)], T is the temperature in K, n is the 

stoichiometric # of electrons involved in the process, F is the Faraday constant (96,485 

C/equivalent), square brackets ([C]) represent concentrations in moles/L, and the n (sometimes 

denoted as ‘z’) denotes the charge of the ion of interest (e.g., cholate, which is 1). Now, at 

250C, the RT/F is equal to 0.0592V, and the Nernst equation for an electrode potential256 

becomes: 
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𝐄𝐨𝐮𝐭𝐞𝐫 = 𝐄𝟎 − 𝟎. 𝟎𝟓𝟗𝟐 𝐕. 𝐥𝐨𝐠
𝟏

[𝑪𝒖𝒏𝒌]
 6.3 

𝐄𝐢𝐧𝐧𝐞𝐫 = 𝐄𝟎 − 𝟎. 𝟎𝟓𝟗𝟐 𝐕. 𝐥𝐨𝐠
𝟏

[𝑪𝒓𝒆𝒇]
 6.4 

As Cref and E0 are both constant, and the Einner (equation-6.4) is constant as well, thus by 

combining Eq.–6.3 & 6.4 and Eq.–6.1 gives— 

𝐄𝐦𝐞𝐚𝐬 = 𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 + 𝟎. 𝟎𝟓𝟗𝟐 𝐕. 𝐥𝐨𝐠 [𝑪𝒖𝒏𝒌] 6.5256 

 

To determine the unknown conc. of a sample, a calibration curve based on different 

known conc. of SC solution in ISA was determined and the slope of the linear section of the 

EMF vs Log [C] calibration plot is considered.240–242 The EMF of the samples’ unknown conc. 

were measured using a similar setup as the calibration curve and the obtained EMF was 

recorded along with the dilution factor, DF (if applicable). Once the slope (from calibration 

curve) and the EMF (mV) of the samples with unknown concentrations were measured, the 

conc. was determined using the procedures and equations240–242 described below — 
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𝐲 = 𝐦𝐱 + 𝐜   [from the calibration curve]  

𝒙 =
𝒚 − 𝒄

𝒎
,    𝒂𝒏𝒅   𝒙 = 𝒍𝒐𝒈[𝑪]   

[𝑪] = 𝒂𝒏𝒕𝒊𝒍𝒐𝒈 [
𝒚 − 𝒄

𝒎
]     =  𝒂𝒏𝒕𝒊𝒍𝒐𝒈 [

𝑬𝑴𝑭 − 𝑰𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕

𝑺𝒍𝒐𝒑𝒆
] 6.6 

 

Here in Eq.–6.6, both the intercept and the slope values were determined from the calibration 

curve.240–242 

 

6.5 Mechanism of the developed potentials @CSM: Ion transduction 

As discussed earlier, for the ion/cholate selective electrodes (ISEs/CSEs), the input 

signal is the activity of a specific ion, and the corresponding output is the electrical potential. 

In this regard, such overall signal transduction occurs at the interface(s) of the sample and the 

ion/cholate selective membrane (ISM/CSM). The known conc. of the inner filling solution of 

the indicator electrode (the CSE) contained a fixed species of the ion of interest (Cholate–).257 

When the electrode containing the CSM was placed in an unknown analyte solution (NaCh), 

at the solution–membrane interface, an ion-exchange equilibrium was established. The 

resulting charge separation at each interface resulted in a phase-boundary potential as 

quantified by a voltmeter.257 

Although there are some disagreements on the mechanism of how the ISE/CSE works, 

a few of the literature suggest240–242 that in an ISE/CSE, the ion/cholate selective membrane 

(ISM/CSM) works similar to a salt bridge (like in the Galvanic/Voltaic cells were redox exists) 
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which is made saturated with the ionophore molecules that are embedded or fixed within the 

PVC matrix of the membrane. The potential differences that are developed across the CSM 

when placed into the sample solution (unknown concentration) are then measured against a 

reference electrode (RE).240–242  For the electrochemical cells constructed with the ISE/CSE 

and the RE, no ‘redox’ reactions take place and thus a lack of clarity still exists on the 

mechanisms of how the membrane potentials are developed.  

The governing mechanism within the ISM/CSM in developing a phase boundary 

potential is important to gain a deeper understanding on the ISE’s efficiencies. One of the 

literature mentioned257, within the CSM, the charge carriers existed as ions and they are mobile. 

However, at some point between this membrane and the electrode (the Ag metal probe), the 

second half of the overall signal transduction occurs, i.e., the conversion of the charge carrier 

from ions to electrons.257 A conventional ISE usually contains a AgCl-coated Ag wire as an 

inner reference electrode in contact with an inner filling solution that contains Cl− at a fixed 

concentration (from the 10 mM NaCl used as ISA). Consequently, ion-to-electron transduction 

is achieved by the ionization reaction of the AgCl(s) + e–   ⇄   Ag(s) + Cl−(aq), which defines 

the interfacial potential between the AgCl/Ag electrode and the inner filling solution (Δφa3)
257 

as shown in the Figure–6.5. For the bulk sample/ISM and the ISM /inner filling solution 

interfaces, the charge carrier is the target ions i.e., the cholates (Ch—) in this case. For such 

polymer (PVC) based CSM, the potential differences across the two interfaces (Δφa1 and Δφa2, 

respectively) are governed by the distribution of the cholate (Ch—) ions across the two 

immiscible phases.257 
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Figure 6.5: The two possible mechanisms of electromotive potential (EMF) development at 

different phase boundaries: the bulk/CSM, the CSM/inner filling solution, & the inner 

solution/Ag–electrode. These two mechanisms of EMF development across the CSM (shown 

in the bottom part of the image) are the most described in the literature. Image not drawn to 

scale and proportions; the numbers of various arrows are NOT indicative of corresponding 

numbers of ions shown, wherever applicable. 
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6.6 Materials and Methods 

6.6.1 Materials: 

The sodium cholate hydrate, SC/Na–Ch. xH2O from bovine (MW: 430.6, anhydrous 

basis), PVC (high MW, ~60 KDa), benzyl-dimethyl-cetyl-ammonium chloride (BDMCA.Cl), 

or benzyl-dimethyl-hexadecyl-ammonium chloride [16-BAC (benzalkonium chloride), 

Cetalkonium chloride; MW: 396.09 g/mol], the plasticizer Bis(2-ethylhexyl) sebacate [Dioctyl 

sebacate (DOS), Di(2-ethylhexyl) sebacate (DEHS); MW: 426.67], NaCl, KCl, NaOH, 

phosphate buffer were purchased from the MilliporeSigma and used as received without any 

further purification. All the other commonly used solvents, Durapore® Membrane Filters and 

commonly used reagents were purchased from MilliporeSigma. Purified water (Milli-Q water) 

from a Millipore system (>18 MΩcm) was used to prepare the sample solutions. 

 

6.6.2 Synthesis of ionophore 

The CSE was made selective mainly for the CSM, where an ionophore was embedded. 

The ionophore is the molecule or the membrane component that is selective to cholate (Ch—). 

Thus, the first step to fabricate the sensor or the CSM was to synthesize the ionophore from its 

structural components, namely the SC (water-soluble) and the quaternary ammonium group, 

QAG containing (cationic) lipophilic surfactants namely benzyldimethylcetyl-ammonium 

chloride (BDMCA.Cl). Although there was no clear reported protocol for the synthesis of the 

ionophore, we modified documented report246–248 and developed a suitable and effective 

synthesis method for the ionophore. Figure–6.6 illustrates the development process of the CSE, 

synthesis of the ionophore, and the preparation of the CSM. 
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Figure 6.6: A) A retrograde flowchart indicating the stepwise construction of a CSE starting 

from the synthesis of the ionophore. B) Molecular reactants for the synthesis of the ionophore 

called benzyldimethylcetylammonium–cholate (BDMCA–Cholate). C) Casting of CSM 

prepared from PVC, ionophore and plasticizer. The zoomed insert shows the outlook of the 

casted and dried flexible CSM where the ionophore molecules are embedded and distributed.   

 

 Briefly, an equal volume of the aqueous solution of SC and BDMCA.Cl in chloroform 

(CHCl3) was mixed overnight @RT and 450 rpm with a 2:1 molar ratio in an RBF. A large 
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excess of SC was used to ensure the complete formation of ionophore. Once the electrostatic 

complexation reaction was completed, the mixture was stopped and transferred to a cone 

shaped separating funnel to recover the chloroform phase, which was then then concentrated 

in the Heidolph™ Hei-Vap™ rotary evaporator. The ionophore was precipitated by cooling 

the concentrated liq. (the CHCl3 phase) with larges excess of ether (C2H5–O–C2H5) followed 

by a second wash with ether before recovering the purified solid precipitates (the ionophore). 

The purified ionophore was dried in vacuum oven and analyzed with the FT–IR, and Figure–

6.7 shows the overall synthesis and purification of the ionophore. 

 

Figure 6.7: Synthesis and purification of BDMCA–Cholate ionophore (lipophilic in nature).  
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6.6.3 FT–IR of the ionophore 

The KBr disc of the BDMCA.Ch ionophore was prepared following the usual 

procedure and the FT–IR test was conducted as discussed in Chapter–3. 

 

6.6.4 Casting of CSM 

Before casting the CSM, the solution mixture was prepared in a conical centrifuge tube 

(Falcon tube) according to the desired composition based on the reported literature (cite ref), 

with minor changes. Briefly, 165 mg of PVC (HMW), an equivalent volume of 330 mg 

plasticizer (dioctyl sebacate, DOS; density = 0.914 g/mL), and 5% of the total amount of the 

PVC and plasticizer were mixed. From several trials & errors, it was found that the resultant 

mixture precipitated. Thus, solutions with higher conc. were prepared for the PVC and the 

BDMCA.Ch in tetrahydrofuran, THF (b.p. 660C). The ionophore (BDMCA.Ch) was insoluble 

in water and only partly soluble in THF in RT @ a conc. of 20 mg/mL, but it became 

completely soluble in THF @ > 550C.  

 

Here for each CSM, the ratio of the weight % of the three components was considered 

as —  

PVC : DOS : Ionophore = 32 : 63 : 5 

 

Figure–6.8 shows the schematic of the overall CSM casting procedure. 
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Figure 6.8: The overall procedure of CSM casting. The CSM has three components: PVC 

(HMW) as the base material, DOS as the most used plasticizer with PVC, and the BDMCA.Ch 

ionophore which had been synthesized in-house. A ration of PVC : DOS : Ionophore = 32 : 63 

: 5 (wt.) was followed per CSM. The ionophore solution (THF is the solvent) starts 

precipitating out gradually when solution temperature decreases below 550C (say, ~500C).    
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To achieve the minimal wastage of the CSM, a higher conc. of PVC (100 mg/mL) and 

a moderately higher conc. of ionophore (20 mg/mL) was prepared in THF and both solutions 

were kept at 550C during the casting process (ionophore phase got separated < 550C). First, the 

calculated volume of the PVC was added to a Falcon tube and then the plasticizer was added, 

the mixture was then mixed under gentle swirling to minimize bubbles formation. Once 

completed, the tube was placed in a water bath set at 550C. Lastly, the calculated volume of 

the ionophore solution was added to the Falcon tube placed in a water bath, then gently mixed 

to minimize air bubbles formation.  

The mixture became cloudy as the temp. was reduced from 550C to 500C. The required 

volume of the mixture was ‘slowly’ dispensed into the center of each petri dish (d= 6 cm, 

dimension 60 x 15 mm) to avoid bubble entrapment. All the petri dishes were then dried under 

~500C inside an oven for 20 min followed by drying at RT for two days. The fully dried casted 

membranes were then peeled off and stored in PS petri dishes for future use. When needed, 

each of the CSM was hole punched to make tiny discs of diameter ~13 mm, which were then 

glued onto the electrode head before mounting the head in the electrode body. 

 

6.6.5 Electrode head fabrication and conditioning  

The electrode heads were made from PVC which partly dissolved in THF, which was 

utilized as adhesive to attach the 13 mm cut discs on the electrode head. Upon careful 

inspection of any possible leaks, the electrodes were then kept aerated in glass scintillation 

vials for curing for ~1.5–2 hr.  
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Conditioning is a procedure that is performed to re-sensitize the ISE to the target 

analyte before calibration.255,257–261 ISEs stored over a prolonged time should be conditioned 

to resensitize prior to use. As the general rule, the conditioning achieved the followings: 

• Re-establishes the permeation of ions. 

• Is a necessary step for new electrodes that are being used for the first time, or that 

recently had membrane replacements; especially for very low conc. measurements. 

• If not done properly the ISE/CSE might yield an inaccurate reading/drift (higher or 

lower) due to loss of sensitivity.  

 

All the properly secured tips were first conditioned by soaking the tips in a conditioning 

solution for ~2–3 hr. The conditioning solution should be pure and either the MQ water or the 

solvent media used to conduct the experiments.255,257–261 Here, the freshly prepared ionic 

strength adjustor, ISA (10 mM NaCl, in MQ water) was used as the conditioning solution.  The 

tips were ready for use immediately after the conditioning was performed. Such conditioning 

was also applied to tips/CSMs that lost their sensitivities upon use during testing/experiments. 

Figure–6.9 describes the overall process of attaching the CSM onto the electrode tips and the 

conditioning process in the selected/chosen ISA (10 mM NaCl). 
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Figure 6.9: Stepwise fabrication of the electrode heads with the cholate selective membrane 

(CSM) and curing of the glued CSMs, followed by conditioning. After analyses of several 

results, this conditioning step was discarded as it failed to revert the desensitized CSM/tips to 

their pristine conditions. Additionally, the usage of ionophore was meant to eliminate the 

conditioning steps for any ion-selective electrodes (ISEs). 

 

 

After, analyses of several results, it was concluded that the conditioning failed to restore 

the desensitized tips/CSMs to their pristine conditions (a few examples of data are presented 

in the appendix). Furthermore, it was found that conditioning before 1st-time usage of a tip 

usually has less effect on the EMF, however, the drifted EMF resulted in inaccuracies of the 

data (examples in appendix). For all these reasons, the conditioning step was discarded and 

immediately after curing the glued CSM, the tips were used instead.  
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6.6.6 Construction of calibration curve of SC with the CSE  

Based on the discussion in Chapter–2 (Literature Review) on (a) the daily production 

and the enterohepatic circulation, EHC of bile throughout the body, and (b) the critical micelle 

concentrations (CMC) of sodium cholate (SC), the calibration curves within the range of 50 

µM – 25 mM SC were constructed in multiple attempts though the continuous addition of the 

stock SC solution. In the continuous addition modes, 4 different concentrated solutions were 

prepared in ISA instead of more than 30 reference samples. Then pre-calculations were done 

to determine the corresponding stroke volume to be added from each of the 4 different vials to 

prepare more than 60 different concentrations (data points) within the range of 50 µM – 25 

mM. After several trials and errors with the corresponding analyses of results (some examples 

in the appendix), it was concluded to use a fresh/unused electrode tip along with replacing both 

inner solutions of the ion/cholate selective electrode (ISE/CSE) and the reference electrode 

(RE) respectively, for each experiment conducted.  

In the calibration experiments, ~1.5 mL of 10 mM SC in 10 mM NaCl (as the ionic 

strength adjustor, ISA) was pipetted into an unused tip and mounted onto the CSE. The 

standard 3 M KCl (saturated with AgCl) inner solution was added to the RE, and both 

electrodes were connected to the VWR SympHony SB70P pH meter in mV modes. A 50 mL 

of the ISA was added to a crystallizing dish (capacity 80 mL; D x H = 60 x 35 mm), and this 

was considered as a blank for the experiments conducted with the CSE @ RT. A stopwatch 

was used to measure the mixing time to ensure homogeneity and equal duration of mixing after 

pipetting the concentrated SC into the blank. The blank reading was recorded and then 

precalculated stroke volume of the concentrated SC was added to the dish, mixed for 30 sec. 
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at 600 rpm, then the electrode set was dipped into the dish with the speed set at 100 rpm. Once 

the EMF (mV) reading stabilized on the pH meter, two more readings were recorded for the 

same conc., before adding the second stroke volume, and this process continued until a 

predetermined concentration was reached. Figure–6.10 illustrates the overall process of 

constructing the calibration curves through continuous addition modes.  

 

Figure 6.10: A basic representation of the process of constructing EMF (mV) vs Log (CM) 

calibration curves through continuous addition modes, conducted with the E–cell composed 

of CSE & a RE. The 10 mM NaCl (ISA) is used as the blank. The inner filling solution for the 

CSE was 10 mM SC prepared in ISA, and for the RE, it was the 3 M KCl solution saturated 

with AgCl. The calibration curves were conducted at RT and the EMF readings for each data 

point were taken at least in a triplicate manner to report the average. 
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A total of 60 data points of EMF (mV) in triplicates corresponding to 60 different 

known conc. of SC were recorded manually and plotted as the EMF (mV) against the Log10 of 

molar (M) conc. For such plot(s), the break point(s) should correspond to the CMC of the SC 

in ISA at RT, where the range of the calibration curves was chosen to be from 50 µM – 25 

mM. 

Bile salts/acids (BSs/BAs) are endogenous surfactants and self–aggregating molecules. 

In solution, the BSs/BAs possess a unique identifier or parameter called critical micelle conc. 

(CMC), which is the conc. where a specific morphological aggregate (micelles) are formed. 

For the SC, the reported CMC in the literature was found to be within the range of 11–14.3 

mM @ RT,161,231,262,263 depending on the tools used for determining the CMC. From the EMF 

vs Log(C) plots, the CMC of the SC was determined. If the CMCs obtained from other 

instruments, such as tensiometer or conductivity meter were in close resemblance, then it could 

be concluded that the elementary model of the cholate selective electrode (CSE) was working 

well. The sensor’s efficacy was also further evaluated through unblind, single–blind, double–

blind tests (some data presented in the appendix).   

 

6.6.7 Calibration curve of SC via Tensiometry & Conductometry 

The calibration curves for the same concentration range as in the EMF (50 µM – 25 

mM) were also constructed as part of cross-validation to justify if the fabricated CSE worked 

properly or not. In both cases, the same conc. of the four concentrated SC solutions, the same 

volume of blank and the same precalculated stroke volumes was added to the dish, similar to 

the protocol for the EMF calibration curve. However, as the presence of counter ions would 



 

 188 

impact the conductance reading significantly,264–267 for conductometry, all the solutions were 

performed in MQ water (not in ISA), including the blank. In both techniques, the manual 

addition of the assigned stroke volumes was followed and the resultant conductance or the 

surface tension (SFT) data in a triplicate manner were recorded @ RT. Figure–6.11 illustrates 

the basic method for constructing the calibration curve using the tensiometer and 

conductometer. Other details of both of the techniques were described in Chapter–3. 

 

Figure 6.11: Schematic illustration of the methods of producing calibration curve by 

Tensiometry and Conductometry. For the latter case, the whole experiment was conducted in 

MQ water including the preparations of the four concentrated reference solutions of SC. The 

60 data points (SFT or the sp. conductance) obtained in a triplicate manner in both cases were 

baseline corrected and then plotted against Log (CM) (for Tensiometry) or the C (for 

Conductometry). 
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The data were baseline corrected before they were plotted against the conc. By 

convention, for the tensiometry, the data was plotted as surface tension (SFT) vs Log (CM), 

and in the case of conductometry, the plot was as specific conductance vs C, where the CM 

notation corresponds to the existing molar conc. of SC in the vessel. Any observed break 

point(s) of such calibration curves indicate the CMC value of SC @ RT for that solvent media. 

 

6.6.8 BATs of SC for selected NMs and Qmax determination by the CSE 

Based on the results of all the NMs developed and discussed in Chapters –3, 4 and 5, a 

list of NMs were selected to conduct the batch adsorption tests (BATs) with sodium cholate 

(SC) to evaluate their efficiencies as potential BASs. The choices were made depending on the 

NM sizes, surface charges, viscosity, efficacy on methyl orange (MO) adsorption, presence of 

hydrophobe, amino groups, and the structural shape of the NPs (e.g., bottle brush-like 

structures). Table–6.1 summarizes the rationale for the selections of NPs for the BATs 

conducted with SC followed by the quantification of the free SC with the fabricated cholate 

selective electrode (CSE). For all these BAT studies, only one trial was conducted due lack of 

the availabilities of the synthesized and purified NPs in the repository.  

For the BATs, to mimic the human body’s internal temperature, peristalsis (the wave-

like muscle contractions that force the ingested stuffs to move forward along the 

gastrointestinal tract, GIT), and the GIT emptying time, a temperature of 380C @ 200 rpm for 

~ 2.5 hr was selected. Briefly, 30 mL of 5, 7.5, 10, 12.5, and 15 mM of freshly prepared SC in 

ISA (10 mM NaCl) were taken in pre–labelled 50 mL Falcon tubes (conical centrifuge tubes) 

and 15 mL of ‘x’ % (w/v) NPs were then added in each of the tubes, as shown in Figure–6.12. 
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Table 6.1: Rationale for the selected NPs for batch adsorption tests (BATs) with sodium 

cholate (SC) followed by quantification of free SC with the cholate selective electrode (CSE). 

NPs Name Rationale to choose 

NCCTM (CelluForce CNC) Negative/regular control 1 

DS–CNCa (Desulfated CNC by HCl) Negative/regular control 2 

Q–CNCa (GTMAC-DS-CNCHCl) 
Highest ZP and lowest DH among ALL the Q-CNCx 

systems 

Q–CNC6 (GTMAC-DS-CNC6; 

desulfation was by 6M NaOH) 

Moderately high ZP and low DH among ALL the Q-

CNCx systems where the desulfation of the NCCTM 

were done via alkaline hydrolysis. 

Q–C12-CNC6 (DDEAC–CNC, with C-12 

chain) 
Only option for the Q-CNC with a C-12 hydrophobe 

Brush–CNC (pQDMAEMA-g-CNC) 
Low stock left for Brush-CNCa; other Brush systems 

were not synthesized 

Q–CS (GTMAC-Chitosan) Only option for 1:12 synthetic ration [CS : GTMAC]  

QCS–g–CNCa 
Greater ZP and better DH profile over the QCS-g-

NCCTM 

Cht. NWa (Deacetylated Chitin NWs by 

HCl) 
Only option for the chitin nano–whiskers (Cht. NWs) 

Q–Cht. NWa (GTMAC-Chitin NWs) Only option for cationic chitin nano–whiskers 

Cht.NF_P-5 (Chitin NF pass-5) 
Greater ZP, better DH profile, and most viscous over 

the other passes 

Questran™ (Cholestyramine) Positive control (commercial bile acid sequestrant) 

 

After the NPs were added, all the tubes were placed in a pre–heated (380 ± 0.5 C) water 

bath on a Styrofoam so that the stir bars could rotate. The adsorption experiments were 

conducted for each of the nanoparticles (NPs) for about ~ 2.5 hr, after which the vials were 
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placed in an ice bath for ~2–3 min to instantaneously bring the sample to room temperature 

(RT).  

 

 

Figure 6.12: Steps showing the overall BAT of a selected NM with SC followed by the detection 

of unbound/free SC left in the post–adsorption liquid. The BATs for all the selected NMs were 

done in the same way and for every Falcon tube in each test, the new/unused tip, as well as 

fresh inner solutions for both electrodes, were used to maintain consistency of results. Except 

for the anionic or neutral NMs, all the other NMs’ BATs’ tubes got cloudy during and after the 

adsorption tests, and visible aggregates/lumps were seen for all the tubes of ascending conc. 

of the SC. The quantification of the free SC from each tube was tedious & time-consuming, and 

thus at times, that portion was divided into two days, where applicable. 
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Depending on the availability of resources, the quantification of the free/unbound 

sodium cholate, SC were performed the next day after the batch adsorption tests, BATs. Most 

of the nanomaterials (NMs) displayed visible aggregates in the sample after the BATs, but they 

quickly settled at rest before E–cells detection. Lastly, the direct immersion of the cholate 

selective electrode, CSE in concentrated solutions of the SC impacted the sensitivity of the 

cholate selective membrane (CSM), thus this was not done during the measurement of free SC 

from the BATs, except for the 5 mM and 7.5 mM labelled Falcon tubes. 

 

6.6.9 Binding/Adsorption Kinetic Tests (AKTs) of SC with the NMs 

During the batch adsorption tests (BATs) with the selected cationic NMs, it was 

observed that just after the addition of the NMs into the Falcon tubes containing 5 different 

concentrations of sodium cholate (SC), the mixture became cloudy, especially the tubes with 

higher conc. Thus, the adsorption kinetic (AK) was conducted for one of the NMs as a 

representative example and it was compared to the AK of the commercially available BAS, 

Cholestyramine (QuestranTM). Here, the Q–CNCa was chosen to be the NP of interest due to 

its overall evaluated parameters [like the size (DH), zeta potential (ZP), quaternary ammonium 

groups (QAGs) contents, and the efficacy (Qmax) on the methyl orange (MO) adsorption]. 

Briefly, 200 mL of the 7.5 mM SC (prepared in the ionic strength adjustor, ISA) was added to 

the round bottom flask (RBF) and it was heated to 380C ± 0.5 under stirring of 250 rpm (600 

rpm for cholestyramine due to the poor dispersibility of this BAS) and once the set temperature 

of the RBF’s content was reached, 25 mL of the 1 % (w/v) of the Q–CNCa (and 

Cholestyramine, for another adsorption kinetic test, AKT) suspension prepared in ISA was 
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added slowly to the RBF. The AKT(s) were then conducted for ~2.5 hr during which a 5 mL 

aliquot was withdrawn from the 225 mL of the mixture at different time intervals without 

replacing the withdrawn volume with the fresh 7.5 mM SC, as shown in Figure 6.13. A total 

of 19 samples were collected in the 20 mL glass scintillation vials and in the Falcon tubes  

which were then tested (with dilutions or without) as shown in Figure–6.13. In this case, serial 

dilutions were not performed during EMF measurement due to a lack in the volume (5 mL) of 

the collected aliquots. For each collected sample with respect to (w.r.t.) the sampling times, a 

new tip for the cholate selective electrode (CSE) along with fresh inner solutions for both 

electrodes were used. And again, the measured EMF reading/sample was recorded as triplicate. 

 

 

 

Figure 6.13: Adsorption kinetic tests (AKTs) of NMs followed by quantification of the free SC 

in the collected samples at different time intervals. 
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6.7 Results and Discussion 

6.7.1 Yield and FT–IR of BDMCA–Cholate ionophore 

The collected and dried ionophore (BDMCA.Ch) was weighed as the dry mass, and the 

% yield was determined to be ~71.6 %. The ionophore was stored in an air–tight container in 

a desiccator for further use. 

Figure–6.14 shows the FT–IR peak of the ionophore which was compared to the spectra 

of its constituents. For any organic nitrogen compounds, the reported N–O asymmetric 

stretch268 is from 1550–1475 cm–1, and the N–O symmetric stretch is from 1360–1290 cm–1. 

For this ionophore, the newly appeared peak at 1573 cm–1 (1541 cm–1 for N–O bond in 

literature268) confirms the successful bond formation between the QAG of the 16–BAC and 

the oxygen (O) of the carboxylate groups (—COO—) of the SC molecules. The FT–IR result 

thus confirmed the successful formation of the BDMCA.Ch ionophore. 

 

 

Figure 6.14: A) The FT–IR spectra of SC, 16–BAC (the cationic detergent, BDMCA–

Chloride), and the synthesized ionophore, BDMCA–Cholate. B) Chemical structure of the 

ionophore showing the newly formed bond —N- - -O— between the 16–BAC and the SC.  
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6.7.2 Calibration curves of SC via EMF technique from the CSE 

The effects of the strength of an inner filling solution, conditioning the cholate selective 

membrane (CSM)/tip, used CSM/tips, inner solution in reference electrode (RE), and the 

presence of other anionic molecules on the EMF responses for known conc. of SC in ISA were 

evaluated. Here, only the effect of inner filling solutions on the calibration curve of the SC was 

discussed and a few examples of the rest were included in the appendix.  

Figure–6.15 shows the effect of the strength of the inner solutions on the EMF 

responses over a range of conc. (calibration curves), and the CMCs obtained from the 

breakpoints of the plots were summarized below the figure. Although the effect of strength of 

the inner solution (freshly prepared SC in ionic strength adjustor, ISA) of the cholate selective 

electrode (CSE) was tested up to 300 mM, based on several reported studies244,246–248 of similar 

electrode systems we decided to use 10 mM SC in ISA as the inner filling solution for future 

experiments. Additionally, the use of a 10 mM inner solution provided the closest resemblance 

of the CMCs obtained with the reported CMCs in the literature.161,231,262,263  

For consistency and accuracy of results, a new tip was used for experiments conducted 

with the CSE. Thus, multiple batches of the cholate selective membrane (CSM) were casted, 

and for each casted CSM at least two calibration curves (trial–1 & 2) were constructed for a 

representative tip of that respective batch using the 10 mM SC in ISA as the inner filling 

solution. Figure–6.15 B summarizes all the average calibration plots as well as the 

corresponding CMCs, obtained from different batches of the casted CSM. Although there were 

some outliers probably due to the inconsistencies of homogeneity during the casting of the 

CSM, the average of the closest four calibration curves was considered for analyzing the batch 
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adsorption tests (BATs) and adsorption kinetic tests (AKTs) data, along with the unblind tests 

(UBT), single–blind tests (SBT), and double–blind tests (DBT) during the quality assurance 

phase of the CSE development (few examples of results in appendix).  

 

 

Figure 6.15: A) Effect of the strength of inner filling solutions for the CSE on the EMF 

responses over a range of conc.: 50 µM–25 mM SC prepared in ISA. The CMCs enlisted below 

the plot, were determined from the visibly distinct breakpoints of the calibration plots which 

are not easily discernible from this combined plot of the average data. B) The average (from 

T–1 & T–2) of calibration curves obtained from two of the representative tips from that 

respective batch of the casted CSM. Inconsistent results were seen for the CSMs from batches 

#3 and 6, probably due to the lack of homogenous distribution of the embedded ionophore. 

The CSMs from those two batches were seen a bit cloudier than the rest of the batches, and 

the most likely reason for this could be the partial precipitation (insolubilities) of the ionophore 

prior to proper drying. The determined CMCs from this data were also enlisted in the table 

presented just below the plot. 
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6.7.3 Micellization and CMC determination of SC from EMF vs Log(C) plots 

The SC, one of the primary BAs in human body is a planner molecule, self–aggregating 

and literature suggests that SC can form pre–micellar aggregates, primary (10) micelles, and 

secondary (20) micelles. The 10 micelles are formed mostly due to the inter–molecular 

(monomers) hydrophobic interactions at the hydrophobic faces and the reported numbers269–

274 of molecules in such 10 micelles were within 2–10 molecules, as shown in Figure–6.16. 

 

 

Figure 6.16: A) Chemical structure of SC monomer molecule and its two faces: the 

hydrophobic and hydrophilic faces. Schematics of the 10 & the 20 micelles are also presented. 

B) Different micelle formations reported in the literature and their corresponding sizes 

(diameter) were investigated by small-angle neutron scattering (SANS). Reused from.270 
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 At RT, the sequential aggregation of SC induced the formation of the pre-micellar or 

early aggregates leading the primary (10) CMC at ~7 mM (no chiral selection) at low conc, 

followed by a secondary (20) CMC at ~14 mM as conc. of the concentration of the SC was 

increased274. The combined data from one-dimensional (1-D) proton-NMR (1H-NMR), pulsed-

field-gradient spin-echo (PFGSE)-NMR, and micellar electrokinetic capillary chromatography 

(MEKC)/ capillary electrophoresis from several studies also revealed such sequential 

preliminary (pre-micellar or early) aggregation, primary (10) and secondary (20) micelles 

formation.272,273 Such forms of sequential aggregations discussed herein were evident from the 

breakpoints of the calibration curves obtained from the cholate selective electrode CSE as 

shown in Figure–6.17. This data also reinforced the fact that the CSM provided the EMF values 

exclusively based on the availabilities of free SC monomers in the bulk. 

It was reported that the 20 micelles comprised of approx. 10–100 molecules where the 

inter–micellar (10) hydrogen bonds at the hydrophilic faces formed such clusters. The average 

radius of SC micelles in the aq. solution at a higher concentration range (~25‒100 mM) was 

found to be 10.14 ± 0.01 Å.271 Here, in terms of the reported sizes of the micelles, the Mean 

Spherical Approximation (MSA) Structure (a system of charged spherical objects in a 

dielectric medium) was reported.271 And although the 20 CMC was reported in the previous 

paragraph, however the literature a range of the 20 CMC was between ~11–15 mM161,231,262,263 

@RT, depending on the techniques used, as well as the experimental media, and the 

presence/absence of accessory ions/salts. 
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Figure 6.17: A) One of the calibration plots within a range of 0.05–25 mM from the average 

(T–1 & T–2) data obtained by the CSE using 200 mM SC in ISA as the inner solution. B) The 

same plot of A) showing the 3 distinct breakpoints (point of intersections, POI) and the 

trendlines showing the major linear zones in the plot. Here, it is obvious that the POI–1, POI–

2, and the POI–3 indicate the pre–micellar aggregations and the 10 & 20 CMCs respectively. 

 

6.7.4 Calibration curves & CMC of SC from Tensiometry and Conductometry 

The CMC values of SC were also determined via the tensiometer and the conductivity 

meter to validate the efficacy of the CSE. The average surface tension (SFT) data from two 

trials were plotted against the Log (C) to obtain the calibration curve, and the break points in 

the SFT corresponded to the aggregate formation or micellization. At the lowest point in the 

SFT, the corresponding conc. of the SC is denoted as the 10 CMCs after which the SFT 

increased slightly. The most likely reason of such behaviour in SFT would be the consumption 

of the added free monomers (SC) for the progressive/successive formation of more 10 CMC 

past the 10 CMC point.  
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Figure 6.18: A) Calibration curve of SC within the conc. range of 0.05–25 mM, constructed 

via Tensiometer @ RT in 10 mM NaCl media as the ISA. The premicellar aggregation point, 

the 10 & 20 CMC points: all of them are distinctly noticeable from this SFT vs Log(C) plot. B) 

Calibration curve of SC in the same conc. range (0.05–25 mM), constructed via conductance 

measurement @ RT in MQ water plotting the baseline-corrected specific conductance vs mM 

concentrations. In this case, only one breakpoint was distinguishable which represents the 20 

CMC, depending on the position/location of the breakpoint. C) The average plot for the 

calibration curve obtained from the CSE via EMF measurement @ RT using the 10 mM SC in 

ISA as the inner filling solution. D) The enlisted values of the 10 and 20 CMCs of SC at RT 

obtained through different tools.  

 

*The CMCs were obtained from the calibration curve constructed based of the average of the 

four trials, as shown in figure 6.18 C. 
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Once the numbers of 10 micelles exceeded a critical value, the 20 micelles were formed 

as evident from the last breakpoint at the end of the surface tension (SFT) plot. Figure–6.18 

shows the calibration curves obtained by the two techniques and the average of multiple trials 

of the EMF calibration curve by the cholate selective electrode (CSE). 

For the calibration curve obtained from the conductivity measurement, only a single 

breakpoint was distinguishable. The breakpoint was seen past the 11 mM region, which 

corresponded to the 20 CMC for the SC, concluded based on the reported 20 CMC values in 

the literature (11–15 mM). Conductivity measurement is dependent on the number of 

ions/cumulative ions or in other words, concentrations, present within the measurement vessel. 

Thus, a gradual increase in the conc. of SC proportionately also increased the dissociated Na+ 

and cholate (Ch—) ions in the solutions/liquid. In this case, the formation of the 10 micelles did 

not affect the conductance reading as in the 10 micelles, none of the anionic charges (Ch—) 

were masked among the participant SC. This could be the most likely reason for not observing 

the break or change in the slope for the 10 micelle formation. Due to the inter–micellar H–

bonds formation, the 20 micelles were formed when some of the anionic charges among the 

participant SCs associated with the micelles resulted in the slope change in the calibration 

curve, which corresponded to the 20 CMC. 

Figure–6.18 C shows the average of four different averaged calibration plots obtained 

with four CSM tips, and the CMCs obtained are summarized in the table and Figure–6.18 D.  

Here, the close resemblance of the CMC values of the SC within a range confirmed that the 

CSE was working within an acceptable limit of accuracy and reproducibility. 
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6.7.5 BATs of selected NPs with SC and Qmax determination through CSE 

The BATs of the selected NPs were conducted with SC in ISA to evaluate their 

sequestration abilities of SC from the body. The free/unbound SC was quantified by the CSE 

and Langmuir monolayer adsorption isotherm (LMAI) was used to quantify the Qmax from the 

linear fitting of the plots. Figure–6.19 explains the possible mechanism/adsorption or binding 

forces that could be in effect simultaneously during the BATs of NPs with SC.  

 

Figure 6.19: Interaction mechanisms of a representative NM with SC for its physicochemical 

adsorption onto the surfaces of the NM. The resultant complexes (NM–SC) were easily visible 

within the Falcon tubes after the BATs were done for 2.5 hrs, regardless of the tubes be @ 

380C or RT. The labels of the tubes indicate the initial conc. of the SC taken, NOT the conc. 

after adding the NMs’ dispersions.   
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As discussed in the Chapter–2 (Literature Review), the SC has a hydrophobic steroid 

ring, and stereochemically it can be considered as a flat molecule, where the hydrophilic and 

the hydrophobic faces of the molecule are at opposite planes. Such forms of conformation 

might be the most probable reason for the strong hydrophobic interactions, one of the 

predominant driving forces for physicochemical adsorption with the cationic NMs. After the 

principal binding force, the ionic interactions (long-range forces), the three hydroxyl groups 

on the hydrophilic face provide the ground to participate in the formation of significant 

numbers of H–bonds facilitating the adsorption. The existence of all these three forces 

enhanced the efficiencies of the NMs to scavenge the BAs/BSs from the human body and thus, 

could ensure their potential usage as the BAS in coming days. 

Figure–6.20 shows the post–BAT Falcon tubes for most of the selected cationic NMs. 

The images were taken prior to the measurement in the E–cell with the cholate selective 

electrode (CSE)—Reference electrode (RE), or the next day. The determined max adsorption 

capacities (Qmax) of the NMs for SC are shown in Figure–6.21 showing the comparison of the 

Qmax values of the selected NPs with their corresponding ZPs and the aggregate sizes (DH). A 

comparison of the Qmax with the ZP/DH of the commercially available drug, Cholestyramine 

(QuestranTM) is provided together with the other NPs. From the results obtained from the 

BATs, it was evident that most of the cationic NPs developed in this study for use as BAS 

showed similar or higher Qmax values than the commercial brand QuestranTM. 
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Figure 6.20: The post–BATs tubes for most of the selected NMs on which the BATs were 

conducted with SC. The negative controls or the tubes for anionic NPs are not shown here. 

 

The Q–CNCa NPs were found to have slightly more SC sequestration capability than 

the Q–CNC6 NPs systems. This might be due to the higher ZP and slightly lower DH sizes of 

the Q–CNCa NPs compared to Q–CNC6 NPs. The Q–CNC6 were highly Zwitterionic due to 

the presence of SHE groups (—OSO3
—) on the surfaces, while the Q–CNCa NPs were 

moderately less Zwitterionic since the surfaces possessed fewer SHE groups compared to the 

Q–CNC6 NPs. The presence of hydrophobic groups on the QAG (for Q–C12–CNC6 NPs; an 

unprecedented NP) or the hydrophobic polymeric CNC NPs (brush–CNCs) showed significant 

improvements in terms of SC binding/sequestration with a binding capacity of ~357 mg SC/g 
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of NPs for Q–C12–CNC6 NPs and ~493 mg SC/g of NPs brush–CNCs. Although the ZPs was 

slightly lower, the DH were almost double in sizes of the hydrophilic–CNCs (Q–CNC6, Q–

CNCa), and the prominent hydrophobic interactions (after the ionic interactions) with SC could 

be the most likely reason for the significant increase of the Qmax values. 

 

Figure 6.21: Comparison of Qmax values of the selected NMs for SC with A) ZPs of the NMs, 

B) Aggregate sizes (DH) of the NMs. C) The DH and the ZP of the chosen NMs. D) The Qmax 

values of the cationic NMs among all the selected NMs (i.e., without the negative controls). 

  

P.S.: Cholestyramine resins were purchased from MilliporeSigma, Canada, as powder form, 

and the US brand of the commercial drug, QuestranTM (cholestyramine) is just used for the 

ease of writing on the plots. 
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The Q–CS NFs, although having a DH of more than 1.5 µm showed better binding 

profile (Qmax = 377 mg/g) over the QCS–g–CNCa NPs systems. One notable reason for the 

higher Qmax for the amino–polysaccharide, Q–CS NFs could be their complete aqueous 

solubilities which is one of the key factors for physicochemical adsorption of molecules (e.g., 

SC here). In comparison, the QCS–g–CNCa showed slightly lower aq. dispersibilities that 

might have been affected the adsorption of the SC during the BATs. 

The determined Qmax values for the other amino—PSs, the Q–Cht.NWa (454 mg/g) and 

the Cht.NF_P5 (398 mg/g) were significantly higher with the brush–CNCs possessing the 

second-highest Qmax. For the Q–Cht.NWa NPs, the surface PAGs (—NH2) were protonated (—

N+H3) producing stronger cationic NPs, which was one of the additional factors that facilitated 

the overall adsorption of SC molecules as shown in Figure–6.22 A. The Cht.NFs were not 

permanently cationic, but they possessed pH-responsive properties and thus retained their 

cationic charges at the experimental pHs (< ~7). One of the important dispersion properties of 

Cht.NF_P5 was their dispersion viscosity and apparently the dispersions of the Cht.NFs from 

pass–1 to pass–5 were like dilute solutions. The resultant viscosity of the solution/dispersion 

of Cht.NF_P5 could be the most likely reason of the higher Qmax values for SC. 

Cholestyramine is an indigestible resin and HMW cationic polymer which was almost 

completely insoluble either in MQ water or in ISA. Although it exhibited a very poor dispersion 

in ISA, the BATs were still conducted to evaluate their efficacy for SC sequestration and the 

results were used as the positive control. Figure–6.22 B represents dispersions in MQ water 

and in ISA showing its insolubility and the Falcon tubes of the conducted BATs right after the 

test in the bottom row.  
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Figure 6.22: A) Schematic representation of the possible simultaneous existences of all the 

binding forces between the Q–Cht.NWa (amino–PS based NMs, other examples include Q–CS, 

QCS–g–CNCs, Cht.NWa and the Cht.NFs) and the SC molecules. B) Cholestyramine resin’s 

dispersions @ 0.5 % w/v (aqueous, top-left; and in ISA, top right) which were found almost 

insoluble and non–dispersible. In the bottom row, the Falcon tubes of the BATs are shown 

which are labelled as the initial conc. of the SC taken. And to the right-side column, the sachet 

of the cholestyramine is commercially available in the US market, and the chemical structure 

of the resin is given just below the sachet.  

 

Here, due to its low dispersibility, the DH and ZP of cholestyramine were conducted at 

500 ppm (0.005 %, w/v) of dispersion yielding a ZP of ~23 mV and DH of ~ 2 µm. Although 

the BATs were conducted at a higher conc. of 0.8% (w/v), the determined Qmax obtained from 
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the BATs were found to be ~ 312 mg/g. Regardless of their poor aqueous dispersibility, the 

Qmax of cholestyramine was reportedly higher than the Qmax of Q–CNC6 NPs or the Qmax of 

non–quaternized Cht.NWa and the most likely reason would be the non–ionic 

(hydrophobic/Van der Waals) as well as the ionic interactions with the SC molecules. 

Based on all the results presented here in Figure–6.21, it was concluded that overall, 

the surface charges of the NMs, the aggregate sizes, their dispersibilities/solubilities, and the 

viscosities of the intended dispersion (solution) are the controlling factors for the binding 

capacities of the NMs for SC. In all the cases, the non–ionic interactions were as important as 

the ionic interactions for the physicochemical binding or adsorption process of the SC onto the 

surfaces of NMs. However, the rate of binding might vary over time for the NMs of interest. 

Thus, in the next section, one representative example of adsorption kinetics will be discussed 

and compared with the binding kinetics of the positive control, cholestyramine. 

 

6.7.6 Adsorption Kinetic Tests (AKT) for the NMs with SC 

Due to time constraints, the AKT tests were only conducted for the binding of sodium 

cholate, SC with one of the selected concentrations of SC. Thus, one of the NPs were selected 

for conducting the AKT, and then compared to a commercially available drug, cholestyramine 

being a positive control. Here, considering the surface charges (ZPs), DH, and the stability of 

the aqueous dispersion, the Q–CNCa was selected as the NP of interest. As discussed in Chapter 

3, the AKT for the Q–CNCa and the QuestranTM (Cholestyramine) samples were conducted for 

150 min during which samples were collected at different intervals. Here, right after the 

addition of the NMs as BAS to the RBF, the mixture became cloudier, similarly, when Q–
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CNCa was added to the SC, it turned cloudier faster than with cholestyramine. Figure–6.23 

provides snapshots of the AKT with the Q–CNCa NPs and the corresponding samples. 

 

Figure 6.23: The adsorption kinetic test (AKT) of a representative NM with SC and the 

withdrawn 5 mL samples in the scintillation vials at different time intervals. The SC–NP 

complexes were found sedimented at the bottom of the vials while the set–up of the E–cell was 

carried out.  

 

The contents of vials were then evaluated for the free SC contents to determine the 

amounts that were bound to the NPs. And the results thus obtained from each of the vials are 

shown in Figure–6.24. From the figure, it is evident that the Q–CNCa NPs not only bind faster 

to the SC than cholestyramine, but they also approached to the saturation point (the point after 

which the adsorption rate and extent are very low) sooner than cholestyramine. The 

cholestyramine dispersion at 1% (w/v) was unstable and it rapidly precipitated in the container. 

Before adding the cholestyramine dispersion to the 200 mL of 7.5 mM SC in the RBF for the 
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AKT study, the dispersion was sonicated, and the required 25 mL were pipetted under 

sonication. Being the complex resin and HMW polymer, the resultant poor dispersibilities 

affected the rate as well as the extent of the sorption of SC @ 380C.  

Figure–6.24 B shows the AKT of a novel BASs called SK&F 97426-A, which is a 

quaternary alkylammonium polymethacrylate described by Benson et. al. (1997)275 and it was 

compared to the AKT of cholestyramine. In the study, the association rates of BAs were faster 

for cholestyramine than for SK&F 97426-A.275 However, in the present study, an opposite 

scenario for the cholestyramine was observed compared to Q–CNCa. The adsorption of the SC 

onto both cholestyramine and Q–CNCa was much higher than SK&F 97426-A and the other 

BAs (TC, GC, TCDC). The detection and quantification of free BAs, as well as the structural 

variations over the BA molecules, could be potential reasons for such a variation in the 

observed binding capacities. Other possible reasons could be the variation in the formulations, 

like the glucose-free Krebs-Henseleit buffer (MgSO4, KHPO4, KCl, & NaCl) that might disrupt 

the BAS-BA binding. 

Several factors could be the likely participating factors as the causative reasons for the 

faster rate and extent of association between SC and Q–CNCs over that of cholestyramine, i.e.: 

• the active surface charges of NPs 

• the DH of NPs (NPs provide available surfaces for surface adsorption) 

• the hydrophilicity/hydrophobicity of NPs and corresponding aq. dispersibility. 
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Figure 6.24: A) Adsorption/binding/association kinetic tests (AKTs/BKTs) conducted for one 

of the developed NMs (here, the Q–CNCa NPs was chosen) and for QuestranTM 

(cholestyramine) as the BASs. The rate and extent of the sorption of the SC onto the Q–CNCa 

was found higher than that of the cholestyramine manifesting the Q–CNCa to be more 

efficacious BASs. B) The adsorption kinetics of a novel BAS named SK&F 97426–A and 

cholestyramine with the radiolabeled (14C) – glycocholate (GC), taurocholate (TC), and 

taurochenodeoxy cholate (TCDC). Here the size of the cholestyramine used was mostly within 

the range 38–212 µm (measured by dry sieving) and the 0.4% (w/v) BASs’ slurry prepared in 

glucose-free Krebs-Henseleit buffer was used for the 5 mM of the radiolabeled BAs for the 

AKT. The radioactivity was measured by liquid scintillation counting. Adapted from.275 
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A better overall profile based on all the above properties was observed for the Q–CNCa 

NPs. In the case of cholestyramine, the lower cationic nature as well as the non–dispersibility 

of the resin could be the most likely reasons for its slower physicochemical adsorption, both 

in terms of rate and extent of SC onto the surfaces. Figure–6.25 summarizes the chemical 

structures of the components involved in the AKTs. 

 

Figure 6.25: Chemical structures of cholestyramine (top left), the novel compound SK&F 

97426-A (top right), sodium cholate (bottom right), and the schematic representation of the 

Zwitterionic NPs Q–CNCa (bottom left). 
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6.8 Conclusions 

This chapter discusses the successful development of the cholate selective membrane 

(CSM) followed by the fabrication of a prototype, an elementary model of a CSE (cholate 

sensor). The membranes were subjected to quality control experiments to establish the 

conditions for the operation of the CSE. The sensor was successfully demonstrated and was 

capable to quantify the SC for the binding and kinetic experiments. The fabricated CSE/sensor 

was used extensively in several BATs with SC for NMs selected from the library of the 

prepared NMs discussed in Chapter 3 to Chapter 5. The max adsorption (Qmax) obtained with 

the CSE from the BATs of NMs allowed us to conclude the successful development of NMs 

based BAS that exhibited better performance than the commercial BAS, cholestyramine. 

Additionally, the hydrophobic–CNCs, brush–CNCs, QCS & QCS–g–CNCs, Q–Cht.NWs, and 

the Cht.NF_P5 possessed superior Qmax for the binding of SC over the cholestyramine. All the 

Qmax of the NMs based BASs should be cross-checked with other established methods of 

detection (enzyme kits, HPLC etc.) before proceeding to animal studies for in vivo evaluations.  

Figure–6.26 summarizes the Qmax values of several NPs on which all the three methods 

(namely the conductance, UV–Vis for the colored analogue of SC, and the cholate selective 

electrode, CSE) of SC detections were applied. Although notable variations were observed 

depending on the detection methods, the plot provided a summary of the approx. efficiencies 

of NMs that showed potential as BASs. 
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Figure 6.26: A) The max. adsorption capacities (Qmax) of some of the NPs which lies in 

common over the three methods of detection for the free/unbound SC. B) The averaged plot 

based on the three detection methods. 

 

6.9 Future directions  

The constructed CSE in suffered from moderate to significant EMF variations. 

Furthermore, the membrane became saturated or lost its sensitivity sooner than expected. One 

potential approach to eliminate the notable EMF drifting could be the use of partially cationic 

PVC. The initial process of synthesizing cationic–PVC was conducted, but due to lack of time, 

the modification of the CSM was not completed. Further attention should be devoted to 

combining the two half–cells (CSE & the RE) into a single electrode.  
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Chapter 7: Biosafety of the developed NMs 

7.1 Introduction 

It had been widely known that the quaternary ammonium groups, QAGs (R4N
+.X–) 

containing compounds possess some antimicrobial (antibacterial or antifungal) 

characteristics,276–283 whose MICs (minimum inhibitory concentrations) depend on their 

chemical structures. The nanomaterials (NMs) developed in this study all contained the QAGs, 

while several possessed the PAG (primary amino groups, —NH2) in their chemical structures 

that could be protonated in acidic conditions. As the NMs were to be used for human 

application in treating hypercholesterolemia, the biosafety of these NMs should be determined. 

Thus, in this chapter, the biosafety of the NMs is discussed. In the biosafety evaluation, yeasts’ 

fermentation of glucose/sugar was used as the model experiment, which was conducted to 

evaluate if the NMs were toxic to living cells. The agar–disc diffusion or the culture broth284 

were NOT considered for bacteria (E. coli, S. aureus) or the yeast cells due to their time-

consuming protocols. However, it is recommended that the NMs should be evaluated through 

standard bacterial culture and on human cell culture to obtain precise information for their 

safety profile. 

The hypothesis of such biosafety experimentations by yeast fermentation was to 

determine the relative safety profile of the NMs compared to the well-known BAS, 

cholestyramine resin. Cholestyramine is available commercially for over 200 years and is 

known to have an excellent safety profile for human use, thus if the NMs developed in this 
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study displayed better responses from the fermentation of glucose by Baker’s yeasts then we 

can conclude that these NMs are safe for human application. 

 

7.2 Yeast cell: Anatomy and fermentation of glucose 

Yeast belongs to the kingdom Fungi and is a eukaryote, grows as single cells, and 

produces daughter cells through asexual reproduction and self-cloning either by budding (the 

budding yeasts) or by binary fission (the fission yeasts). The most common and commercially 

available Baker's yeast, Saccharomyces cerevisiae is a budding yeast predominantly employed 

in the commercial production of fermented beverages. Although most of the fungi are 

multicellular and possesses spherical, cylindrical, or oval shape, it is generally ellipsoidal in 

shape with a diameter of 5–10 µm.285,286 Yeasts have structural features similar to higher 

eukaryotic cells comprising of a cell wall, nucleus, mitochondria, endoplasmic reticulum (ER), 

Golgi apparatus, vacuoles, microbodies, and secretory vesicles together with a complex 

extracellular and intracellular membrane network.285,287 Here the cell wall possesses a net 

negative surface charge due to the presence of phosphate groups. In terms of composition, the 

yeast’s cell wall is made up of a variety of polysaccharides, such as α-mannan (soluble in water 

and alkali and linked to proteins (mannoprotein), alkali-soluble β-glucan, and alkali-insoluble 

β-glucan bonded with chitin. Its cell membrane is rather fluid and flexible due to the presence 

of lipids, sterols, and proteins.285,287 Figure –7.1 A & B shows the main features of a yeast cell, 

and a commercially available yeast, respectively. 
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Figure 7.1: A) The main features of the baker’s yeast cell, Saccharomyces cerevisiae. The 

cellular division usually leaves bud scars on the mother cells which are composed mainly of 

chitin. Reproduced from.285 B) An example of the commercially available bakers’ yeast, 

Lallemand Instaferm® Instant dry yeast. The insert represents the schematic of the cellular 

structure of the yeast. C) The overall intracellular anaerobic fermentation process of a glucose 

molecule to its products: ethanol (C2H5OH) and carbon dioxide (CO2). The groups of enzymes, 

zymase usually catalyze the fermentation reaction through the Embden–Meyerhof–Parnas 

(EMP) pathway. Under anaerobic conditions, the yeasts convert pyruvate to ethanol and CO2. 

 

N.B.: Overall fermentation reaction for glucose:286,288–290 C6H12O6  → 2 C2H5OH  +  2 CO2  
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For yeast-mediated fermentation, water is essential, and higher water activity is 

required for S. cerevisiae cells. Regarding temperature and pH requirements for such 

fermentations, yeasts thrive in warm and acidic environments with the S. cerevisiae strains 

growing well at between 20 – 300C and pH of 4.5 – 6.5.286 Due to the fermentation of sugars, 

yeast cell produces ethanol, CO2 and other compounds that add aroma & flavor to the target 

mixture.286,288–290 Yeast possesses intracellular groups of enzymes called zymase that catalyzes 

the fermentation process. Ethanol fermentation occurs because of the enzymatic activity of the 

yeast at the Embden–Meyerhof–Parnas (EMP) pathway, which leads to glucose conversion to 

pyruvate. Under anaerobic conditions, the yeasts convert pyruvate to ethanol and CO2. In 

aerobic conditions, yeasts consume sugars, mainly for biomass accumulation and CO2 

production.286,288,289 Figure–7.1C shows the intracellular fermentation process by the yeast cell.  

 

7.3 Reported effects of polymers on yeast cells & mechanism of inhibition 

Literature suggests that the fermentation of glucose by Baker's yeast is usually inhibited 

by cations at the yeast cell surface that prevent the entry of glucose.291 Under most conditions, 

such forms of inhibitions are practically irreversible as the fermentation’s rate is dependent on 

the concentration of yeast but independent of the concentration or the amount of existing sugar 

in the bulk. Ralston et. al. (1964) reported291 that the chitosan samples at a concentration of 2 

x 10–5 M (based on glucosamine–N content) can completely inhibit the fermentation of glucose 

by 0.03% yeast suspension at a pH of 4.5. Such inhibition by the chitosan was approximately 

ten times (10x) as effective as an equivalent concentration of the detergent dodecyl–
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trimethylammonium bromide (DDTAB), one of the most potent cationic inhibitors reported in 

the literature.291  

In a study conducted by Ralston et. al. (1964), the yeast fermentation was conducted 

under nitrogen measured using the Warburg manometers at 370C. In the study, the reaction 

mixture consisted of 0.08 % (w/v) Baker’s yeast with 0.03 M glucose in a 0.025 M sodium 

acetate-acetic acid buffer (pH 4.5) with a final volume of 3 mL. The study compared the 

inhibitory effects of the cationic diethylaminoethyl cellulose (DEAE–Cellulose) on yeast-

mediated glucose fermentation, with that of chitosan fibers (CS). They concluded that, 

although the CS was found to be more efficacious, both cationic polymers inhibit the 

fermentation process and eventually, flocculate the yeast cells leading to precipitation.291  

The results of further investigations on the aggregation of yeast suggested that both the 

DEAE–Cellulose and chitosan were electrostatically and irreversibly bound to yeast cell 

surfaces (negatively charged ≥ pH 2) neutralizing the charges, and reversal of the net negative 

charge on the yeast cell surface could occur at or above pH 2. Thus, the cationic-polymer–

yeast particles, being neutral or, slightly cationic become aggregated leading to 

precipitation.291 Figure –7.2 shows the schematic of the surface adsorption of quaternized–

nanofibers (Q–NFs, the cationic polymers here) onto the yeast cells inhibiting the glucose 

fermentation.291 

The authors also indicated that the Q–NFs (here the chitosan and DDEA–Cellulose) 

acted outside the yeast cell, but not inside the cells, by conducting an experiment using a pre–

treated yeast preparation. The pre–treated yeast preparation indicated the dispersion with yeast 

cells which have an artificially induced high internal concentration of glucose.291  The pre–
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treatment was done by incubating 1 g of dried yeast for 17 h at 370C with 100 mL of 0.01 M 

acetate buffer (pH 4.5) containing 9 g of glucose. The treated yeast was centrifuged, washed 

five times with buffer and finally suspended in 50 mL of 0.05 M acetate buffer (pH 4.5).291  

When incubated with buffer in the Warburg flasks, the yeast displayed appreciable 

fermentation, indicating that it did have a high internal concentration of fermentable substrate. 

Glucose, chitosan, or chitosan plus glucose was added from the side arm of the flask to the 

yeast plus buffer system to observe their effects on the rate of CO2 production. Only the flask 

containing no chitosan showed an increased CO2 output when glucose was added externally, 

while the addition of chitosan or chitosan plus glucose had no effect,291 as shown in Figure–

7.2 B. Such findings thus indicated the inhibitory actions of chitosan on yeast to be external, 

having no effect on fermentation of the internal substrate but preventing the ingress of glucose 

into the cell by forming a layer on the yeast cell surface.291 The chitosan layer is held in position 

by the interaction between the chitosan’s amino groups and anionic groups on the yeast cell 

surface. The inhibition is irreversible under most conditions and is proportional to the chitosan 

chain length, cationic nature, and concentration.291 

From the literature,291 the conclusion is that cationic NMs can irreversibly inhibit the 

yeast fermentation rate and their efficacy. Thus, before utilizing our NMs for human 

application it is necessary to determine their safety.  
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Figure 7.2: A) The schematic representation of the mechanism of inhibition of the yeast cells 

by the physicochemical adsorption of the cationic nanofibers (Q–NFs) of carbohydrate 

polymers, like the chitosan or DDEA–Cellulose. The yeast cell wall is negatively charged, and 

thus the NFs are ionically attracted thus bound onto the surface causing the gradual cessation 

of glucose influx to complete blockage of the intake. Consequently, no further fermentation 

takes place as well because the NF–bound yeast cells got flocculated and precipitated out. The 

schematic of the adsorption of cationic NFs onto the yeast cells was drawn based on the 

discussion from. B) Effect of buffer and chitosan on the fermentation rate of glucose and CO2 

output. Both A) and B): Drawn from the discussions of reference.291 
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7.4 Materials and methods 

7.4.1  Materials 

The Lallemand Instaferm® Instant dry yeast was purchased from a commercial vendor. 

D–glucose, hydrochloric acid, and acetic acid were purchased from MilliporeSigma and used 

as received without any further modifications. Purified water (Milli-Q water) from a Millipore 

system (>18 MΩcm) adjusted to pH 4.5 was used to prepare the samples’ solutions. 

 

7.4.2 Methods 

Based on the discussion of literature findings, the yeast fermentation experiments for 

the selected NMs were conducted following the procedure described below. In a typical 

method, 50 mg of D–glucose and 50 mg of the yeast were weighed in a 10 mL sized volumetric 

flask and then 5 mL of M.Q. water (adjusted to pH 4.5) was added to the flask. The phosphate 

buffer was not considered here as the media of fermentation to eliminate any probable 

interactions of the NMs with the electrolytes. The content within the flask was then mixed well 

and placed in the hot water bath set @ 430 ± 0.50C while waiting for 5 min (incubation period) 

to equilibrate to the same temperature of the solution in the flask prior to the commencement 

of the fermentation process. One end of the transparent PTFE tubing was attached with the 

needle inserted through the cork at the volumetric flask and the other end of the tube was 

inserted inside a burette that was prefilled with a dye solution while the inverted burette (upside 

down) was placed in a beaker containing the dye solution.  
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The whole experimental set–up is schematically illustrated in Figure–7.3 mimicking 

the modified version of the Warburg flasks/manometer. Here, a MO solution of an arbitrary 

conc. was placed inside the burette (and the burette–bath as well) for better visibility of the 

lower meniscus while recording the measurement of the liquid’s height inside the burette. 

 

Figure 7.3: A) Set–up for yeast fermentation experiments which apparently is similar to the 

mimicked & modified version of the Warburg flask. An arbitrary conc. of MO solution was 

used as the colored liquid for the ease of measuring the liquid level inside the burette. B) The 

10 mL volumetric flasks in which the yeast’s fermentation experiments were conducted. The 

two flasks are @ t= 0 mins (when the temperature was 430C, the yeast got dissolved) and t= 

30 mins, where @ t= 30 mins, most of the yeasts were found precipitated at the bottom (not 

clearly visible from the image).  
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Each of the fermentation experiments was conducted for 30 min and the volume of CO2 

(VCO2) released was recorded at every 2 min time interval. The cumulative VCO2 were then 

plotted against the time duration and the slope of the individual plots were used to compare the 

fermentation rate as well as the volume fraction of the released CO2 between the various NMs.  

In this experimental study, the NCCTM was considered as the negative control and 

QuestranTM (Cholestyramine) was used as the positive control for the cationic NMs (Q–NMs) 

tested for the yeast mediated fermentation. The control study was conducted only with glucose 

and yeast, whereas for the positive/negative controls or the experimental Q–NMs, a final 

concentration of 100 ppm (100 μg/mL) was used based on the antibacterial studies276–283 of 

different compounds or nanocomposites or PS-based NPs or metal NPs.  

 

7.5 Results and discussion 

The plot of the volume of CO2 released due to fermentation against the time duration 

was linear up to 30 min as the endpoint, one of the examples of such a plot is illustrated from 

the combined plots of all the NMs shown in Figure–7.4. 
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Figure 7.4: The released CO2 vs time (mins) plots for the control, positive & negative controls, 

and the experimental NMs obtained from the yeast mediated fermentation of glucose. Except 

the control experiment, in all the other experiments (positive & negative control, and the non–

control experiments with the NMs) the concentration of the NMs in the flasks was 100 ppm. 

 

 

From Figure–7.4, it is evident that the highest amount of CO2 released (3.4 mL) at 30 

min was observed for the control experiment where no cationic NPs were added, only glucose 

and yeast were present inside the flask. For the negatively charged NPs, i.e., NCCTM, the VCO2 

was recorded as approx. ~ 3.1 mL and this small decrease of CO2 released compared to the 

control might be due to the partial inhibition of the glucose influx due to the adsorption of 

NCCTM on the yeast cells driven by non–ionic interaction. Thus, the diffusion of glucose from 

the bulk into the cells was inhibited leading to the proportional reduction in the rate of 

fermentation. Table 7.1 provides a summary of the impact of the NMs on the production of 

CO2 by the yeast. 

  



 

 226 

Table 7.1: The determined experimental parameters obtained from the recorded VCO2 till 30 

mins intervals during the fermentation experiments. For the volume fraction and % inhibition 

calculations, the control was considered as 1 and 0 respectively, and the same parameters for 

the other NPs were calculated based on the corresponding data of the control. 

NPs Name 
VCO2 (mL) @  

30 min 

Fraction of 

VCO2 (mL) @ 

30 min 

Slope from 

plot 

(mL/min) 

Slope 

(mL/hr) 

Relative % 

inhibition of 

yeast activity 

Control 3.4 1.00 0.1141 6.85 0 

NCC™ 3.1 0.91 0.1019 6.11 8.8 

Q-CNC₆ 2.5 0.74 0.0854 5.12 26.5 

Q-C₁₂-CNC₆ 2.3 0.66 0.0743 4.46 33.8 

Brush-CNC 2.6 0.76 0.0839 5.03 23.5 

Q-CS 2.0 0.59 0.0664 3.98 41.2 

QCS-g-CNC 2.0 0.57 0.0649 3.89 42.6 

Q-Cht.NWₐ 2.3 0.68 0.0731 4.39 32.4 

Cht.NF-P₅ 2.7 0.79 0.0853 5.12 20.6 

Questran™ 1.8 0.53 0.0556 3.34 47.1 

 

Following a similar trend, however, sharp reductions were observed for the 

fermentation experiments when cationic NPs or polymers were used (Figure–7.4 and Table 

7.1). As such, the lowest amount (1.8 mL) of CO2 released was recorded for the positive 

control, the cholestyramine (QuestranTM) here. The results on the reduction of released CO2 up 

to 30 min time interval were indicative of the probable partial (or complete) blockage of pores 

present on the cell wall of the yeast due to the strong physicochemical adsorption of the cationic 

NPs (Q–NPs).   
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Figure –7.5 illustrates the rate of fermentation, represented by the volume fraction of 

the released CO2 and the relative % inhibition of the yeast cell’s activity for the NPs used in 

the yeast fermentation tests. 

 

 

Figure 7.5: A) Rate of release of CO2 —, and B) Volume fractions of released CO2 — due to 

the yeast mediated fermentation of glucose by the control, positive (QuestranTM) and negative 

controls (NCCTM), and the Q–NPs. C) Relative % inhibition of yeast cells’ activities leading 

to reduced fermentation rate, and D) Schematic of yeast cell’s inhibition by the Q–NPs. 
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From the rate of fermentation (CO2 released) plot, it is evident that the commercially 

available BAS cholestyramine (QuestranTM, the positive control in this experimental design), 

with a well-known safety profile, displayed the highest reduction in the rate of fermentation 

among all the other Q–NPs. Similar trends were evident from the plot where the volume 

fractions of the CO2 were compared. Due to the irreversible binding or surface adsorptions of 

the NMs with the yeast cells (as shown in Figure–7.5 D), several scenarios could be possible: 

(a) most of the glucose molecules were inhibited from the yeast cells and the influx of the 

glucose molecules into the yeast cells were reduced, (b) the viability of the yeasts were 

impacted by the adsorbed NMs, and (c) the NMs break the yeast walls and kill the yeast cells. 

Consequently, the rate of fermentation was reduced. The results of the experiments indicated 

that such inhibition of the yeast cells was highest for the established BAS, cholestyramine 

(Figure–7.5 C). The Q–CS and the QCS–g–CNC was within the same range for relative % of 

inhibition of the yeast cells activity, and they were found slightly below the % inhibition of 

cholestyramine. All the other Q–NPs displayed lower degrees of % inhibition than 

cholestyramine.  

All these results led us to conclude that the natural and sustainable NMs developed in 

this study for use as BAS exhibited lesser inhibition of the yeast cells’ activity than the 

commercial BAS, cholestyramine. Overall, it could be concluded that the developed NMs 

should not be harmful to human cells as well as overall health. However, further studies with 

the live cell culture (human cells) should be conducted to further confirm these findings. 
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Chapter 8 

8.1 Conclusions and Future directions 

8.1.1 Conclusions 

Diet-induced obesity (DIO) and raised blood cholesterol (hypercholesterolemia) are 

interrelated and cause fetal health consequences if persist as chronic conditions and are left 

untreated. Among the pharmacological interventions for treating hypercholesterolemia, 

sequestration of the bile acids/salts (BAs/BSs) using bile acid sequestrants (BAS) is one of the 

treatment options. This Ph.D. study was designed to develop NMs from natural and sustainable 

resources for an application that utilized these NMs for reducing plasma cholesterol by directly 

sequestering the BAs/BSs from the GIT. Simultaneously, due to the removal of the BAs/BSs, 

such NMs should also have the capabilities to stop or reduce the progressive DIO. 

Throughout this Ph.D. study, cellulose nanocrystals (CNC), the most abundant 

naturally derived sustainable biomaterial on earth, were modified with different chemical 

compounds possessing quaternary ammonium groups (QAGs) or with polymers. Hydrophilic, 

hydrophobic, or brush–like CNCs or chitosan–modified CNCs were prepared for evaluation. 

The second most naturally abundant polysaccharide, the chitin, was also modified to obtain a 

library of nanofibers (NFs) possessing various lengths. The nanowhiskers/nanocrystals 

(NWs/NCs) of chitin were also derived from the chitin and modified with QAG containing 

molecules. All these permanently cationic NM systems (except the chitin–NFs, which were 

not permanently cationic) were then evaluated for their efficiencies to bind anionic species like 
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the organic dye, methyl orange (MO) or the sodium cholate (SC), one of the primary (10) BAs 

in the human body.  

The binding capacities were found to be moderate to significantly higher for the NMs, 

and most of the NMs showed greater adsorption capacities for the SC than for the MO. We 

observed that the following factors control the binding of the NMs to SCs: 

(a) cationic charges on the NPs surfaces,  

(b) shape/morphology of the NPs (e.g., the brush–CNC),  

(c) hydrophobic moiety on the NPs,  

(d) other functional groups capable of establishing H–bonds with the analyte/ligands,  

(e) aqueous dispersibilities /solubilities of the NPs, 

(f) apparent viscosities of the NP dispersions, and  

(g) size of NPs  

 

The above factors contributed to the physicochemical interaction and binding with the 

SC or MO. The results also indicate that the presence of the inherent primary amino–groups 

(PAGs, —NH2) on the NPs, such as for the chitosan or chitin–based NPs was advantageous to 

impart pH–responsive properties to the NPs that enhanced their cationic characteristics at the 

optimum pH conditions. 

Methyl orange (MO) was initially used to evaluate the efficiencies of the NMs as a 

model compound since its concentration could be readily determined from UV–Vis 

spectroscopy, and there is a lack of a robust tool for BA detection. The removal of MO from 

an aqueous sample from the physicochemical adsorption onto the NPs indicated that such NPs 
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could be utilized for effluent treatment in the wastewater system. The NMs could be utilized 

for effluent treatment in the pharmaceutical industry.  

 A polymeric membrane ion-selective electrode (ISE sensor) was fabricated for the 

detection of sodium cholate in the aqueous solutions. After extensive quality control studies 

on the sensor to optimize its sensing capabilities, it was found to be working for the detection 

of SCs. Thus, the sensor was utilized to quantify the unbound SC from the post–BATs (batch 

adsorption tests) samples conducted with selected NMs. The Qmax determined for the selected 

NMs using the ISE sensor was promising and the conclusions from these studies indicated that 

the NMs produced in this study could bind SC molecules with performance better than 

cholestyramine. The Qmax results suggested that the NMs have the potential to reduce the raised 

plasma cholesterol by removing the BAs/BSs from the GIT. 

Lastly, the safety of the NMs was evaluated by conducting the yeast fermentation tests 

and compared with cholestyramine. The results indicated that the NMs displayed a lower rate 

of fermentation than cholestyramine due to the lower inhibition of the yeast cells. We 

concluded that all the NMs produced in this study are less toxic than cholestyramine and are 

safe for human application in hypercholesterolemia treatment. 

Overall, the natural and sustainable NMs could be modified to produce cationic NPs, 

where these NPs offer tremendous potential for use as BAS. These NPs can be considered as 

the naturally derived alternative to cholestyramine. However, for the precise efficacy of the 

NPs, in vivo studies should be conducted with appropriate animal models followed by clinical 

trials.  
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8.1.2 Future directions 

The NMs were evaluated for their adsorption efficiencies with only trihydroxy bile acid 

(designated as sodium cholate, SC). There are other primary (chenodeoxy cholic acid) and 

secondary (deoxycholic acid, lithocholic acid) bile acids, and their corresponding conjugated 

salts present in the human body where the NPs’ efficacies were not determined. Such study 

should be conducted in the future. Furthermore, the specificities of adsorption by the NPs were 

not determined for the BA/BSs or from mixtures of BAs/BSs which should also be conducted 

to simulate the condition in the human body. The in vivo efficacy of the bile acid sequestrants 

(BASs) depends on how strongly they can bind free BA molecules to form BAS–BA/BS 

complexes, and then excreted through the feces. During this Ph.D. study, the strength of 

binding/adsorption of the BAs/BSs molecules on the NPs was not established by conducting 

desorption studies. Thus, the desorption studies for all the BAs/BSs should be conducted for 

these NMs. 

The effects of C–12 alky chain were only evaluated for one NP and significant 

improvement in the adsorption of SC (as well as for MO) was observed. Thus, the presence of 

such hydrophobic moiety should be considered for several NPs, especially for the Q–CNCMCC, 

Q–CS, QCS–g–CNCs, and the Cht.NWs, to evaluate if there is an expected improvement of 

efficacy on the physicochemical adsorption of the targeted analyte (SC). Furthermore, the 

Cht.NFs that possess surface primary amino groups, PAGs (—NH2 groups) were not 

considered for quaternization in this study. Thus, the quaternization of Cht.NFs with molecules 

containing the quaternary ammonium groups, QAG (GTMAC) or the molecules possessing 

QAG + C–12 chains (DDEAC) should be investigated regarding their efficacy as BASs.  
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Along with the evaluations of the presence of hydrophobe on the NMs as the BAS, the 

different morphologies of the NMs could be considered. This doctoral study concluded that 

NMs having a ‘bottle brush like’ structure (the polymeric–CNCs: the pQDMAEMA–g–CNCs) 

or the ‘block co–polymer type’ structure, (for example, the quaternized–chitosan modified 

CNCs: the QCS–g–CNCs, also denoted as the QCS–g–QCS) possessed higher capabilities to 

bind/sequester the bile salts/acids (BAs/BSs). The effects of other morphological shapes29, for 

example hyperbranched like the dendrimers, cross–linked NMs, or the star–shaped block 

copolymer29 modified NMs could be considered for evaluation on their efficacies as bile acid 

sequestrants, BASs. Additionally, the polyethylene imine (PEI)292–295 modified–CNC or PEI–

coupled chitin NWs (PEI–g–Cht.NWs) could also be considered for evaluation as the BASs.   

The effects of factors such as the presence of enzymes, food contents & nutrients, gut 

microflora etc. on the binding or adsorption of BA onto the NPs’ surfaces were not evaluated. 

Such evaluations are only possible through the in vivo studies structured and designed on a 

suitable high-fat meal-induced obese animal model. Thus, the in vivo studies are necessary to 

determine the efficacy of the NPs for raised plasma cholesterol reduction in humans. Through 

such structured in vivo studies, the efficacy of the NPs for the reduction or cessation of DIO 

could be determined from the reduction of cholesterol. Lastly, the biosafety evaluation could 

be conducted from the in vivo studies for the NPs.  

The obtained Qmax values for selected NMs from three different techniques, namely 

through the conductometric measurement, UV–Vis technique (colored analogue of SC), and 

the sensor, showed moderate to high variations. Thus, the Qmax values for the NMs with SC 
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should be determined and crossed checked via an established and widely used method such as 

the Total Bile Acid (TBA) Enzyme kit or through the HPLC.  

The in-house sensor used in the quantification of SC was a prototype and improvement 

to the design and fabrication should be considered. Further research should be conducted to 

improve the membrane construction and reliability in order to eliminate the EMF drifting, loss 

of sensitivity, frequent changing of inner solutions, improvement in the specificity of the 

membrane from accessory ions and producing one membrane for all BAs/BSs.  The sensor 

should be miniaturized so that it should be implemented to continuously monitor the 

concentration of bile salts using a microfluidic device. 
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Appendix A 

 

 

Figure 8.1: Gradient desulfation of NCCTM, the nanocellulose (NCCTM) used as the base 

materials for the work done in chapter 3, and the ion exchange procedure for to convert the 

Na–form of the surface sulphate half ester groups, SHE (—OSO3
—Na+) to acid (protonated, 

H) forms of the SHE groups(—OSO3
—H+). 
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Figure 8.2: Degree of substitutions (DS) and cationization reaction efficiencies (CRE%) of 

selected Q–NPs that are modified with hydrophilic/hydrophobic moieties or polymerized. 

 

 

 

Figure 8.3: Effect of CaCl2 on the sizes (A, C) and ZP (B, D) of Q–NPs based on CNCs. 
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Figure 8.4: A) Effect of conditioning the desensitized cholate selective membrane, CSM/tip on 

sensing/detecting the target analyte (sodium cholate, SC). The conditioning of the used 

CSM/tip (that lost sensitivity) was carried out into highly concentrated (400 mM) sodium 

cholate (SC) solution in ISA (10 mM NaCl) and ISA only. The results proved that the 

conditioning of used CSM does not revert the CSMs to their pristine condition. B) Effect of 

used and fresh inner solutions in reference electrode (RE) for the detection of SC from aqueous 

samples. 

 

 

 

Figure 8.5: A) Example showing the occurrence of loss of sensitivity of the CSM after more 

than 150 readings. B) Rinsing the desensitized CSM/tip with MQ water does not help to 

establish the sensitivity for continuous usage of the same tip. 
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Figure 8.6: The results of the A) unblind test (UBT) and B) single-blind test (SBT) conducted 

for the CSE developed in the lab.  

 


