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Abstract  

Present study reports the synthesis and characterization of hydroxypropylcellulose (HPC) 

based macromolecular prodrugs (MPDs) of a broad spectrum class of antibacterial agents; 

fluoroquinolones. Prodrugs of some fluoroquinolones, i.e., moxifloxacin, ofloxacin, 

levofloxacin and ciprofloxacin were fabricated as ester conjugates of HPC in various mole 

ratios using p-toluenesulfonyl chloride as carboxylic acid activating agent.  All prodrugs were 

found organo- as well as water-soluble. Structural characterization of HPC-fluoroquinolone 

conjugates 1-17 was carried out by FTIR, 
1
H, 

13
C and 2D NMR spectroscopic techniques. 

Covalently loaded drug content (DC) of the conjugates was determined by UV/Vis 

spectrophotometry as well as by HPLC/UV method. Degree of substitution (DS) of the 

conjugates was derived from the respective DC of each conjugate. DS of all conjugates was 

also determined by acid-base titration after saponification and found to be 0.27-0.38, 0.53-

0.71, 0.57-0.64 and 0.87-1.15 per AGU for moxifloxacin, ofloxacin, levofloxacin and 

ciprofloxacin, respectively. Nano-assembly behavior of HPC-fluoroquinolone conjugates at 

solvent interface (DMSO/H2O) was assessed by transmission electron microscopy (TEM). 

TEM images showed that HPC-fluoroquinolone conjugates behaved differently; HPC-

moxifloxacin conjugate 3 self-assembled into nanowires of 30 nm diameter, while HPC-

ofloxacin conjugate 7, HPC-levofloxacin conjugate 11 and HPC-ciprofloxacin conjugate 15 

self-assembled onto nanoparticles having diameter range of 200-270, 50-250 and 150-250 

nm, respectively. In vitro drug release studies revealed higher release from prodrugs in 

simulated intestinal fluid (SIF) as compared to simulated gastric fluid (SGF). Conjugates 3, 7, 

11 and 15 showed release of 49, 39, 44 and 43%, respectively, in SIF after first 6 h. While 

these conjugates showed only 12-15% release in SGF in the same time period. Higher release 

in SIF confirmed that the synthesized prodrugs could be used as devices for achieving colon 

targeted drug delivery. Pharmacokinetic studies of the conjugates in rabbit models indicated 
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enhanced bioavailability of the respective drugs. Following single oral dose, conjugates 3, 7, 

11 and 15 showed half-life of 25.20, 18.07, 18.08 and 10.87 h, respectively. These enhanced 

half-life values suggest the potential of the fabricated MPDs for once daily dosage 

formulation. Thermal analyses of the synthesized prodrugs were carried out to assess their 

pharmaceutical performance parameters. Thermal stability of HPC, drugs and prodrugs was 

compared in terms of thermal degradation temperatures (Tdi, Tdm,Tdf). Comparable Tdm 

values of drugs and conjugates suggested that no thermal stress was developed after the 

attachment of bulky drug molecules to polymer backbone. Thermal stability of conjugates 

was also evaluated in terms of integral procedure decomposition temperature (IPDT) and 

index of thermal stability (ITS). Conjugate 3, 7, 11 and 15 showed IPDT values of 450, 442, 

464 and 486 °C, respectively. The ITS values were found to be 0.51, 0.52, 0.46 and 0.51, 

respectively, for these conjugates. Significantly higher IPDT and ITS values also confirmed 

the intrinsic thermal stability of these conjugates. Modulated differential scanning 

calorimetry was also performed to analyze glass-transition temperatures (Tg) imparted due to 

attachment with polymer. Tg values observed were 111.60, 84.16, 113.85 and 61.91 °C for 

conjugates 3, 7, 11 and 15, respectively. PXRD studies confirmed that some crystallinity was 

imparted to MPDs of fluoroquinolones. Powder X-ray analysis also confirmed the amorphous 

characteristics of the conjugates. Therefore, such MPDs can be used for colon targeted 

delivery of fluoroquinolones with enhanced bioavailability and reduced dosage frequency.  
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1. INTRODUCTION 

1.1. Prodrug 

Drugs are the therapeutic agents used to relieve ailments and disorders of living tissues. Drug 

development has led to increased understanding and capability of humans to fight against 

diseases. Development of improved/efficient therapeutic techniques has ensured improved 

and healthy life-style. In addition to all associated advantages and therapeutic efficacy, 

almost every drug is characterized by some undesirable biological and physicochemical 

effects. These side effects and undesirable pharmaceutical and pharmacological 

characteristics often lead to reduced prescription and even elimination of some drugs from 

the market altogether in certain cases.  

So, there has always been a need to look for strategies to minimize or eliminate the 

undesirable properties associated with the drugs while retaining the desired ones. Such safer 

drug design can be achieved through biological, physical or chemical modification in the 

synthesis and administration of drugs as given below; 

a. Biological approach involves alteration in the route of drug administration. Such routes 

sometimes may not be acceptable/feasible to patient (Stella et al. 2007).  

b. Physical approach involves modification of dosage size and form such as controlled drug 

delivery systems (Rautio et al. 2008).  

c. Third and the best approach is chemical modification of drug molecules to enhance their 

target selectivity and reduce toxicity and associated side effects (Ettmayer et al. 2004). 

One of the strategies used for chemical modification of drugs involves conversion of active 

drugs into inactive forms. Such inactive drugs can subsequently undergo chemical or 

biological activation within the living systems. The inactive drug molecules capable of 

transformation into active moieties within the living systems are called prodrugs. IUPAC has 
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defined prodrugs as “compounds that undergo biotransformation before showing their 

pharmacological effects” (Wermuth et al. 1998).  

Prodrug approach has a number of advantages such as improved absorption, distribution, 

metabolism and excretion optimization of the drug (Stella et al. 1985; Feher and Schmidt, 

2003). Prodrugs can be used to improve oral bioavailability if the intended drug is 

characterized by poor absorption through the GI tract. A prodrug can also be used to improve 

target selectivity and reduce the undesirable effects of the drug. This approach is especially 

important in treatments such as chemotherapy (Wu, 2009).  

Bundgaard and Falch (1985) esterified allopurinol with nine amino acids with the aim to 

fabricate water-soluble prodrug of allopurinol (hydrophobic drug) (Bundgaard and Falch, 

1985). The prodrug was designed for rectal and parenteral administration. Water-solubility 

greater than 20% was exhibited by hydrochloride or hydrobromide salts of all the 1-

acyloxymethyl derivatives. They study of hydrolysis kinetics of the compounds in aqueous 

solution and in human plasma solutions was carried out at 37 °C. Maximum stability of the 

derivatives was observed at pH < 4. Derivatives exhibited wide variations in their 

susceptibility to undergo enzymatic hydrolysis. Moreover, assessment of the water-solubility 

and lipophilicity of the derivatives revealed that compounds containing a weakly basic 

amino group (pKa 6-7.5) might be useful as prodrugs to increase the rectal absorption of 

allopurinol.  

Similarly, amide derivatives of salicylic acid were prepared and studied for hydrolytic 

release and biological activity. Systemic availability of the parent compound was increased 

after being fabricated into prodrug. It was observed that aqueous solution greatly enhanced 

the stability of O-acyloxymethyl derivatives as compared to corresponding simple O-

acylsalicylamides (Bundgaard et al. 1986). 
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A major advantage of prodrug approach is achievement of target specific drug delivery. 

Prodrugs have been effectively used to achieve therapeutic effects at specific and intended 

"site of action," with minimal effects on the non-target tissues. The main factors that should 

be optimized to achieve site specific drug delivery in prodrug approach are; 

a. The prodrug must be able to reach the targeted site of action as early as possible, and its 

uptake must be rapid at the target site. 

b. Once prodrug has reached the target site, it must be able to selectively liberate the active 

drug at the target site relative to other tissues. 

c. Active drug must be retained by the tissue after being selectively liberated (D’Acquisto et 

al. 2002). 

1.2. Classification of prodrugs 

Prodrugs are generally classified in two ways; 

a. On the basis of biotransformation into active drug.  

b. On the basis of prodrug design strategy. 

1.2.1. Classification based on biotransformation of prodrug into active drug 

Depending upon the conversion of prodrug into active drug inside the body, prodrugs are 

divided into following major types (Wu, 2009); 

Type I: Prodrugs that are activated inside the cells (intracellular activation). e.g., lipid-

lowering statins and anti-viral nucleoside analogues. 

Type II: Prodrugs that are activated outside cells (extracellular activation), i.e., in body's 

circulation system (blood) or in digestive fluids. Most common examples include salicin and 

enzyme-specific prodrugs used in immunotherapy and chemotherapy.  

Mixed Type: This class includes prodrugs that are activated at multiple sites in parallel or 

successive steps. The prodrugs that are concurrently activated in target cells and metabolic 
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tissues are designated as “Type IA/IB” prodrugs. The prodrugs that are sequentially activated 

e.g., initially in the GI fluid and then in target cells are called “Type IIA-IA” prodrugs. 

1.2.2. Classification based on prodrug design strategy 

These prodrugs have been classified into two broad categories; 

a. Carrier-linked prodrugs 

b. Bioprecursors 

Site-specific drug delivery may also be achieved through linkage of drugs with biocompatible 

molecules, e.g., enzymes and hormones as carriers. Such carrier bound drugs have the ability 

to selectively bind to substrate and release the drug at target tissue. The carrier substrate 

specificity can also be used to overcome unwanted drug properties.  

Bioprecursor is a compound that can metabolize into an active compound or it may further 

metabolize to an active metabolite, e.g., amine to aldehyde to carboxylic acid (Rautio et al. 

2008). Prodrugs can be used as precursors of active drugs. These can be used to mask the 

active functionalities in a drug that may be helpful in overcoming the side effects of drug or 

protecting the drug from adverse effects of harsh environment (acidic pH of stomach) after 

being administered. Prodrugs may also be classified as under; 

a. Double prodrugs: In these prodrugs, a prodrug is further derivatized to produce double 

prodrug. The double prodrugs require enzymatic action to get converted into prodrug 

which is then cleaved to release active drug.  

b. Site-specific prodrugs: In these prodrugs, a carrier is used to transport the active drug to a 

specific targeted site. 

c.  Mutual prodrug: These prodrugs contain a biologically active drug as a carrier instead of 

some other molecule. A mutual prodrug contains two pharmacologically active agents 

that have been linked together in such a way that each acts as a promoiety for the other 

agent and vice versa. The carrier may have biological action similar to the other drug and 
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give synergistic action or it may furnish some biological action that is lacking in the 

parent drug. Carrier may be used to overcome side effects of drug or to increase its target 

selectivity. 

A schematic illustration of target specific release of carrier bound drugs is given in Figure 

1.1. 

 

Drug Drug

DrugDrug Carrier

Carrier

Carrier

+

PRODRUG PRODRUG

Enzymetic or

Chemical

Biotransformation

EXTRACELLULAR FLUID SITE OF ACTION or TARGET

BARRIER

 

Fig. 1.1. An illustration of carrier linked prodrugs. 

 

1.3. Polymer based prodrug design 

Carriers are the substances that are used to improve delivery and effectiveness of drugs. The 

molecule chosen as a drug carrier must bear the functional groups to which drug can be 

attached either directly or through a spacer arm. The bond between drug and carrier must be 

biodegradable so that active drug may be released at the site of action through intracellular or 

extracellular pathways. Additionally, the carrier should contain sufficient amount of loaded 

drug to achieve therapeutic levels of drug after being released at the site of action. 

Molecular weight of the carrier is another important parameter in carrier based drug design. 

Molecular weight should be low enough to allow pinocytic uptake of the conjugated drug and 
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it should be high enough to prevent rapid excretion of drug. The suitable molecular weights 

for the polymeric drug carriers are greater than 40,000 Da (Dunca et al. 1981). Additionally, 

carrier should be biocompatible. Its metabolic degradation products should be non-toxic, non-

immunogenic and non-carcinogenic. The degradation products should also not be 

accumulated in the body. The carrier should have suitable purity, stability and solubility to be 

used in pharmaceutical formulations. It must be cheap and readily available (Scott et al. 

2008; Bertrand and Leroux, 2011). 

1.3.1. Prodrug design based on synthetic polymers 

Synthetic polymers are being widely used as carrier in drug design and delivery systems. 

They are being utilized in different therapeutic systems, drug delivery vehicles and 

pharmacological substances. They are also being used in macromolecular prodrug design and 

sustained release formulations. Synthetic polymers such as polyethylene (Leonard et al. 

2010), polyurethanes (Mahkam and Sharifi-Sanjani, 2003; Król, 2007), polyacrylamides 

(Kryger et al. 2014), polyethylene glycol (Peng et al. 2006; Li et al. 2014; Kim et al. 2005), 

polyvinyl acetate (Barbani et al. 2005), polyvinyl alcohol (Dumitriu et al. 2004; Kakinoki et 

al. 2008), polyvinyl chloride, polyacrylic acid and polyacrylates (Cavallaro et al. 2011; 

Valenta et al. 1999; Marinaro and Stella, 2007) can be used for this purpose. Numerous 

polymeric prodrugs have been prepared for applications ranging from passive drug targeting 

to controlled release (D'Souza and Topp, 2004). Hydroxypropylmethacrylamide (HPMA) is a 

widely used drug carrier. It is not completely biodegradable but the presence of cross-linked 

oligopeptide introduces biodegradability to some extent. Distribution of different molecular 

weight fractions of HPMA and the blood clearance in rats was studied. Presence of HPMA in 

bloodstream was detected before being eliminated in urine and feces (Cartildge et al. 1987). 

Drug can be loaded onto polymeric carriers by various strategies. They could be attached to 

http://www.sciencedirect.com/science/article/pii/S0141391002003889
http://www.sciencedirect.com/science/article/pii/S0141391002003889
http://link.springer.com/search?facet-creator=%22William+A.+Marinaro%22
http://link.springer.com/search?facet-creator=%22Valentino+J.+Stella%22
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polymer as pendant group, incorporated into polymer chain or might be end-capped (Fig 1.2) 

(Oledzka and Sobczak, 2012).  

 

Drug

Drug

Drug

Drug

Drug Drug Drug

Drug

Drug
Homing

Device Polymer chain

Spacer DrugDrug

Drug

Homing

Device

a) Drug attachment as pendent groups

b) Drug incorporation into the polymer (copolymerization) 

c) End capped prodrug formation

d) Homing device based prodrug formation
 

Fig. 1.2. Different strategies for polymer based macromolecular prodrug design. 

 

1.3.2. Prodrug design based on biopolymers 

Biodegradable carriers include: liposomes, microspheres of biodegradable polymer 

poly(lactic-co-glycolic) acid, albumin microspheres, synthetic polymers (soluble), protein-

DNA complexes, protein conjugates, erythrocytes, virosomes and dendrimers (Makadia and 

Siegel, 2011; Urs et al. 2010; Gillies and Fréchet, 2005; Morimoto and Fujimoto, 1985; 

Gupta and  Hung, 1989; Kaneda, 2000; Babar et al. 2013; Liu et al. 2015; Nagy et al. 2011). 

Biodegradable polymers are readily hydrolyzed into non-toxic products that are easily 

http://en.wikipedia.org/wiki/Liposome
http://en.wikipedia.org/wiki/Microsphere
http://en.wikipedia.org/wiki/Human_serum_albumin
http://en.wikipedia.org/wiki/Microsphere
http://en.wikipedia.org/wiki/Synthetic_polymer
http://en.wikipedia.org/wiki/Protein-DNA_complex
http://en.wikipedia.org/wiki/Protein-DNA_complex
http://en.wikipedia.org/wiki/Conjugated_system
http://en.wikipedia.org/wiki/Erythrocyte
http://en.wikipedia.org/wiki/Virosome
http://en.wikipedia.org/wiki/Dendrimer
http://www.sciencedirect.com/science/article/pii/S1359644604032763
http://www.sciencedirect.com/science/article/pii/S1359644604032763
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morimoto%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=3913529
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fujimoto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=3913529
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hung%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=2685223
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removed from the body through metabolic pathways. Biodegradable polymer matrices are 

also known to prolong the release of drug and ensure therapeutic levels of drug at the site of 

action over longer periods than native drugs (Langer and Peppas, 2003; Uhrich et al. 1999). 

Out of these, polysaccharides are being more widely employed nowadays for macromolecular 

prodrug design and development due to a number of associated benefits (Schacht et al. 2009; 

Caliceti et al. 2010; Sinha and Kumria, 2001; Kamath and Park, 1993; Thierry, 2005). 

Polysaccharide chains are characterized by presence of hydroxyl groups. These hydroxyl 

groups can be used to establish ester linkage with drugs containing carboxylic acid group 

(Heinze et al. 2003; Kamel et al. 2008). Such ester linkages not only help the acid sensitive 

drugs to by-pass the acidic pH of stomach but also protect stomach from side-effects of the 

acidic drugs. The ester linkages in these macromolecular prodrugs (MPDs) are then 

enzymatically hydrolyzed to release active drugs. Bulky drug molecules can also be loaded 

onto polymer by introducing a spacer arm between polymer and drug (Luo et al. 2012). 

Stearic hindrance is decreased by this approach (Panyam et al. 2003).  

Muangsiri and Kirsch (2006) synthesized macromolecular prodrug of daptomycin using 

dextran as carrier. The prodrug was synthesized to improve binding affinity of drug to plasma 

protein and its biodistribution. It was observed that daptomycin had lower affinity for 

fibrinogen than the synthesized conjugates. Dissociation constant of daptomycin conjugates 

was relatively higher than that of daptomycin which was regenerated from conjugates in 

mildly acidic buffers (pH 1 and 4 at 60 °C). However, only about 9% release of daptomycin 

was observed. This low release extent was due to unbound aldehyde in daptomycin 

conjugates (Muangsiri and Kirsch, 2006).  

The hydrophilic/hydrophobic balance of the polysaccharide based MPDs can be adjusted to 

obtain nano-assemblies of resultant drug conjugates. Nano-assembled drug conjugates have 

greater permeability through membrane barriers and can be used for effective delivery of 

http://link.springer.com/search?facet-creator=%22Paolo+Caliceti%22
http://pubs.acs.org/action/doSearch?ContribStored=Thierry%2C+B
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drug at the site of action (Panyam et al. 2003). Dextran, inulin, glycosaminoglycan, cellulose 

and polyarabogalactan were also studied as possible drug carriers (Molteni, 1977; Sparer, 

1983; Lapicque and Dellacherie, 1986). Remon et al (1984) studied the pinocytic properties 

of dextran-inulin procainamide conjugates and found that these are useful as sustained-

release formulations (Remon et al. 1984). 

Dextran based macromolecular prodrug of mitomycin C has also been reported by different 

research groups. It was concluded that the use of a cationic spacer molecule leads to 

formation of cationic mitomycin C-dextran (MMCD) which gets well adsorbed on the surface 

of tumor cells by electrostatic forces while anionic MMCD did not bind to the surface of 

these cells (Sezaki and Hashida, 1985; Takakura et al. 1987). 

Although a large variety of polysaccharides have been exploited for prodrug synthesis, 

however, cellulose-ether-ester derivatives like hydroxypropylcellulose (HPC), 

hydroxypropylmethylcellulose (HPMC) and hydroxyethylcellulose (HEC) are getting special 

focus nowadays. These cellulose ether-esters are not only biocompatible but they also allow 

sustained and colon targeted release of drugs (Hussain et al. 2009; Hussain et al. 2011a; 

Hussain et al. 2013a; Hussain et al. 2015)  

HPC is a biocompatible and biodegradable cellulose ether derivative. It is obtained when 

cellulose is treated with propylene oxide to replace some of the hydroxyl groups on the 

polymer backbone by hydroxypropyl moiety (-OCH2CH(OH)CH3). Depending upon the 

degree of substitution (DS), average number of hydroxypropyl (HP) moieties on the polymer 

backbone can be varied. Since, there are three hydroxyl groups on the anhydroglucose unit in 

cellulose, complete substitution would give a DS of 3. The hydroxyl group on the HP moiety 

may also be etherified during hydroxypropylation to give a molar substitution of 4. Figure 1.3 

shows the structure of HPC. 
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Fig. 1.3. Structure of HPC. 

 

Presence of hydrophobic and hydrophilic groups in HPC allows it to have a low value of 

lower critical solution temperature (LCST) of 45 °C. So, HPC is freely water soluble below 

45 °C but insoluble above this temperature. HPC also gives mesophases depending upon its 

concentration in water. The mesophases may be nematic, anisotropic, isotropic and 

cholesteric (Lachman et al. 1990). 

HPC has non-irritant, non-toxic, non-ionic nature and is soluble in water and organic solvents 

at room temperature and is used in a number of commercial formulations (Alvarez-Lorenzo 

et al. 2000; Winnik, 1987; Obara et al. 1992). No health hazard has been reportedly 

associated with daily intake of HPC. It is being widely used as excipient in many oral dosage 

pharmaceutical formulations (FAO/WHO 1990; Joneja et al. 1999; Lee et al. 2000; Repka 

and McGinity, 2001). It is easily compressible and can accommodate large amount of drug 

likewise its nature and properties are not influenced by processing variables when used as 

excipient. It is also used as a dry binder in solid dosage forms (Machida and Nagai, 1974; 

Skinner et al. 1999). HPC is being used in different eye drops, e.g., Lacrisert, a formulation 

for tear production. Besides, it is also used to treat conditions of insufficient tear production 

like decreased corneal sensitivity, recurrent corneal damage, keratoconjunctivitis sicca and 

neuroparalytic keratitis.  It is also used to lubricate artificial eyes (Luchs et al. 2010; 
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McDonald et al. 2010; Koffler et al. 2010). Furthermore, over the last two decades, HPC has 

been used for controlling the release of drug from hydrophilic matrix as well (Huber et al. 

1966; Al-Hmoud et al. 1991). 

Donbrow and Samuelov (1980) studied release rate profiles of some cellulose derivatives 

such as ethyl cellulose, HPC and polyethylene glycol (PEG) mixtures (Donbrow 

and Samuelov, 1980). Kinetic studies revealed that release followed zero-order kinetics. Rate 

constants were found to depend upon the thickness of drug free membrane. Duration of 

release was dependent on the rate constant and independent of drug-loading. Hydrophilic 

polymer increased release rate when added to active membranes. Each hydrophilic polymer 

was found to act differently as shown by differences in their enhancement coefficients. 

Leaching of PEG was rapid and resulted in formation of pores in the matrix. HPC was not 

released resulting in decreased enhancement. It was found that swollen hydrated channels 

were formed so that only buffer ions could enter the system which resulted in logarithmic 

enhancement. 

Lopes et al (2007) formulated compressed matrix core tablet of ibuprofen as a quick/slow 

dual-component delivery system (Lopes et al. 2007). The dual-component tablet consisted of 

a sustained release tablet core and coat giving immediate release. Ibuprofen was present as 

model drug in both components. HPMC was used to attain the sustained release effect. 

Desired biphasic release behavior was shown by the tablets as indicated by the in vitro drug 

release profile. They found HPMC to be an efficient core giving constant and controlled 

release. 

Hoes et al (1993) linked adriamycin to a biodegradable polymer and studied the effect on its 

biological properties. Adriamycin was conjugated to poly (α-L-glutamic acid) (PGA) in three 

different ways. The immunogenicity and cell toxicity of these conjugates was then studied in 

mice. It was found that the mean survival time (MST) of treated animals was greatly 
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increased. Evaluation of secondary antibody response of the drug conjugates led to the 

conclusion that some specific surface areas are immunogenic. It was found that lysosomal 

enzymes brought about release of low-molecular weight products from the conjugates (Hoes 

et al. 1993). 

1.4. Synthetic strategies for MPDs based upon polysaccharides 

1.4.1. Carbodiimide coupling 

N,N-Dicyclohexylcarbodiimide (DCC) and N,N-diisopropylcarbodiimide (DIC) have been 

used for coupling of carbodiimide-activated drug derivatives with polymer backbones. The 

carbodiimides can be used as reactive intermediates for synthesis of MPDs. In this strategy, 

DIC or DCC are used as coupling agents to prepare conjugates of acid containing drugs after 

converting them to carbodiimide. DCC was used to couple dextran with β-(4-hydroxy- 3,5-di-

tertbutylphenyl) propionic acid. Resultantly, the scavenging activity of drug was increased 

(Arefjev et al. 1999). 

1.4.2. Cyanogen bromide (CNBr) method 

Therapeutic proteins can be covalently conjugated to glycopolymers using cyanogen bromide 

method. Polymers are first converted to reactive species using cyanogen bromide and active 

intermediate is then conjugated with proteins to yield MPDs
 
(Axén and Ernback, 1971). 

Tertiary structure of enzyme was stabilized after conjugation onto dextran backbone. 

Antitumor activity of mitomycin-C was enhanced after conjugation with cyanogen bromide 

activated dextran (Kojima et al. 1980). Yasuda et al (1990) covalently linked dextran and 

PEG with Uricase (UC) by four methods i.e., periodate oxidation, cyanogen bromide, 

carbodiimide and cyanuric chloride. Biopharmaceutical and biochemical properties of these 

newly synthesized UC-dextran conjugates were studied. The enzymatic activity of UC 

retained in these conjugates was directly proportional to the modification of amino groups 

(Yasuda et al. 1990). 

https://www.jstage.jst.go.jp/AF06S010ShsiKskGmnHyj?chshnmHkwtsh=Yoshihisa+YASUDA
https://www.jstage.jst.go.jp/AF06S010ShsiKskGmnHyj?chshnmHkwtsh=Yoshihisa+YASUDA
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1.4.3. Through carbonate and carbamate ester formation 

Carbonate and carbamate ester linkage can be used to synthesize prodrugs of amino and 

hydroxyl group containing drugs (Yolles et al. 1979). This method involves two major 

approaches; the -OH group on the polymer can be activated by phosgene and then conjugated 

with drug via carbonate ester linkage and hydroxyl group on the drug molecule can be 

modified into chlorocarbonate ester using phosgene and subsequently conjugated with the 

polymer. 

1.4.4. N,N`-Carbonyldiimidazole (CDI) method 

Strong acid mediated esterification reactions are not desirable owing to their potential of 

degradation of polymeric backbone. Similarly, the carboxylic acid activating agents like 

dimethylaminopyridine (DMAP)/DCC produce acidic and toxic byproducts. So there has 

been an urge to seek for the soft acylating agents which do not degrade polymer backbones 

and also produce no harmful byproducts. CDI is a potential candidate in this regard. It is not 

only safe to the polymer backbone but also lacks any harmful or acidic by products. CDI 

reacts with carboxyl group of drugs to yield imidazolide intermediate. The reaction produces 

imidazole as a byproduct which may be used to neutralize the acidic byproducts, if any. So no 

external base is required as well in this reaction.  

Non-steroidal anti-inflammatory drugs (NSAIDs) like flurbiprofen and suprofen were 

conjugated to dextran using CDI method
 
of green chemistry (Shrivastava, 2003a; Shrivastava, 

2003b). Release was sustained and side effects were also reduced after conjugation. A 

powerful antioxidant i.e., lipoic acid was conjugated onto cellulose using CDI method 

(Liebert et al. 2006). 

1.4.5. 4-Methylbenzenesulfonyl chloride method 

Efficient esterification of drugs onto glycopolymers can be achieved by a fascinating reagent 

4-Methylsulfonyl chloride (TsCl). Carboxylic acid groups on drug molecules are converted 



16 

 

into their mixed anhydrides by treatment with tosyl chloride and the reactive intermediates 

are conjugated with hydroxyl groups on polymer chains to yield esterified MPDs (Liebert et 

al. 2006). Rizea et al (2012) synthesized  tosylated cholesteryl derivatives to establish that 

TsCl being a good leaving group can easily be displaced by a variety of nucleophiles in order 

to introduce different functional groups (Rizea et al. 2012). 

1.5. Antibiotics 

The term antibiotic is combination of two Greek words anti meaning “against” and bios 

meaning “life” and was first used by French bacteriologist Vuillemin. The concept of 

antibiotics was first established by Robert Koch and Louis Pasteur when they noticed that 

growth of Bacillus anthracis was inhibited by airborne Bacillus (Landsberg, 1949). 

Antibiotics can be defined as chemical substances produced by living organisms (bacteria) 

and capable of destroying or inhibiting the growth of other organisms. The name is indicative 

of the therapeutic effect produced by these drugs as they destroy or slow down the bacterial 

growth (Calderon and Sabundayo, 2007; Foster and Raoult, 1974). The definition has been 

extended to therapeutic agents produced by marine organisms, plants and semisynthetic 

procedures. Use of synthetic antibiotic chemotherapy began in Germany with Paul Ehrlich in 

1880s. A large number of antibiotics have been isolated since the discovery of penicillin by 

Alexander Fleming in 1928. These drugs differ in antimicrobial spectra, pharmacological 

action, physicochemical properties and mechanism of action. 

1.5.1. Classification of antibiotics 

The antibiotics are classified on the basis of their spectrum of activity, structure, target 

specificity and mechanism of action, etc.  

1.5.1.1. On the basis of mechanism of action 

On the basis of their mechanism of action, antibiotics are classified as: 



17 

 

a. Bacteriostatic: The antibiotics that interfere in protein synthesis e.g., aminoglycosides, 

macrolides (Finberg et al. 2004). 

b. Bactericidal: The antibiotics that target bacterial cell wall, cell membrane and enzymes 

e.g., penicillins, cephalosporins, polymixins and quinolones (Calderon and Sabundayo, 

2007). 

1.5.1.2. On the basis of target specificity 

Major classes of antibiotics on the basis of target specificity are: 

a. Narrow-spectrum: These are the antibiotics that are capable of targeting only few types 

of bacteria like Gram positive and Gram negative bacteria. 

b. Broad-spectrum: They can attack a wide range of bacteria.  

1.5.1.3. On the basis of chemical structure  

Following are the main classes of antibiotics on the basis of their structure: 

a. Aminoglycosides: Gentamycin and tobramycin  

b. Macrolides: Clarithromycin, erythromycin and azithromycin 

c. Sulfonamides: Trimethoprim and co-trimoxazol  

d. Cephalosporins: Cephalexin, cefradine, cefadroxil  

e. Tetracyclines: Moxycycline and tetracycline  

f. Penicillins: Amoxicillin and penicillin 

g.  Fluoroquinolones: Moxifloxacin, ofloxacin, levofloxacin and ciprofloxacin  

There are three new classes of antibiotics being introduced into clinical use (Cunha, 2009).  

a. Glycylcyclines: Tigecycline 

b. Cyclic lipopeptides: Daptomycin 

c. Oxazolidinones: Linezolid  
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1.5.2. Side effects of antibiotics 

Antibiotics are clinically screened for side-effects on human health or other mammals before 

launching into the open market. Most of antibiotics are considered safe and well-tolerated in 

human and other mammals. However, some of them are reported to have adverse effects also 

(Slama et al. 2005).  

These side-effects may be mild to very serious depending on the microbial organisms 

targeted, antibiotics used and individual patient. The antibiotic induced side-effects range 

from nausea and fever to serious allergic responses, including anaphylaxis and 

photodermatitis. Commonly observed side-effects include diarrhea which may result from 

disruption in intestinal flora and overgrowth of pathogenic bacteria like Clostridium difficile 

(Bergogne-Bérézin, 2000). 

Kalghatgi et al (2013) studied the effects of antibiotics on mammalian cells. They found that 

bactericidal antibiotics induce mitochondrial dysfunction and oxidative damage in 

mammalian cells. They suggested some strategies to reduce their detrimental effects on 

human health (Kalghatgi et al. 2013). Co-administration of antibiotics with some other drugs 

may result in additional side-effects.  Quinolones administered along with corticosteroid 

results in increased risk of tendon damage (Weaver and Glasier, 1999). 

1.5.3. Antibiotic resistance 

Bacterial cells like all other organisms have the ability to develop resistance to the 

antagonistic compounds like antibacterial agents. The antibacterial treatment can result in 

evolution of bacterial species with a high resistance to conventional antibiotics. Such 

bacterial strains may be able to survive high doses of antibacterial agents as well. In certain 

cases, growth of certain susceptible bacterial strains is preferentially inhibited by a particular 

antibacterial agent while the resistant species may be able to grow in unrestricted manner in 

the same environment (Levy, 1994; Witte, 2004).  

http://en.wikipedia.org/wiki/Diarrhea
http://en.wikipedia.org/wiki/Clostridium_difficile
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Indiscriminate antibiotic use may cause incidences of horizontal gene transfer in bacterial 

population and may result in evolution of resistant strains (Dyer, 2003). Bacterial resistance 

to antibiotic involves several molecular mechanisms. A target gene may be absent from the 

bacterial genome resulting in intrinsic antibacterial resistance. In some cases, resistance may 

be acquired by acquisition of extra-chromosomal DNA and gene mutation (Alekshun and 

Levy, 2007). Antibacterial-producing bacteria have also been responsible for evolution of 

resistant strains (Marshall et al. 1998; Nikaido, 2009). Vertical transmission of mutant genes 

and horizontal transfer of recombinant DNA amongst bacterial population can cause spread 

of antibiotic resistance. The exchange of resistant genes between two bacterial strains can 

occur through plasmids during cell division (Witte, 2004; Baker-Austin et al. 2006).  

Plasmids may have genes that are resistant towards more than one antibacterial agent. 

Exchange of such plasmids can result in resistance against multiple antibacterial agents. 

Multiple antibacterial resistances may be caused by mechanism of cross-resistance. In cross-

resistance, resistance mechanism encoded by a single gene causes resistance to more than one 

antibacterial compounds (Baker-Austin et al. 2006). The development of resistant strains has 

led to the development of different generations of antibacterial agents. 

1.5.4. Fluoroquinolones 

Quinolones are broad spectrum synthetic antibiotics (Andriole, 1989; Andersson, and 

MacGowan, 2003; Ivanov, and Budanov, 2006). Nalidixic acid was the first generation 

quinolones which was introduced to treat urinary tract infections in humans in 1962 (USA-

FDA., 2008). Figure 1.4 shows the structure of nalidixic acid.  

 

http://en.wikipedia.org/wiki/Urinary_tract_infections
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Fig. 1.4. Structure of nalidixic acid. 

 

If a fluorine atom is attached at the C-6 or C-7 position of the central ring system (Fig 1.5), it 

results in a new class of antibiotics called fluoroquinolones with broader spectrum and 

improved pharmacokinetics (Wolfson and Hooper, 1989). Majority of quinolone antibiotics 

in clinical trials belong to fluoroquinolone class of antibiotics. 

 

N

OH

F

R

R

R R

O O

 

Fig. 1.5. General structure of fluoroquinolones. 

 

Fluoroquinolones are broad-spectrum antibiotics used for treatment of serious bacterial 

infections. They are particularly useful in treatment of hospital-acquired infections and in 

treatments involving resistant bacterial strains (Skalsky et al. 2013). Fluoroquinolones are 

well tolerated, with mild to moderate side-effects. However, serious side-effects have also 

been reported occasionally such as tendon and central nervous system (CNS) toxicity (De 

Sarro and De Sarro, 2001; Owens and Ambrose, 2005; Iannini, 2007). Fluoroquinolones are 

sometimes also associated with hypoglycemia, QT prolongation, convulsions, tendon rupture 

http://en.wikipedia.org/wiki/Fluorine
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Central_nervous_system
http://en.wikipedia.org/wiki/QT_interval
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and cardiac arrhythmia
 
(Enzmann et al. 1999; Rouveix, 2006; De Sarro and De Sarro, 2001; 

Rubinstein and Camm, 2002). Concurrent use of antibiotics and corticosteroids is associated 

with almost one-third of quinolone induced tendon rupture (Khaliq and Zhanel, 2005). 

Improper dose adjustment like renal insufficiency further increases the risk of adverse effect 

(Mehlhorn and Brown, 2007). Quinolones are known to cause the highest risk of colonization 

with Clostridium difficile and methicillin-resistant Staphylococcus aureus (MRSA) in 

comparison to other antibiotics (Muto et al. 2003; Deshpande et al. 2013; Tacconelli et al. 

2008). 

1.5.4.1. Generations of fluoroquinolones  

Fluoroquinolones have been classified into various generations depending upon their 

antibacterial spectrum (Ball, 2000; Naber and Adam, 1998). In general, the earlier-generation 

agents display narrow-spectrum antibacterial activity than the later ones, but no standard is 

employed to determine which drug belongs to which generation. The only universal standard 

applied classifies the non-fluorinated drugs in this class (quinolones) as the 'first-generation' 

antibiotics. Various criteria used to classify fluoroquinolones are; 

a. Grouping  by various structural changes 

b. Grouping by decades (i.e., '60s, '70s, '80s etc.) 

c. Grouping by patent dates 

Efficacy of first generation fluoroquinolones antibiotics has been compromised by evolution 

of resistant strains and they have rare clinical utility nowadays. The second-generation class 

is sometimes subdivided into "Class 1" and "Class 2". Second-generation fluoroquinolones 

show increased activity against gram negative bacteria but are ineffective against 

streptococci, whereas third generation was reported to be active against streptococci unlike 

first and second generations (Oliphant and Green, 2002). Fourth generation fluoroquinolones 

show significant activity not only against both gram positive and gram negative but against 
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anaerobes also (Ambrose et al. 1997; Ernst et al. 1997). Moreover, fourth generation 

fluoroquinolones show activity against bacterial DNA gyrase and topoisomerase IV, due to 

this dual activity these quinolones slow down the resistance development unlike other 

generations. The quinolones can be differentiated within classes based on their 

pharmacokinetic properties. The new classification can help family physicians prescribe these 

drugs appropriately.  

 

Table 1.1. Classification of fluoroquinolone antibiotics into different generations.  

No. 1
st
 Generation 2

nd
 Generation 3

rd
 Generation 4

th
 Generation 

1 Oxonilic acid  Ofloxacin   Levofloxacin  Moxifloxacin  

2 Cinoxin  Ciprofloxacin   Temafloxacin  Trovafloxacin  

3 Nalidixic acid  Pefloxacin  Grepafloxacin  Sitafloxacin  

4 Pipemidic acid  Enoxacin  Sparfloxacin  Gemifloxacin  

5 Piromidic acid  Lomefloxacin  Balofloxacin  Prulifloxacin  

6 Rosoxacin  Fleroxacin  Tosufloxacin  Clinafloxacin  

7  Norfloxacin  Pazufloxacin  Gatifloxacin   

  

Structures of these fluoroquinolones belonging to different generations are shown in Figures 

1.6. 

 

https://en.wikipedia.org/wiki/DNA_gyrase
https://en.wikipedia.org/wiki/Topoisomerase_IV
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 Fig. 1.6. Some commonly used fluoroquinolones. 

 

1.5.4.2. Pharmacology of fluoroquinolones  

Basic pharmacophore responsible for antibacterial activity of quinolones is quinoline ring 

system (Schaumann and Rodloff, 2007). Introduction of fluorine at position six of quinoline 

ring results in the formation of fluoroquinolones. This group distinguishes higher generation 

quinolones from the first generation. Quinoline ring can be appropriately substituted to 

produce a variety of fluoroquinolones. However, each substituted derivative is attributed by a 

number of adverse reactions in addition to increased antibacterial activity. Quinoline ring 

itself has been reported to have severe to fatal adverse reactions (Cann and Verhulst, 1961). 

Cheng
  

et al (2007) studied the aqueous solubility and antibacterial activity of 

polyamidoamine (PAMAM) dendrimers with the aim of using them as drug carriers of 

quinolones (nadifloxacin and prulifloxacin). It was proved that PAMAM dendrimers led to 

enhanced solubility of said antibiotics in aqueous solvents without affecting their 

antimicrobial activities. The results proved PAMAM to be a biocompatible carrier of (Cheng
 

 
et al. 2007). The addition of the C-6 fluorine atom has since been demonstrated not to be 

required for the antibacterial activity of this class. 

http://www.sciencedirect.com/science/article/pii/S022352340700027X?np=y
http://www.sciencedirect.com/science/article/pii/S022352340700027X?np=y
http://en.wikipedia.org/wiki/Antibacterial
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1.5.4.3. Mechanism of action of fluoroquinolones 

Inhibition of topoisomerase II ligase is the mechanism of action of fluoroquinolones. The two 

nuclease domains remain intact during this topoisomerase II inhibition. This modification 

results in DNA fragmentation by nuclease activity of the intact enzyme domains. Quinolone-

based drugs are reported to target eukaryotic topoisomerase II. This inhibition of 

topoisomerase II is attributed to substitution at C-7 of the quinolone ring system (Elsea et al. 

1992). 

Porins mediated cell internalization of fluoroquinolone can be used to treat intracellular 

pathogens like Legionella pneumophila and Mycoplasma pneumoniae. Gram-negative 

antibacterial agents target DNA gyrase while Gram-positive antibacterials target 

topoisomerase IV. Inhibition of mitochondrial DNA synthesis is also reported to be a possible 

mechanism of antibacterial action of fluoroquinolones (Bergan and Bayer, 1988; Bergan et 

al. 1986; Castora et al. 1983; Kaplowitz, 2005; Yuan and Kaplowitz, 2013; Enzmann et al. 

1999; Holden et al. 1989; Suto et al. 1992). Intracellular concentration of quinolones can be 

decreased owing to the activity of efflux pumps drug effectiveness may be reduced (Morita et 

al. 1998). 

1.5.4.4. Veterinary use of fluoroquinolones  

There are several quinolones that have been used in veterinary and agriculture but not in 

human (US-FDA, 1997). These include sarafloxacin, danofloxacin, enrofloxacin, 

marbofloxacin, ibafloxacin, difloxacin and orbifloxacin. 

1.6. MPDs of antibiotics 

There are many pathogens that reside within macrophages of humans. Mycobacterium 

tuberculosis is one of those intracellular pathogens. TB can better be treated by targeting 

macrophages with antibiotics. The desired antibiotic can be conjugated to a suitable ligand 

with macrophage scavenger receptors. Schwartz et al (2006) conjugated moxifloxacin to 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Yuan%20L%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaplowitz%20N%5Bauth%5D
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dansylcadaverine (D) using carboxymethylglucan (CMG) as carrier to form moxifloxacin-

DCMG conjugates (Schwartz et al. 2006). In vivo and in vitro studies of the synthesized 

conjugates showed a high concentration of the moxifloxacin-DCMG conjugate in 

macrophages of spleen and lungs. Pharmacokinetic studies revealed more rapid accumulation 

of moxifloxacin-DCMG conjugate than unconjugated moxifloxacin. Greater potency of 

moxifloxacin-DCMG conjugates for microbial growth in mice was also shown in comparison 

with unconjugated moxifloxacin.  

Absorption from upper gastrointestinal tract and bioavailability of medications that are 

characterized by a narrow absorption can be improved by oral sustained release 

gastroretentive dosage forms. Mahesh et al (2006) formulated a new drug delivery system for 

prolonged gastric retention and sustained release characteristics. Evaluation of release profile 

of different release retarding polymers along with a swelling agent crosspovidone showed 

that release kinetics follows Higuchi model and mechanism was non-Fickian type. The n 

value of designed formulations was higher than that for marketed ones. Similarity factor 

proved that release of designed and marketed conjugates was same. It was shown that drug 

release from tablet matrix could be increased by increasing concentration of crosspovidone. 

Bioadhesive properties of the designed conjugates were also good (Mahesh et al. 2006).  

Antibiotic norfloxacin is usually ineffective against mycobacteria due to inability to achieve 

therapeutic levels in the vicinity of the macrophages. Anti TB activity can be induced in 

norfloxacin, if the drug is released close to the infected tissue in significant concentration. 

Norfloxacin was covalently attached with dextran bearing mannose as homing device 

(Roseeuw et al. 2003). Peptide spacers were also employed to decrease stearic hindrance 

during the covalent drug loading. Anti TB activity was observed after the targeted release of 

the drug from the conjugate. 
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1.7. Nanotechnological aspects of MPDs 

Nano-particulate drug design shows various morphologies depending upon the method used 

for the preparation of nanoparticles (NPs). Most commonly observed morphologies include 

nanorobots, nanodots, nanotubes, nanocrystals and nanowires.  

Size of NPs is a very important parameter for effective drug delivery at cellular levels. Drugs 

reach their site of action mostly through pores present at various membranes and surfaces or 

by microcirculation through blood capillaries. Since most of the openings, apertures and gates 

at subcellular or cellular levels range in nanometers, so nano-particulate drug design is well-

suited for access and drug delivery at subcellular level. 

Another important factor is the ability of drug conjugates to move freely in the available 

avenues and capability to cross various barriers in their way. In human body, circulation is 

brought about by vasculature (arteries and veins) that progressively divide and subdivide into 

finer vessels (capillaries) to be able to reach the tissues. So, the drug conjugates should have 

diameter that is narrower than capillaries (2000 nm). For efficient inter and intracellular 

transport, diameter of NPs should be smaller than 300 nm. In addition, the nano-particulate 

drug carrier must be able to cross the wall of capillary and reach the extracellular fluids. It 

should be able to enter the target cells after crossing the other cells, if they are in the way. 

NPs can cross blood capillaries and other barriers through paracellular and transcellular 

mechanisms due to their surface properties and particle size (Sivasankar and Kumar, 2010). 

A high drug loading capability of the carrier is necessary to reduce the quantity of nanocarrier 

to be administered along with active drug. Active drug molecules can be loaded onto the 

nanocarrier either during the formation of NPs or drug can be adsorbed onto the NP surface 

by incubation. Incorporation method has been proved to be effective for loading larger 

number of drugs as compared to adsorption (Leroux et al. 1996; Alexis et al. 2008). The 

efficacy of drug loading by adsorption method can be evaluated by plotting adsorption 
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isotherm. Adsorption isotherms give information about drug binding capacity onto the 

surface of NPs, best possible formulation and the amount of drug adsorbed (Couvreur et al. 

1979).  

Various methods, such as solvent diffusion, solvent evaporation, use of supercritical CO2, 

spontaneous emulsification, polymerization and salting out/emulsification-diffusion have 

been used to prepare NPs (Soppimath et al. 2001). Polymers are being extensively used for 

development of nano-particulate drug delivery systems (Muller et al. 1998; De Jong and 

Borm, 2008; Tiwari et al. 2012; Merisko-Liversidge et al. 2003; Thakkar et al. 2011; 

Uekama, 2004; Zhao et al. 2015).  

Polymer based NPs can be used to improve the solubility, bioavailability and retention time 

of different water soluble/insoluble drugs. As a result, therapeutic effects of drugs can be 

enhanced (Shenoy and Amiji, 2005). Nano-particulate drug design also reduces the risk of 

toxicity (Shekunov and York, 2000). Nano-encapsulated drugs are reported to have increased 

specificity, drug efficacy, therapeutic index and tolerability of the respective drugs (Safra et 

al. 2000; Schroeder et al. 1998; Raghuvanshi et al. 2002; Kreuter et al. 1997; Fassas et al. 

2003; Leroux et al. 1996). NPs help in internalization of drug by increased intracellular 

penetration. They also increase the absorption of drug at the target site due to increased 

permeability associated with miniature of diameter (Alexis et al. 2008). 

1.8. Smart nanomaterials in MPD design 

Diverse nature of biopolymers has revolutionized the field of drug design and delivery since 

the first report on polymer-drug conjugates in 1970s (Gros et al. 1981; Ringsdorf, 1975). 

Polymer engineers have been able to develop smart polymers (stimuli-sensitive polymer), 

which can show variation in its physicochemical properties in response to environmental 

stimuli. The changes in the physicochemical behavior of the conjugates may be triggered by 

physical (electricity, ultrasound, temperature, light, and mechanical stress) as well as 

http://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Jong%20WH%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Borm%20PJ%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tiwari%20G%5Bauth%5D
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chemical (ionic strength and pH) stimuli. Enzymes and other biomolecules can also be used 

to trigger drug release from such polymer-drug conjugates. Homopolymers sensitive to a 

specific signal or co-polymers responsive to multiple stimuli have been engineered by 

material scientists for use in effective drug design strategies. Due to versatile polymer 

sources, accurate and programmable drug delivery systems can be developed by tuning up the 

polymer sensitivity to a given stimulus.  

Polymer drug conjugates are also designed to enhance water solubility of hydrophobic drugs. 

The hydrophobic/hydrophilic balance in the polymer-drug conjugate can be tuned by using 

different mole ratios of polymer and drug to allow desirable hydrophilic character in the 

resultant prodrugs (Zou et al. 2011). 

Hydrophilic biopolymers like dextran, pullulan, cellulose and cellulose ethers such as HPMC, 

HPC and HEC have gained huge importance in macromolecular prodrug design nowadays 

(Kadajji and Betageri, 2011; Hussain et al. 2011a; Hussain et al. 2011b; Hussain et al. 2013a; 

Hussain et al. 2015). Such macromolecular prodrugs have shown better pharmacokinetics 

and drug release profiles at the target site as compared to the native drug molecules (Cees et 

al. 2001; Draye et al. 1998). A large variety of drugs can be covalently bonded to polymeric 

backbones via acid/base labile linkages. This strategy not only eliminates the disadvantages 

of physical drug loading, i.e., low drug loading and burst release of drug at the target site but 

it also allows targeted and sustained release of drug from the conjugates. An anthracycline, 

adriamycin (ADR) was conjugated with glycol chitosan via acid labile linkage. The conjugate 

showed nano-assemblies when ADR content was 2-5% by weight in the conjugate. The NPs 

showed mean diameter of 300 nm and critical aggregate concentration of 2×10
-2

 mg mL
-1

. 

The conjugate showed a pH dependent release of ADR. The prodrug also showed less 

cytotoxicity than native ADR due to sustained release of ADR from conjugates in cell 

viability studies (Park et al. 2006). 
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In another study, two famous NSAIDs, i.e., ibuprofen and naproxen were conjugated with 

dextran using in situ activating agent CDI and homogenous reaction conditions (Horing et al. 

2009). The amphiphilic bioconjugate showed nano-assemblies in solution. The NPs were 

stable in the pH range of 4-11 for one month. Effect of change in preparation method and DS 

of conjugate on the size of NPS was also evaluated.  

A well-known NSAID, i.e., salicylic acid was conjugated with hydrophilic cellulose ether 

derivative HPMC. Conjugates of varying DS were fabricated using different mole ratios of 

polymer and drug. The conjugates showed colon targeted drug delivery due to pH dependent 

release of drug from the polymer backbone. Additionally, the drug could also be saved from 

side-effects due to acidic pH of stomach (Hussain et al. 2009). 

Vitamin H (biotin) was conjugated with pullulan acetate. The biotinylated pullulan acetate 

(BPA) showed nano-assemblies in the size regimen of 100 nm. The biotin component of the 

conjugates could be used as a homing device to target anti-cancer drugs to the diseased tissue.  

ADR was used as model drug and its binding and internalization to hepatoma cell lines 

(HepG2) was investigated. Increased biotin content decreased loading efficiency and ADR 

content of the conjugates. The BPA conjugates showed very strong interaction with HepG2 

cell lines in contrast to the native PA nano-assemblies (Na et al. 2003). 

Aspirin was covalently linked with HPC using homogenous reaction methodology. DS was 

tuned to induce amphiphilic character in the polymer-drug conjugates. The conjugates 

showed NP formation in the range of 450 nm. The conjugate may release aspirin preferably 

in the basic pH of colon (Hussain et al. 2015).  

Pullulan-aspirin conjugates were fabricated using one pot synthesis and in situ carboxylic 

acid activating agent CDI. Aspirin was first reacted with CDI to produce imidazolide as 

reactive intermediate. The intermediate reacted with pullulan to produce high loaded 

pullulan-aspirin conjugates. Thermal analysis showed that the conjugates were thermally 
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more stable as compared to the native drug. Different kinetic parameters like energy of 

activation, order of reaction and frequency factor were calculated using Friedman, Broido and 

Chang models. Conjugates showed nano-assemblies in the range of 500-680 nm (Hussain et 

al. 2013b).  

1.9. Analytical techniques used for structure determination of MPDs 

Polysaccharide based MPDs are fabricated by covalent linkage of drug and polysaccharidal 

carrier. Both drug and carrier undergo structural changes after being fabricated into a 

prodrug. Success of prodrug formation and properties of resultant prodrugs can be 

characterized by using various spectroscopic, chromatographic and microscopic techniques. 

1.9.1. UV-Vis Spectrophotometry  

UV-Vis Spectrophotometry is commonly used to determine drug content in MPDs. Most of 

the drugs are UV active molecules due to presence of chromophores (Skoog et al. 2007; 

Banwell and McCash, 1994). UV absorbance of drug chromophores can be used to determine 

amount of drug present in the polymer-drug conjugates. The λmax of each drug is determined 

in scanning mode and amount of drug is determined in conjugate solutions using photometric 

mode. Amount of drug in terms of mg of drug/100 mg of conjugate is used to determine the 

DS of drug/anhydroglucose unit (AGU) unit of polymer (Hussain et al. 2015).   

1.9.2. Fourier transform-infrared (FTIR) spectroscopy  

FTIR is used to characterize the structural changes in reactant molecules after MPD design. 

Sample is mixed with KBr and pellets are dried before analysis. Sample is scanned in the 

range of 4000-400 cm
-1

. Spectra can be recorded in both transmittance and absorbance 

modes. The absorption peaks in the FTIR spectrum indicate frequencies of vibration of the 

bonds in the material under study. Different functional groups vibrate at different 

wavenumbers and the values can be used to determine functional group modifications in the 

reactants. The modern software like algorithms allows quantitative analysis. So, FTIR 
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spectrum can be used for qualitative as well as quantitative analysis. (Skoog et al. 2007; 

Griffiths and de Hasseth, 2007; Banwell and McCash, 1994). 

Fluoroquinolone antibiotics have a carboxylic group which shows an absorbance at 1720-

1700 cm
-1

. The carboxylic acid group of the drug is covalently attached to the hydroxyl 

groups present onto HPC in MPD formation. The success of reaction is confirmed by the shift 

in absorption frequency of ester carbonyl of prodrug towards higher wavenumber. A 

comparison of the FTIR spectra of pure drug and its conjugates gives important information 

about new bond formation.  

1.9.3. Nuclear magnetic resonance (NMR) spectroscopy 

Proton NMR (
1
H NMR) spectroscopy is the application of nuclear magnetic resonance  with 

respect to hydrogen-1 nuclei within the molecules of a substance in order to determine the 

structure of its molecules. In the past few decades, 
1
H NMR spectroscopy has been 

established as a powerful tool for the determination of polymer compositions because of its 

simplicity, speed and sensitivity. Sometimes, due to the long relaxation times involved,
 1

H 

NMR peak broadening occurs which cause problems. So the NMR structural characterization 

of polysaccharides with conventional 1D NMR techniques is further confirmed by using 

special 2D NMR techniques such as two-dimensional correlation spectroscopy (2D-COSY), 

heteronuclear single-quantum correlation (HSQC), heteronuclear multiple bond correlation 

(HMBC), heteronuclear multiple-quantum correlation (HMQC) and total correlation 

spectroscopy (TOCSY). For the structure elucidation of complex polymeric gels, 

Distortionless Enhancement of Polarization Transfer using a 135 degree polarization transfer 

(135-DEPT) pulse is employed which can differentiate between carbons having even and odd 

number of protons. One-dimensional 
1
H and 

13
CNMR spectra are used in combination with 

2D COSY and HSQC techniques for investigation of anomeric carbons and protons (Martin 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
http://en.wikipedia.org/wiki/Hydrogen-1
http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Molecules
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and Zekter, 1988; Skooj et al. 2007; Banwell and McCash, 1994; Ernst et al. 1987; Lane and 

Lefèvre, 1994).  

1.9.4. Thermal analysis 

Thermal stability, degradation pattern, heat flow, activation energy and glass transition 

temperatures of a polymer can be determined using thermal analysis.  The glass transition 

temperature (Tg) values of MPDs are determined from the DSC thermograms. . Thermal data 

of the MPDs can be used to establish performance parameters such as shelf life of drugs in 

their conjugated form. Thermal stability data is also essential to obtain information about 

handling and storage of pure and modified drugs. Thermogravimetric (TG) and differential 

thermogravimetric (DTG) data measures physical properties of MPDs and the results are 

combined with other techniques to obtain valuable information about pre and post-

formulation properties of therapeutic agents (Tikhonov et al. 2009; Coats and Redfern, 1963; 

Gilbert et al. 1962; Liu and Yu, 2006). 

A number of differential or integral methods have been proposed by various researchers to 

study the kinetics of thermal degradation reactions. Kinetic triplet such as energy of 

activation (Ea), frequency factor (Z) and order of reaction (n) are evaluated by the straight 

line graphs obtained by the application of these models on thermal data. Thermodynamic 

parameters such as Change in enthalpy (∆H), entropy (∆S) and Gibbs free energy (∆G) can 

also be calculated by following some established methods (Eyring and Polanyi., 1931).  Area 

under TG curve is used to calculate integral procedure decomposition temperature (IPDT) 

and index of thermal stability (ITS) (Doyles., 1961). All these parameters are used to 

establish the thermal stability of newly synthesized macromolecular prodrugs in comparison 

to unmodified drugs.  
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1.9.5. Size exclusion chromatography (SEC) 

Determination of molecular weight distribution by SEC is another parameter for 

characterization of polymeric prodrug. SEC equipped with a refractive index (RI) detector is 

used for estimation of weight and number-average molecular weights of the synthesized 

polymeric prodrug (Sun et al. 2004; He et al. 2014; Gaborieau, 2011). 

1.9.6. Electron microscopy  

Attachment of hydrophobic drugs on to hydrophilic polymers may introduce amphiphilic 

character in the conjugates. The fabricated prodrugs are expected to form nano-assemblies in 

solution. These nanoparticles, nanospheres or nanorods are able to increase the permeability 

of drug in the body and achieve site-specific delivery. Parameters like size, surface charge, 

drug release and encapsulation efficiency must be kept in mind when formulating prodrug 

nano-assemblies. Scanning electron microscopy (SEM) is performed to get understanding of 

the size and surface morphology of MPDs. An interaction between the electrons and surface 

atoms is made to take place by focusing a beam of high energy electrons on the sample. The 

image seen on the screen can be controlled by adjusting the depth to which the electrons 

penetrate the surface of sample (Egerton, 2005; Clarke and Eberhardt, 2002). 

Transmission electron microscopy (TEM) is another technique used for the analysis of ultra-

thin specimen (2D imaging of nanoparticles). Owing to the small de Broglie wavelength of 

electrons used in TEM, the instrument is capable to examine even a single column of atoms, 

thus making TEM thousands of time more sensitive for the objects which are invisible in 

light microscope. TEM is a powerful technique in the characterization of nano-scaled prodrug 

samples (Liu et al. 2015).  

1.9.7. High-performance liquid chromatography (HPLC) 

HPLC is a qualitative as well as quantitative analytical technique. It is used to separate, 

identify and quantify components of a mixture. The sample is pumped through a column 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Gaborieau%20M%5Bauth%5D
http://www.amazon.com/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=C.+Eberhardt&search-alias=books&text=C.+Eberhardt&sort=relevancerank
http://en.wikipedia.org/wiki/De_Broglie_wavelength
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along with a suitable mobile phase. The separation of components occurs due to difference in 

their affinity towards stationary and mobile phase. Separation column contains some granular 

sorbent (e.g. silica, polymers, etc.), 2-50 micrometers in size as stationary phase. The liquid 

(mobile phase) which is pumped at high pressure is typically a mixture of solvents. 

Composition of mobile phase and temperature of stationary phase (column) are the key 

factors in the separation process because both these factors affect the physical interactions 

(hydrophobic, dipole–dipole, ionic, most often a combination thereof) between sample 

components and chromatographic separation phases. 

The HPLC instrument typically includes an auto sampler, pumps and a detector. The sampler 

carries the sample into the mobile phase which takes it to the stationary phase (column). The 

pumps maintain the composition and flow of the mobile phase through the column. The 

detector detects the amount of sample component separated and emerged from column and 

generates a signal proportional to the amount of component. Various detectors such as UV-

Vis, photodiode array (PDA) or mass spectrometer are in common use. HPLC/UV method is 

also used to confirm purity of the drugs (Gerber et al. 2004; Snyder and Dolan, 2006; Xiang 

et al. 2006).  

Hussain et al (2011) investigated the pharmacokinetics of aspirin from HPMC-aspirin 

conjugates. An HPLC/UV method was developed and validated for the study. A 20:1 mixture 

of methanol and acetic acid was used as mobile phase. HPLC system was run in isocratic 

mode at ambient temperature and flow rate of 0.5 mL·min
-1

 with UV detection at 272 nm 

(λmax). The sample volume injected in each run was 20 μL. Sensitivity of the method was 

assessed in terms of limit of detection (LOD) and limit of quantification (LOQ). The values 

of these parameters for HPMC-aspirin conjugate were found 20 and 40 ng mL
-1

, respectively. 

The value for coefficient of variation (CV) was found in the range of 0.08-0.15 whereas 

accuracy was found to be greater than 96.0%. The observed values of all these parameters 

http://en.wikipedia.org/wiki/Silica
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Photodiode
http://en.wikipedia.org/wiki/Mass_spectrometry
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confirmed the validity of newly developed HPLC/UV method for this study (Hussain et al. 

2011). 

1.9.8. Differential scanning calorimetry (DSC) 

DSC is a calorimetric technique, which is used to measure change in enthalpy and heat 

capacity of a sample.  DSC is preferred over other thermal techniques due to its accuracy in 

results. In DSC, difference of heat flow into the sample and a reference is measured vs. 

temperature. This difference in heat flow is actually difference in energy which is used to 

calculate change in enthalpy and heat capacity. Sample (1-10 mg) is packed in aluminum pan 

having lid while the reference pan is left empty. Sometimes, an inert material is used as 

reference. Modern DSC instruments can operate within a wide range of temperature (-180 to 

700 °C). Some special instruments can operate up to 1600 °C. These commercial DSC 

instruments are also fitted with liquid nitrogen cooling accessory to attain very low end of the 

temperature range. Special software allows heating and cooling of the sample in a controlled 

manner. These instruments are also equipped with automatic sample changers that allow the 

analyses of as many as 50 samples in an order specified by the analyst.  

A modified form of DSC is called modulated differential scanning calorimetry (MDSC) 

which is more popular among the polymer chemists to study the polymer phase changes. 

1.9.9. Powder X-ray diffraction (PXRD) analysis 

Powder X-ray diffraction (PXRD) has gained wide recognition for the characterization of 

solid materials. As the name indicates, the sample must be in fine powdery form, because 

each particle behaves as a single crystallite oriented randomly during analysis. The 2-D 

diffraction pattern recorded shows scattering peaks which corresponds to the various d-

spacings in the crystalline lattice. The phase or structure of powdery sample is identified by 

the intensities of scattering peaks. PXRD pattern of a sample appears as a fingerprint to 

distinguish its phase and structure hence, it is an indispensable technique for the 
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characterization of solid state materials. PXRD is widely used for identification of unknown 

materials, verification of sample purity, success of synthesis, crystallographic parameters of a 

solid and to determine the crystallite size of a sample. 
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1.10. Aims and objectives 

Aim of the present work was to fabricate MPDs of some carboxylic acid containing 

fluoroquinolone antibiotics. The representative fluoroquinolones, i.e., moxifloxacin (4
th

 

generation), levofloxacin (3
rd

 generation) and ofloxacin and ciprofloxacin (2
nd

 generation) 

will be esterified with cellulose ether derivative hydroxypropylcellulose (HPC). A powerful 

carboxylic acid activating agent, i.e., 4-methylbenzenesulfonyl chloride will be utilized to 

obtain HPC-drug conjugates under homogeneous reaction conditions. These newly designed 

MPDs of said fluoroquinolones may have potential applications for controlled and sustained 

release of drugs, hence in vitro drug release from the synthesized conjugates will be studied 

and release kinetics will also be evaluated. Aim was also to study the thermal degradation 

behavior of the synthesized conjugates in order to assess stability and degradation kinetics of 

the prodrugs. Hydrophobic fluoroquinolones on attachment to a hydrophilic polymer HPC 

may show amphiphilic character therefore, we are also aimed to study self-assembly behavior 

of conjugates at solvent interface. In order to evaluate the incorporation of crystallinity in the 

conjugates (which reveals the amphiphilic nature), PXRD analysis will be performed. Glass 

transition temperatures of conjugates will be evaluated using MDSC. Bioavailability and 

pharmacokinetics of the prodrugs will be studied by developing a validated HPLC/UV 

method. Conclusively, we are aimed to report novel prodrugs of fluoroquinolones based on 

cellulose ether derivatives for higher bioavailability and sustained release. 
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2. MATERIALS AND METHODS  

2.1. Materials 

Hydroxypropylcellulose (HPC; DS 3 and MS 3.46) was obtained from Nanjing Yeshun 

Industry and International Trading Co. Ltd, Jiangsu, China. HPC was dried at 110 °C for 5 h 

before use. 4-Methylbenzenesulfonyl chloride (TsCl) and triethylamine (TEA) were 

purchased from Sigma-Aldrich. All fluoroquinolones (moxifloxacin, ofloxacin, levofloxacin 

and ciprofloxacin) used were of US Pharmacopoeia standard. Diethyl ether, methanol and 

ethanol were obtained from Riedel-de-Haȇn. Imidazole and n-Butanol were obtained from 

Merck. N,N'-dimethylacetamide (DMAc), acetone, dichloromethane, chloroform, 

dimethylformamide (DMF), dimethylsulfoxide (DMSO) and tetrahydrofuran (THF) were 

obtained from Fluka. Disposable Injekt
TM

 Syringes (B. Braun Medical Inc. USA) were used 

for blood sample collection. Blood samples were stored in VACUETTE
®

 Blood Collection 

Tubes which were purchased from Greiner Bio-One North America, Inc. 

2.2. Measurements 

2.2.1. Fourier transform-infrared (FTIR) spectroscopy 

All the reactants and products were analyzed by FTIR spectroscopy. FTIR spectra were 

acquired on an IR-Prestige 21 instrument (Shimadzu, Japan) using KBr pellet technique. KBr 

pellets were dried at 50 °C under vacuum for 2-3 h before analysis. 

2.2.2. 
1
H NMR spectroscopy 

1
H NMR spectra (16-64 scans) of HPC, fluoroquinolones and HPC-fluoroquinolone 

conjugates were acquired for structural characterization on a Bruker Avance II instrument 

operating at 500 MHz. The sample tube size was 5 mm, and the sample concentrations were 

ca. 10 mg mL
-1

 in deuterated solvents (D2O, CDCl3 or DMSO-d6) using TMS as an internal 

standard. The 
1
H NMR spectral data was processed using MestReNova-8.0.2 software.  
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2.2.3. 
13

C NMR spectroscopy
 

13
C NMR spectrum of each sample was acquired on an Agilent U4-DD2 instrument (400 

MHz) equipped with robotic auto sampling system taking about 5000 scans at 50 °C. 

MestReNova-8.0.2 software was used to process the spectral data acquired from the 

instrument. 

2.2.4. Heteronuclear single quantum coherence (HSQC) spectroscopy 

In HSQC, 
13

C spectrum is presented along y-axis whereas x-axis represents the proton 

spectrum. In HSQC, a series of experiments is recorded where the time delay t1 is 

incremented. The 
1
H signal is detected in the directly measured dimension in each 

experiment, while the chemical shift of 
13

C is recorded in the indirect dimension which is 

formed from the series of experiments. HSQC spectra were also recorded on a Bruker 

Avance II (500 MHz) instrument making use of the options offered by Bruker’s TopSpin™ 

software package for NMR data analysis and the acquisition and processing of NMR spectra. 

2.2.5. UV-Vis spectrophotometry 

UV-Vis spectra were recorded on a PharmaSpec UV-1700 spectrophotometer (Shimadzu, 

Japan). Standard and sample solutions of each drug and its prodrug were prepared in 0.1 N 

aq. NaOH (distilled water) and absorbance was recorded at respective λmax of each drug. 

2.2.6. Thermogravimetric analysis (TGA) 

TG analyses of reactants and products were carried out on a SDT Q600 thermal analyzer (TA 

Instruments, USA). Thermal degradation (weight loss) was recorded under nitrogen at 

heating rate of 10 C min
-1

 from 35-800 C. The acquired thermal data was processed using 

Universal Analysis 2000 v 4.2E software. 

2.2.7. Modulated differential scanning calorimetry (MDSC) 

A modulated differential scanning calorimeter (Q2000, TA Instruments, USA) equipped with 

a refrigerated cooling accessory was used for DSC measurements of the polymer (HPC), 

http://en.wikipedia.org/wiki/Chemical_shift
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drugs and polymer-drug conjugates. A 4-5 mg sample was packed in aluminum pan and 

heated under dry nitrogen purge. Samples were heated from 25 C to 100-120 C at 10 C 

/min to eliminate moisture and relieve stress, then quickly cooled to 25 C at 100 C min
-1

, 

then heated to 200 C at 3 C min
-1

 while modulating ±1 C every 45 s; glass transitions are 

reported from this second heating scan based on the reversible heat flow. DSC heating curves 

were analyzed using Universal Analysis 2000 v 4.2E software (TA Instruments). 

2.2.8. Drug release studies 

Drug release studies were performed on PT-DT USP Dissolution II Apparatus (PharmaTest, 

Germany) to establish drug release pattern of each prodrug. Simulated gastric and intestinal 

fluids (SGF; pH 1.2 and SIF; pH 7.4) were used to mimic in vivo drug release. 

2.2.9. Transmission electron microscopy (TEM)  

Nano-assembly behaviour of all prodrugs at solvent interphase were studied using a Philips 

420 transmission electron microscope with an acceleration voltage of 120 kV. 

2.2.10. Scanning electron microscopy (SEM)   

Surface morphology of all the prodrugs was examined by using SEM. SEM images of the 

prodrugs were acquired on LEO 1550 field emission SEM equipped with Gemini lens 

instrument.  

2.2.11. Powder X-ray diffraction (PXRD) analysis  

PXRD analysis was carried out on a Bruker D8 Discover X-Ray diffractometer. 

Measurements were performed at 40 kV and 25 mA. All reactants and products (HPC, drugs 

and prodrugs) in fine powdered form were placed on a sample slide and their diffraction 

patterns were observed. Scanning of each drug and prodrug was carried out at 5 < 2 < 40 in 

the angle ranges of 10-50 (2) at a rate of 2 min
-1

.  The structure or phase (crystalline or 

amorphous) of sample was identified by the positions and the intensities of the peaks.  
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2.2.12. High performance liquid chromatography (HPLC)  

The drug content (DC), purity and pharmacokinetic profile of each prodrug were established 

by developing a simple and validated HPLC method. The HPLC system comprised of a 

quaternary pump (G1311A), a Degasser (G1322A), DAD variable wavelength UV detector 

(G1315B) and 1200 system controller (all from Agilent, Germany). The column used was 

Shim-Pack ODS 5μm (4.6 × 250 mm) while using different mobile phases for the synthesized 

prodrugs. The flow rate and injection volume were adjusted at 1.0 mL min
-1

and 10 μL, 

respectively, in each run.  

2.2.13. Size exclusion chromatography (SEC) 

Agilent Technology 1200 (Germany) series equipment was used for molecular weight 

determination of prodrugs. Molar masses of water soluble fluoroquinolone prodrugs were 

determined using SEC equipped with a refractive index detector (G-1362A), G1311A 

quaternary pump, G1322A Degasser, G1315B DAD variable wavelength UV detector and 

1200 system controller (all from Agilent, Germany). Eluent used was a mixture of 0.05 M 

NaH2PO4 and 0.25 M NaCl and pH was maintained at 7. Flow rate of mobile phase was kept 

0.5-1.0 mL min
-1

. PL aquagel-OH 40 and PL aquagel-OH 60 8 μm columns (Agilent) were 

used with pullulan as an internal standard. 

2.3.   Syntheses of HPC-fluoroquinolone prodrugs 

2.3.1. Typical procedure for the synthesis of HPC-moxifloxacin conjugates (Sample 3) 

HPC (1.0 g, 2.75 mmol) was dissolved in DMAc (30 mL) by stirring for 30 min at 80 °C. 

Moxifloxacin (3.32 g, 8.26 mmol) was added to the HPC solution followed by the addition of 

triethylamine (TEA; 2.30 mL, 16.52 mmol) and 4-methylbenzenesulfonyl chloride (TsCl; 

1.58 g, 8.26 mmol). The reaction mixture was stirred at 70 °C for 24 h under N2. The reaction 

mixture was added to diethyl ether (300 mL) in order to precipitate the product. The 
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precipitates were purified by washing with acetone (200 mL) thrice. Sample 3 thus obtained 

was dried under vacuum at 50 °C for 24 h. 

Yield = 1.22 g, 87 %; DS = 0.38/repeating unit of HPC. 

FT-IR= 1739 cm
-1

 (COEster), 2887-3071 cm
-1

 (aromatic and non-aromatic CH Stretch), 1441 

cm
-1

 (CH2 bend), 3200-3600 cm
-1 

(OH stretch of H-bonded groups).  

1
H NMR (δ ppm, 500 MHz, DMSO-d6) = 0.999 (H-9), 7.59 (H-10), 8.61 (H-11), 3.47 (H-12), 

0.81-1.27 (H-13,14 overlapped with HPC-CH3 Hs), 4.08 (H-15), 3.21 (H-16), 3.94 (H-17), 

4.51 (H-18), 2.94 (H-19), 3.14 (H-23), 1.58-1.73 (H-20, 21, 22) 3.15-4.51 (HPC repeating 

unit-H-1-8) 

13
C NMR (δ ppm, 500 MHz, DMSO-d6, NS 5000) =  

101.99 (C-1), 74.94 (C-2,7), 77.89-83.62 (C-3-5), 66.75 (C-6-8), 21.01 (C-9), 106.87 (C-

10,15), 154.64 (C-11), 137.53 (C-12), 142.68 (C-13), 150.69 (C-14), 176.57 (C-16), 117.98 

(C-17), 134.97 (C-18), 163.22 (C-19), 62.07 (C-20), 53.98 (C-21), 10.07 (C-22), 8.61 (C-23),  

43.0-38.0 (C-24,25 overlapped with DMSO-d6), 35.11 (C-26), 22.63 (C-27), 24.65 (C-28), 

55.89 (C-29,30)  

2.3.2. HPC-moxifloxacin conjugate (Sample 1) 

Yield = 0.99 g, 77 %; DS = 0.27/repeating unit of HPC. 

1
H NMR (δ ppm, 500 MHz, DMSO-d6) = 0.99 (H-9), 7.58 (H-10), 8.62 (H-11), 3.48 (H-12), 

0.87-1.28 (H-13,14 overlapped with HPC- CH3 Hs), 4.10 (H-15), 3.23 (H-16), 3.95 (H-17), 

4.57 (H-18), 2.92 (H-19), 3.12 (H-23), 1.55-1.74 (H-20, 21, 22) 3.17-4.50 (HPC repeating 

unit-H-1-8).  

13
C NMR (δ ppm, 500 MHz, DMSO-d6, NS 5000) = 102.07 (C-1), 74.89 (C-2,7), 77.86-

83.71 (C-3-5), 66.71 (C-6-8), 21.03 (C-9), 106.67 (C-10,15), 154.66 (C-11), 137.16 (C-12), 

142.82 (C-13), 150.81 (C-14), 176.29 (C-16), 117.85 (C-17), 134.81 (C-18), 163.34 (C-19), 
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61.80 (C-20), 42.98-38.03 (C-24,25 overlapped with broad peak of DMSO-d6), 35.10 (C-26), 

22.67 (C-27), 24.59 (C-28), 55.91 (C-29,30)  

2.3.3. HPC-moxifloxacin conjugate (Sample 2) 

Yield = 1.11 g, 84 %; DS = 0.30/repeating unit of HPC. 

FT-IR= 1733 cm
-1

 (COEster), 2878-3439 cm
-1

 (CH and free OH), 1439 cm
-1

 (CH2).  

1
H NMR (δ ppm, 500 MHz, DMSO-d6) = 0.99 (H-9), 7.56 (H-10), 8.59 (H-11), 3.46 (H-12), 

0.88-1.28 (H-13,14 overlapped with HPC- CH3 Hs), 4.08 (H-15), 3.20 (H-16), 3.93 (H-17), 

4.59 (H-18), 2.93 (H-19), 3.11 (H-23), 1.54-1.72 (H-20, 21, 22) 3.17-4.51 (HPC repeating 

unit-H-1-8).  

13
C NMR (δ ppm, 500 MHz, DMSO-d6, NS 5000) = 102.11 (C-1), 74.84 (C-2,7), 77.79-

83.84 (C-3-5), 66.81 (C-6-8), 21.13 (C-9), 106.72 (C-10,15), 154.68 (C-11), 137.28 (C-12), 

142.72 (C-13), 150.71 (C-14), 176.39 (C-16), 117.98 (C-17), 134.88 (C-18), 163.42 (C-19), 

61.98 (C-20), 53.94 (C-21), 10.04 (C-22), 8.59 (C-23), 42.89-38.11 (C-24,25 overlapped with 

broad peak of DMSO-d6), 35.14 (C-26), 22.71 (C-27), 24.61 (C-28), 55.83 (C-29,30) 

2.3.4. HPC-moxifloxacin conjugate (Sample 4) 

Yield = 1.14 g, 83 %; DS = 0.35/repeating unit of HPC. 

FT-IR= 1736 cm
-1

 (COEster), 2879-3447 cm
-1

 (CH and free OH), 1445 cm
-1

 (CH2),  

1
H NMR (δ ppm, 500 MHz, DMSO-d6) = 0.994 (H-9), 7.61 (H-10), 8.59 (H-11), 3.46 (H-12), 

0.85-1.27 (H-13,14 overlapped with HPC- CH3 Hs), 4.10 (H-15), 3.21 (H-16), 3.94 (H-17), 

4.55 (H-18), 2.94 (H-19), 3.11 (H-23), 1.56-1.75 (H-20, 21, 22) 3.21-4.51 (HPC repeating 

unit-H-1-8).  

13
C NMR (δ ppm, 500 MHz, DMSO-d6, NS 5000) = 101.97 (C-1), 74.81 (C-2,7), 77.61-

83.92 (C-3-5), 66.77 (C-6-8), 21.09 (C-9), 106.81 (C-10,15), 154.63 (C-11), 137.45 (C-12), 

142.68 (C-13), 150.64 (C-14), 176.40 (C-16), 117.91 (C-17), 134.86 (C-18), 163.37 (C-19), 
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61.97 (C-20), 53.98 (C-21), 10.14 (C-22), 8.63 (C-23), 42.91-38.01 (C-24,25 overlapped with 

broad peak of DMSO-d6), 35.17 (C-26), 22.77 (C-27), 24.57 (C-28), 55.85 (C-29,30) 

2.3.5. HPC-moxifloxacin conjugate (Sample 5) 

Yield = 1.09 g, 81 %; DS = 0.32/repeating unit of HPC. 

FT-IR= 1738 cm
-1

 (COEster), 2891-3453 cm
-1

 (CH and free OH), 1452 cm
-1

 (CH2).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.995 (H-9), 7.62 (H-10), 8.62 (H-11), 3.51 (H-12), 

0.85-1.29 (H-13,14 overlapped with HPC-Hs), 4.12 (H-15), 3.19 (H-16), 3.96 (H-17), 4.57 

(H-18), 2.92 (H-19), 3.12 (H-23),  1.58-1.73 (H-20, 21,22) 3.22- 4.53 (HPC repeating unit-H-

1-8).  

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.09 (C-1), 74.93 (C-2,7), 76.77- 83.09 (C-

3-5), 65.88 (C-6-8), 21.10 (C-9), 106.81 (C-10,15), 154.67 (C-11), 141.49 (C-12), 143.71 (C-

13), 150.97 (C-14), 177.11 (C-16), 117.96 (C-17), 137.14 (C-18), 162.67 (C-19), 61.83 (C-

20), 43.03-38.12 (C-24,25 overlapped with broad peak of DMSO-d6), 35.21 (C-26), 22.79 (C-

27), 24.59 (C-28), 55.90 (C-29,30) 

2.4.1. Typical procedure for the synthesis of HPC-ofloxacin conjugate (Sample 7) 

DMAc (30 mL) was heated to 70 °C and HPC (1.0 g) was added. The suspension was stirred 

for 30 min at 80 °C to achieve an optically clear solution of HPC. For a typical synthesis, 

TsCl (1.58 g, 8.26 mmol) was added portion wise (within 2 min) to the HPC (1.0 g, 2.75 

mmol) solution in DMAc at 70 °C followed by the addition of TEA (2.30 mL, 16.52 mmol) 

and ofloxacin (2.98 g, 8.26 mmol) in parts (each with in 2 min). The reaction mixture was 

stirred under N2 at 70 °C for 24 h, using a guard tube filled with CaCl2 to exclude moisture. 

The reaction mixture was added to diethyl ether (300 mL), and then the precipitate was 

isolated by vacuum filtration. The precipitates were washed thrice with chloroform (100 mL) 

to remove any un-reacted drug or other impurities. The precipitates were then dried at 50 °C 

for 24 h under vacuum to afford Sample 7. 
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Yield = 1.58 g, 94 %; DS = 0.71/repeating unit of HPC.  

FT-IR= 1737 cm
-1

 (COEster), 2839-3100 cm
-1

 (aromatic and nonaromatic CH Stretch), 1468 

cm
-1

 (CH2 bend), 3200-3600 cm
-1 

(OH stretch of H-bonded groups).  

 
1
H NMR (δ ppm, 500 MHz, D2O) = 0.97 (H-9), 8.62 (H-10), 7.42 (H-11), 4.62 (H-12), 4.32-

4.42 (H-13,14 overlapped with HPC-Hs), 3.42 (H-15), 2.42 (H-16), 2.17 (H-17), 1.38 (H-18), 

3.02-4.60 (HPC repeating unit-H-1-8).  

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.29-103.37 (C-1,11), 83.63-77.18 (C-3-5), 

75.09 (C-2,7), 66.21 (C-6,8), 17.12-15.99 (C-9), 165.35 (C-10), 177.23 (C-12), 120.12 (C-

13), 109.20 (C-14), 145.09 (C-15), 134.20 (C-16), 139.29 (C-17), 125.19 (C-18), 156.82 (C-

19), 55.52 (C-20), 68.30 (C-21), 54.01 (C-22,25), 46.61 (C-23,24), 43.13 (C-26), 18.38 (C-

27). 

2.4.2. HPC-ofloxacin conjugate (Sample 6) 

Yield = 1.36 g, 90 %; DS = 0.53/repeating unit of HPC.  

FT-IR= 1733 cm
-1

 (COEster), 2832-3115 cm
-1

 (aromatic and nonaromatic CH Stretch), 1463 

cm
-1

 (CH2 bend), 3195-3589 cm
-1 

(OH stretch of H-bonded groups).  

 
1
H NMR (δ ppm, 500 MHz, D2O) = 0.98 (H-9), 8.57 (H-10), 7.39 (H-11), 4.61 (H-12), 4.27-

4.42 (H-13,14 overlapped with HPC-Hs), 3.37 (H-15), 2.42 (H-16), 2.17 (H-17), 1.37 (H-18), 

3.02-4.62 (HPC repeating unit-H-1-8). 

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.30-103.34 (C-1,11), 83.71-77.28 (C-3-5), 

75.17 (C-2,7), 66.28 (C-6,8), 17.11-15.91 (C-9), 166.61 (C-10), 177.33 (C-12), 120.13 (C-

13), 109.07 (C-14), 145.15 (C-15), 134.21 (C-16), 139.39 (C-17), 125.19 (C-18), 156.91 (C-

19), 55.50 (C-20), 68.32 (C-21), 54.14 (C-22,25), 46.70 (C-23,24), 43.11 (C-26), 18.28 (C-

27). 

2.4.3. HPC-ofloxacin conjugate (Sample 8) 

Yield = 1.35 g, 89 %; DS = 0.53/repeating unit of HPC.  
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FT-IR= 1734 cm
-1

 (COEster), 2835-3122 cm
-1

 (aromatic and nonaromatic CH Stretch), 1465 

cm
-1

 (CH2 bend), 3192-3588 cm
-1 

(OH stretch of H-bonded groups).  

 
1
H NMR (δ ppm, 500 MHz, D2O) = 0.98 (H-9), 8.58 (H-10), 7.40 (H-11), 4.60 (H-12), 4.28-

4.41 (H-13,14 overlapped with HPC-Hs), 3.35 (H-15), 2.43 (H-16), 2.18 (H-17), 1.35 (H-18), 

3.01-4.62 (HPC repeating unit-H-1-8). 

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.32-103.29 (C-1,11), 83.74-77.32 (C-3-5), 

75.19 (C-2,7), 66.23 (C-6,8), 17.12-15.93 (C-9), 166.62 (C-10), 177.36 (C-12), 120.17 (C-

13), 109.10 (C-14), 145.18 (C-15), 134.19 (C-16), 139.36 (C-17), 125.21 (C-18), 156.94 (C-

19), 55.53 (C-20), 68.34 (C-21), 54.12 (C-22,25), 46.67 (C-23,24), 43.13 (C-26), 18.30 (C-

27). 

2.4.4. HPC-ofloxacin conjugate (Sample 9) 

Yield = 1.38 g, 91 %; DS = 0.55/repeating unit of HPC.  

FT-IR= 1734 cm
-1

 (COEster), 2837-3108 cm
-1

 (aromatic and nonaromatic CH Stretch), 1466 

cm
-1

 (CH2 bend), 3210-3590 cm
-1 

(OH stretch of H-bonded groups).  

 
1
H NMR (δ ppm, 500 MHz, D2O) = 0.97 (H-9), 8.61 (H-10), 7.42 (H-11), 4.60 (H-12), 4.30-

4.41 (H-13,14 overlapped with HPC-Hs), 3.43 (H-15), 2.40 (H-16), 2.19 (H-17), 1.39 (H-18), 

3.02-4.63 (HPC repeating unit-H-1-8). 

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.27-103.34 (C-1,11), 83.61-77.11 (C-3-5), 

75.13 (C-2,7), 66.25 (C-6,8), 17.09-15.94 (C-9), 165.83 (C-10), 177.27 (C-12), 120.15 (C-

13), 109.17 (C-14), 145.11 (C-15), 134.22 (C-16), 139.31 (C-17), 125.17 (C-18), 156.87 (C-

19), 55.53 (C-20), 68.29 (C-21), 54.06 (C-22,25), 46.65 (C-23,24), 43.09 (C-26), 18.34 (C-

27). 

2.5.1. Typical procedure for the synthesis of HPC-levofloxacin conjugate (Sample 11) 

Reaction was preceded by adding pre-dried HPC (1.0 g, 2.75 mmol) to DMAc (30 mL). The 

mixture was then stirred for 30 min to obtain an optically clear solution. TEA (2.30 mL, 
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16.52 mmol) and levofloxacin (2.98 g, 8.26 mmol) were added in parts (each with in 2 min) 

to the HPC solution followed by the addition of TsCl (1.61 g, 8.26 mmol). The reaction was 

allowed to proceed for 24 h at 70 °C under N2. Moisture was excluded with the help of a 

CaCl2 guard tube. Product was isolated by precipitation in ether (200 mL). Ethanol (100 mL) 

was used to wash the precipitates to remove un-reacted drug and impurities. Purified product 

was then dried under vacuum for 24 h at 50 °C. 

Yield = 1.38 g, 86 %; DS = 0.64/repeating unit of HPC. 

FT-IR= 1738 cm
-1

 (COEster), 2835-3110 cm
-1

 (aromatic and nonaromatic CH Stretch), 1455 

cm
-1

 (CH2 bend), 3180-3590 cm
-1 

(OH stretch of H-bonded groups).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.98 (H-9), 8.96 (H-10), 7.53 (H-11), 4.78-4.52 (H-12-

14), 3.35 (H-15), 2.43 (H-16), 2.20 (H-17), 1.37 (H-18), 3.04-4.41 (HPC repeating unit-H-1-

8). 

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 101.97-103.39 (C-1,11), 78.31-73.85 (C-2-5), 

68.29-66.17 (C-6-8, 21), 20.40-15.94 (C-9), 163.23 (C-10), 175.62 (C-12), 121.17 (C-13), 

109.21 (C-14), 145.09 (C-15), 129.22 (C-16), 140.51 (C-17), 125.19 (C-18), 156.82 (C-19), 

55.53 (C-20), 47.62 (C-23,24), 54.02 (C-22,25), 43.12 (C-26), 18.19 (C-27). 

2.5.2. HPC-levofloxacin conjugate (Sample 10) 

Yield = 1.28 g, 83 %; DS = 0.57/repeating unit of HPC. 

FT-IR= 1735 cm
-1

 (COEster), 2845-3114 cm
-1

 (aromatic and nonaromatic CH Stretch), 1452 

cm
-1

 (CH2 bend), 3177-3584 cm
-1 

(OH stretch of H-bonded groups).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.98 (H-9), 8.94 (H-10), 7.56 (H-11), 4.76-4.54 (H-12-

14), 3.34 (H-15), 2.44 (H-16), 2.23 (H-17), 1.36 (H-18), 3.05-4.42 (HPC repeating unit-H-1-

8). 

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 101.98-103.32 (C-1,11), 78.33-73.83 (C-2-5), 

67.89-66.13 (C-6-8, 21), 20.42-15.92 (C-9), 163.27 (C-10), 175.73 (C-12), 121.22 (C-13), 



48 

 

109.23 (C-14), 145.49 (C-15), 129.31 (C-16), 140.27 (C-17), 125.44 (C-18), 157.02 (C-19), 

55.57 (C-20), 47.63 (C-23,24), 54.24 (C-22,25), 43.33 (C-26), 18.21 (C-27). 

2.5.3. HPC-levofloxacin conjugate (Sample 12) 

Yield = 1.35 g, 85 %; DS = 0.62/repeating unit of HPC. 

FT-IR= 1736 cm
-1

 (COEster), 2839-3121 cm
-1

 (aromatic and nonaromatic CH Stretch), 1447 

cm
-1

 (CH2 bend), 3192-3577 cm
-1 

(OH stretch of H-bonded groups).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.97 (H-9), 8.96 (H-10), 7.55 (H-11), 4.77-4.54 (H-12-

14), 3.33 (H-15), 2.45 (H-16), 2.22 (H-17), 1.36 (H-18), 3.05-4.44 (HPC repeating unit-H-1-

8). 

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102-103.11 (C-1,11), 77.89-73.56 (C-2-5), 

67.77-66.11 (C-6-8, 21), 20.37-15.88 (C-9), 163.29 (C-10), 175.56 (C-12), 120.87 (C-13), 

109.14 (C-14), 145.44 (C-15), 129.29 (C-16), 140.36 (C-17), 125.28 (C-18), 156.97 (C-19), 

55.61 (C-20), 47.58 (C-23,24), 54.11 (C-22,25), 43.19 (C-26), 18.17 (C-27). 

2.5.4. HPC-levofloxacin conjugate (Sample 13) 

Yield = 1.32 g, 84 %; DS = 0.60/repeating unit of HPC. 

FT-IR= 1733 cm
-1

 (COEster), 2841-3116 cm
-1

 (aromatic and nonaromatic CH Stretch), 1457 

cm
-1

 (CH2 bend), 3184-3588 cm
-1 

(OH stretch of H-bonded groups).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.98 (H-9), 8.97 (H-10), 7.54 (H-11), 4.77-4.54 (H-12-

14), 3.35 (H-15), 2.44 (H-16), 2.21 (H-17), 1.38 (H-18), 3.04-4.43 (HPC repeating unit-H-1-

8). 

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 101.99-103.09 (C-1,11), 78.11-73.78 (C-2-5), 

67.83-66.07 (C-6-8, 21), 20.38-15.86 (C-9), 163.26 (C-10), 175.68 (C-12), 121.09 (C-13), 

109.24 (C-14), 145.31 (C-15), 129.17 (C-16), 140.41 (C-17), 125.31 (C-18), 157.01 (C-19), 

55.49 (C-20), 47.63 (C-23,24), 54.22 (C-22,25), 43.23 (C-26), 18.19 (C-27). 
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2.6.1. Typical procedure for the synthesis of HPC-ciprofloxacin conjugate (Sample 15) 

DMAc (30 mL) was taken in a three neck reaction flask. HPC (1 g, 2.75 mmol) was dried at 

110 °C for 30 min. It was then added to reaction flask containing DMAc with constant 

stirring and heating at 80 °C. Reaction mixture was heated for 30 min to obtain an optically 

clear solution. TEA (2.30 mL, 16.52 mmol) and ciprofloxacin (2.74 g, 8.26 mmol) were 

added respectively to reaction flask followed by the addition of TsCl (1.58 g, 8.26 mmol). 

CaCl2 guard tube was used for exclusion of moisture. The reaction was allowed to proceed 

for 24 h under nitrogen at 80 °C. The reaction mixture was precipitated in ether (200 mL) for 

isolation of the product.  The precipitates were washed in ethanol (100 mL) thrice to remove 

unreacted drug and impurities. Precipitates were then dried under vacuum for 24 h at 50 °C. 

Yield = 1.76 g, 88 %; DS = 1.15/repeating unit of HPC. 

FT-IR= 1731 cm
-1

 (COEster), 2812-3051 cm
-1

 (CH and free OH), 1468 cm
-1

 (CH2).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.992 (H-9), 8.62 (H-10), 7.87 (H-11), 7.54 (H-12), 3.37 

(H-13), 3.06 (H-14), 3.76 (H-15), 1.10 (H-16), 1.28 (H-17), 2.06 (H-18), 2.85-4.74 (HPC 

repeating unit-H-1-8).  

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.69 (C-1), 74.91 (C-2 and C-7), 65.45 (C-6 

and C-8), 76.53- 82.78 (C-3-5), 21.49 (C-9), 111.56 (C-10), 154.62 (C-11), 139.46 (C-12), 

107.55 (C-13,17), 148.56 (C-14), 119.63(C-15), 176.80 (C-16), 144.39 (C-18), 163.74 (C-

19), 36.32 (C-20), 8.00 (C-21,22), 49.190 (C-23,26), 8.57 (C-23),  46.03 (C-24,25). 

2.6.2. HPC-ciprofloxacin conjugate (Sample 14) 

Yield = 1.43 g, 81 %; DS = 0.87/repeating unit of HPC. 

FT-IR= 1729 cm
-1

 (COEster), 2821-3068 cm
-1

 (CH and free OH), 1466 cm
-1

 (CH2).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.99 (H-9), 8.60 (H-10), 7.85 (H-11), 7.56 (H-12), 3.36 

(H-13), 3.09 (H-14), 3.75 (H-15), 1.12 (H-16), 1.26 (H-17), 2.04 (H-18), 3.12-4.46 (HPC 

repeating unit-H-1-8).  
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13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.62 (C-1), 75.01 (C-2,7), 65.48 (C-6-8), 

21.53 (C-9), 111.60 (C-10), 154.67 (C-11), 139.51 (C-12), 107.52 (C-13,17), 148.49 (C-14), 

119.60(C-15), 176.77 (C-16), 144.41 (C-18), 163.81 (C-19), 36.35 (C-20), 8.06 (C-21,22), 

49.17 (C-23,26), 8.55 (C-23),  46.08 (C-24,25). 

2.6.3. HPC-ciprofloxacin conjugate (Sample 16) 

Yield = 1.60 g, 85 %; DS = 1.02/repeating unit of HPC.  

FT-IR= 1733 cm
-1

 (COEster), 2853-3110 cm
-1

 (CH and free OH), 1462 cm
-1

 (CH2).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.98 (H-9), 8.58 (H-10), 7.84 (H-11), 7.56 (H-12), 3.38 

(H-13), 3.07 (H-14), 3.74 (H-15), 1.11 (H-16), 1.25 (H-17), 2.04 (H-18), 3.17-4.42 (HPC 

repeating unit-H-1-8).  

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.58 (C-1), 74.97 (C-2,7), 65.42 (C-6-8), 

21.51 (C-9), 111.58 (C-10), 154.65 (C-11), 139.43 (C-12), 107.58 (C-13,17), 148.52 (C-14), 

119.65 (C-15), 176.82 (C-16), 144.37 (C-18), 163.78 (C-19), 36.31 (C-20), 8.05 (C-21,22), 

49.20 (C-23,26), 8.56 (C-23),  46.06 (C-24,25). 

2.6.4. HPC-ciprofloxacin conjugate (Sample 17) 

Yield = 1.51 g, 83 %; DS = 0.94/repeating unit of HPC. 

FT-IR= 1730 cm
-1

 (COEster), 2863-3116 cm
-1

 (CH and free OH), 1465 cm
-1

 (CH2).  

1
H NMR (δ ppm, 500 MHz, D2O) = 0.98 (H-9), 8.59 (H-10), 7.86 (H-11), 7.53 (H-12), 3.35 

(H-13), 3.08 (H-14), 3.76 (H-15), 1.12 (H-16), 1.27 (H-17), 2.03 (H-18), 3.17-4.45 (HPC 

repeating unit-H-1-8).  

13
C NMR (δ ppm, 500 MHz, D2O, NS 5000) = 102.60 (C-1), 74.89 (C-2,7), 65.49 (C-6-8), 

21.50 (C-9), 111.56 (C-10), 154.64 (C-11), 139.50 (C-12), 107.61 (C-13,17), 148.61 (C-14), 

119.66 (C-15), 176.79 (C-16), 144.40 (C-18), 163.76 (C-19), 36.30 (C-20), 8.04 (C-21,22), 

49.21 (C-23,26), 8.60 (C-23),  46.07 (C-24,25). 
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2.7. Quantification of drugs in HPC-fluoroquinolone conjugates by UV-Vis 

spectrophotometry 

Degree of substitution (DS) of conjugated drugs was calculated from DC of the conjugates. 

DC of each conjugate was measured by UV-Vis spectrophotometry. For this purpose, 

standard solutions of drugs were prepared in 0.1N aq. NaOH and a calibration curve of drug 

was drawn at respective max values. For analysis, conjugate (10 mg) was hydrolyzed in 0.1N 

aq. NaOH (10 mL) for 8 h at 80 C with continuous stirring. After filtration, the volume of 

the filtrate was made up to 10 mL with 0.1N aq. NaOH solution. The hydrolyzed sample was 

then diluted to obtain different concentrations and UV absorbance was recorded at max of 

respective drug. The concentration of each drug in its respective conjugate was determined 

using its standard calibration curve.  

 

Table 2.1. max of HPC-fluoroquinolone conjugates in 0.1N aq. NaOH solution for DC 

determination by UV-Vis spectrophotometry. 

Sample max (nm) 

HPC-moxifloxacin conjugates 291.5 

HPC-ofloxacin conjugates 288.5 

HPC-levofloxacin conjugates 271.5 

HPC-ciprofloxacin conjugates 272.0 

 

2.8. Quantification of drugs in HPC-fluoroquinolone conjugates by HPLC/UV method 

In HPLC/UV method, each conjugate (100 mg) was hydrolyzed in 0.1N aq. NaOH (100 mL) 

under stirring for 8 h at 80 C. After hydrolysis, the solution was filtered and volume of 

filtrate was made 100 mL with 0.1N aq. NaOH. Absorbance was recorded for each conjugate 

after neutralization with 1N aq. HCl solution. The samples were filtered using 0.45 µ syringe 
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filters just prior to injection. Flow rate was 1 mL min
-1

, column temperature 30 C, and run 

time was 30 min. Absorbance at respective max was recorded and compared with calibration 

curve of the standard. HPLC system suitability was tested by injecting multiple standards and 

the injection sequence was standard, sample and standard during measurement. 

Composition of mobile phases and max values for each conjugate are given in Table 2.2. 

 

Table 2.2. max of HPC-fluoroquinolone conjugates in mobile phases for DC determination 

by HPLC/UV method. 

Sample Mobile Phase max (nm) 

HPC-moxifloxacin conjugate  CH3OH:CH3CN:H2O (20:25:55), pH = 4.0 291.5 

HPC-ofloxacin conjugate  CH3CN:H2O (14:86), pH = 3.0 294.5 

HPC-levofloxacin conjugate  CH3CN:H2O (14:86), pH = 3.0 294.5 

HPC-ciprofloxacin conjugate  CH3CN:H2O (14:86), pH = 3.0 278.5 

 

2.9. Determination of DS of conjugates by acid-base titration 

DS of drug onto polymer was also calculated by acid-base titration method. Accurately 

weighed amount (100 mg) of each prodrug was added in 0.1N aq. NaOH (100 mL) and 

stirred at 80 C overnight to ensure complete hydrolysis of glycoside linkage. Saponified 

reaction mixture was titrated against HCl (0.01 M) to the colorimetric end point using 

phenolphthalein indicator. DS was then calculated using Eq. 1.  

 
RU

S E

nNaOH M
DS

M M nNaOH




 
                          Eq. 1 

where, n.NaOH is number of moles of NaOH left after saponification, MRU is molar mass of 

repeating unit, Ms is the mass of sample, and ME is the molar mass of ester functionality. 
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2.10. Hydrolytic drug release from HPC-fluoroquinolone conjugates and drug release 

kinetics 

Drug release from conjugates was investigated by the dialysis bag method. The conjugates 

(50 mg) were dissolved in respective dialyzing medium, i.e., simulated gastric and intestinal 

fluid (SGF & SIF, 5 mL) and placed in dialysis tubing. End sealed dialysis bags were 

dialyzed against 900 mL SIF (pH 7.4) and SGF (pH 1.2) respectively, maintained at 37 °C 

under continuous stirring at 100 rpm. At specific time point, 2 mL of sample was withdrawn 

from the dialysate and replaced with an equal volume of the fresh release medium to maintain 

the sink conditions. Withdrawn aliquots were suitably diluted and absorbance was recorded 

using a UV-Vis spectrophotometer. Cumulative drug released from conjugates was 

determined from calibration curve of standard. Each drug release experiment was performed 

in triplicate and average values have been presented. 

As the release follows hydrolysis therefore pseudo first order kinetic model (Lagergren, 

1898) was applied and pseudo first order rate expression is shown in Eq. 2.  

 ln lne t eq q q kt                                           Eq. 2 

where qe and qt are equilibrium concentration and concentration at time t and k is the rate 

constant. 

2.11. Transmission electron microscopy (TEM)  

Self-assembly behavior of HPC-fluoroquinolone conjugates was investigated by TEM. In a 

typical experiment, conjugate (20 mg) was dissolved in DMSO (5 mL) and dialysed against 

milli-Q water for 3-4 days. The suspension obtained was diluted by adding milli-Q water and 

drop casted on car-bon coated TEM grids (Cu-200 CK). The resistivity of milli-Q water used 

in this test was 18.2 MΩ at 25 °C. The resultant samples were characterized using Philips 

EM420 instrument operating at an acceleration voltage of 120 kV. Samples for TEM were 

prepared by placing two drops of dialysate on a carbon coated copper grid.  
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2.12. Scanning electron microscopy (SEM)  

SEM of the fluoroquinolone conjugates was carried out to study the surface morphology. In a 

typical experiment, each sample was placed on conductive carbon tape attached on sample 

stubs. The samples were coated with Au-Pd alloy (60:40) in a Cressington 208 HR Sputter 

Coater. The samples were then analyzed on a LEO 1550 field emission SEM equipped with 

Gemini lens.  

2.13. Pharmacokinetic studies 

2.13.1. Preparation of standard solutions of drugs and HPC-fluoroquinolone conjugates  

Each drug (100 mg) was weighed and dissolved in mobile phase (100 mL) to prepare 1000 

ppm standard solution. This standard solution was then diluted to make different 

concentrations. Similarly, different concentrations of HPC-fluoroquinolone conjugates were 

prepared by dissolving weighed amount of conjugate in specified mobile phase and then by 

diluting it. All these solutions were filtered through 0.45 µ nylon syringe filter before packing 

them into HPLC vials. All the chromatographic separations were conducted in isocratic mode 

using a C-18 (Shim-Pack ODS, 5 µm × 4.6 × 250 mm) column. The volumetric flow rate of 

mobile phase was kept at 1.0 mL min
−1 

and injection volume of each sample was fixed at 20 

µL. 

2.13.2. Method validation 

The developed HPLC methods were validated as per International Council for Harmonisation 

(ICH) guidelines before the analytical and pharmacokinetic analyses of the prodrugs. 

Different validation parameters studied are being summarized below.  

2.13.3. Linearity 

A range of standard solutions (5-50 μg mL
-1

) of HPC-quinolone conjugates was prepared to 

check the linearity of developed method. The chromatograms were obtained after injecting 

each sample (20 μL) and calibration curves were constructed by plotting peak areas versus 
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concentrations of respective samples. The r
2
 value was determined by linear regression 

method. 

2.13.4. Precision 

A standard solution containing 10 μg/mL of each drug conjugate was injected six times in the 

HPLC system to check the precision of the developed methods, and relative standard 

deviations (RSD) were determined. The solution was analyzed on the same day (intra-day 

precision) and on three different days (inter-day precision) to determine the variability of the 

method.  

2.13.5. Accuracy 

Different samples were spiked with known amount of the HPC-quinolones to determine the 

accuracy or % recovery of the method. The % recovery was calculated by the amounts of 

samples recovered.  

2.13.6. Specificity 

Specificity of the each method was evaluated by analyzing a blank solution and a standard 

solution (10 μg mL
-1

) of each drug under the optimized chromatographic conditions. The 

obtained chromatograms showed no interference by any impurity and optimum retention time 

was observed for the drug samples which confirmed the specificity of the method. 

2.13.7. Robustness 

Robustness of the each method was confirmed by changing the composition of mobile phase, 

pH of mobile phase and flow rate of mobile phase. No significant change in elugram was 

observed during these experiments. 

2.13.8. Limit of detection (LOD) and Limit of quantification (LOQ) 

LOD and LOQ of each method were calculated according to ICH guidelines. LOD and LOQ 

were calculated by preparing solutions of each drug and conjugate in their respective mobile 
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phase and were diluted to known concentrations to a final response equal to three times of the 

signal-to-noise ratio. The LOQ was taken as ten times of signal-to-noise ratio.  

2.13.9. Stability study 

Stability study of the sample in the mobile phase was carried out to evaluate any degradation 

of the sample before the analysis. The stability study was extended to 72 h in this work. 

2.13.10. Participants and study design 

Twelve healthy male albino rabbits (≈ 2 kg each) were selected for pharmacokinetic studies 

of each HPC-fluoroquinolone conjugate. These rabbits were divided into two groups; each 

group with six rabbits. All the rabbits were kept under 12 h light and dark period. Both 

groups of rabbits were kept under fast overnight (10 h) with ad libitum access to water. All 

the study participants (rabbits) were administered either with pure drugs or conjugates using 

gavage tube.  The oral dosage amounts of pure drugs and conjugates are mentioned in Table 

2.3 and Table 2.4, respectively. All the animals were kept under observation. They were 

allowed to take water 1 h after drug administration and standard green food after 5 h. 

In each study, one group of rabbits was selected and administered with pure drug as per 

following dose rate: 

 

Table 2.3. Amounts of pure drugs administered to rabbits as control for bioavailability and 

pharmacokinetic studies. 

Drug Moxifloxacin Ofloxacin Levofloxacin Ciprofloxacin 

Dose  

(mg/kg of body weight) 

5 7 5 20 
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whereas, the other group was administered with conjugate of the respective drug (see Table 

2.4). All the animals were kept under observation and they were allowed to take water after 1 

h of drug administration and standard green food after 5 h. 

 

Table 2.4. Amounts of prodrugs administered to rabbits for bioavailability and 

pharmacokinetic studies. 

Sample 

Amount of drug in 

conjugate (mg/100 mg) 

Amount (mg) of 

conjugate  administered 

HPC-moxifloxacin conjugate 3 29 35 

HPC-ofloxacin conjugate 7 42 34 

HPC-levofloxacin  conjugate 11  38 27 

HPC-ciprofloxacin conjugate 15  50 80 

 

2.13.11. Specimen collection and storage  

Disposable syringes containing heparin were used to collect the blood samples (3-5 mL) from 

jugular vein of each rabbit at zero time (before dosing) and at 0.17, 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 

8.0, 12.0, 24.0, 36.0 h after dosing of the pure drugs and HPC-fluoroquinolone conjugates . 

Heparinized centrifuge test tubes were used to collect blood samples and were labeled and 

placed in different racks to minimize the chance of error. Plasma was obtained from each 

sample after centrifugation at 3500 × g for 10 min. Each plasma sample was preserved in a 

labeled test tube with cap and sealed with aluminum foil. Plasma samples were stored in a 

freezer at -10 °C until the assay was performed. 

2.13.12. Plasma sample preparation  

Plasma samples were treated with acetonitrile (1.0 mL) in order to precipitate plasma proteins 

and stored for about 15 min. The precipitates were then separated by centrifugation 3000 × g 
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and clear supernatant was taken by a syringe and filtered with 0.45 μ nylon syringe filters 

before processing for HPLC/UV analysis. 

2.13.13. Evaluation of bioavailability and pharmacokinetics 

Microsoft Excel
®
 2010 was used for calculation related to concentration-time curves. The 

linear trapezoidal method was used to calculate different pharmacokinetic parameters such as 

area under curve from time zero to time t (AUC0-t), area under curve from time zero to time 

infinity (AUC0-∞), the time to peak drug concentration (tmax), peak drug concentration (Cmax), 

half-life of the drug (t½), clearance (Cl) and volume of distribution (Vd).  

2.14. Thermal analysis and degradation kinetics of HPC-fluoroquinolone conjugates 

Thermal degradation of HPC, pure drugs and prodrugs was compared in terms of initial, 

maximum and final decomposition temperatures (Tdi, Tdm and Tdf, respectively) for the 

evaluation of thermal stability. The thermal data were analyzed by Universal Analysis 2000 

software v 4.2E and MS Excel
®
 2010. Kinetic triplet; energy of activation (Ea), frequency 

factor (Z) and reaction order (n) were calculated by using differential mathematical models 

proposed by Friedman, Broido, Chang and Kissinger (Friedman, 1964; Broido, 1969;Chang, 

1994; Kissinger, 1957).  

The first three kinetic models are based on Arrhenius equation. During heating process the 

rate of mass degradation of sample is assumed to be dependent on two variables; 

Temperature (T) and conversion degree (α), both of which are related by the Eq. 3. 

   /d dt k T f                                Eq. 3                                                      

where dα ∕dt is the conversion rate at which the mass of samples changes during combustion 

reaction, k (T) is rate constant at temperature (T) and f (α) is a function of conversion. 

Eq. 4 represents Arrhenius equation as; 

   /Ea RTk T Ze f       
                        Eq. 4 
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where Z is frequency factor, Ea is activation energy (J mol
-1

) and R is gas constant (R = 8.314 

J mol
-1

 K
-1

) 

Combining equations (1) and (2) we get Eq. 5. 

// Ea RTd dt Ze       
                        Eq. 5

 

2.14.1. Friedman method 

Friedman proposed a differential, isoconversional method for the determination of kinetic 

parameters. Friedman suggested equation 6, which is actually logarithmic form of Eq. 5. 

   ln /   ln ln 1   /d dt Z n E RT                                Eq. 6 

where ln (dα ∕dt) is weight loss per unit time or temperature which is actually obtained from 

DTG data. 1-α is obtained from TG data and it is the remaining weight of sample at a certain 

temperature. Ea is the activation energy, R is general gas constant and T is absolute 

temperature.  

This equation provides a straight line when a graph is plotted between ln (dα/dt) and 1000/T. 

The slope (m) of straight line provides value of Ea of degradation reaction whereas the 

intercept (c) gives the value of frequency factor. Ea value of degradation reaction can be 

calculated from slope of straight line by using following expression;  

/m Ea R   

Moreover, value of r
2
 describes the linearity or actually the model fitting to the thermal data. 

2.14.2. Broido method 

Broido method is employed to calculate energy of activation (Ea) only. This model is based 

on an assumption that the degradation reaction always follows first order (n) reaction 

kinetics. Broido model is also a differential form of Arrhenius equation and its mathematical 

form is represented as Eq. 7.  

 ln ln 1/ /y Ea RT C                             Eq. 7   

where 
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   /t oy W W W W     

where, W0 and W∞ are initial and final weights of the sample, respectively while Wt is weight 

of sample at temperature t. 

Broido equation (eq. 5) provides a straight line graph when ln (ln1/y) is taken as ordinate and 

1000/T is taken as abscissa. The slope of straight line is used to calculate value of Ea as 

under: 

/m Ea R   

2.14.3. Chang method 

The mathematical form of Chang method is shown in Eq. 8. 

   ln / / 1 ln /
n

d dt Z E RT    
 

                                          Eq. 8  

In this mathematical model, α is calculated from TGA data as under:  

   /o t oy W W W W    

where W0 is initial weight, Wt is weight at particular temperature and W∞ is final weight of 

sample. 

The plot drawn between ln [(dα/dt) / (1- α)
n
] and 1000/T always gives a straight line if the n 

value assumed is correct. Ea is calculated from the slop (m) of straight line graph using 

following expression: 

/m Ea R   

Value of frequency factor (Z) is calculated from intercept (c) of the straight line. Order of 

decomposition reaction (n) is obtained from the graph showing maximum linearity of the data 

in the form of straight line.  

2.14.4. Kissinger method 

Kissinger method is also used for the evaluation of kinetic triplet i.e.; Ea, Z as well as n. 

However, Kissinger method is applicable to thermal data acquired on multiple heating rates 
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for calculation of Ea and Z. However, n value can be evaluated using a modified form of 

Kissinger method by quantitative determination of shape index (S) of the 2
nd

 differential 

thermogravimetric (2DTG) curve. Shape index is defined as the ratio of d
2
α/dt

2 
at the left and 

right inflection points of the 2DTG curve and it is represented in Eq. 9. 

 

 

2 2

2 2

/

/

L

R

d dt
S

d dt





 
 
 
 

                             Eq. 9 

where subscripts L and R refer to the value of these quantities at the left and right inflection 

points (d
2
α/dt

2
). The equation (7) of Kissinger method allows a rapid calculation of n value 

from two points (two maximal d
2
α/dt

2
 values at the left positive peak and at the right negative 

peak on the 2DTG curve at a single heating rate). The n value can be calculated from 

following empirical relations (Eq. 10 and 11) as a function of S value: 

 1.88 0.45n S S                          Eq. 10 

 0.51.26 0.45n S S                  Eq. 11 

2.14.5. Eyring–Polanyi equation 

Thermodynamic parameters such as change in enthalpy (ΔH), change in Gibbs free energy 

(ΔG) and change in entropy (ΔS) of degradation data were also calculated using Eyring–

Polanyi equation (Eyring and Polanyi, 1931). The general form of the Eyring–Polanyi 

equation (Eq. 12) is also similar to the Arrhenius equation: 

/G RTBk T
k e

h

                      Eq. 12 

where ΔG is the Gibbs energy of activation, h is Planck's constant and kB is Boltzmann's 

constant. 

The linear form of equation 12 can be written as (Eq. 13): 

1
ln • +ln +  Bkk H S

T R T h R

 
                            Eq. 13 

http://en.wikipedia.org/wiki/Arrhenius_equation
http://en.wikipedia.org/wiki/Gibbs_free_energy
http://en.wikipedia.org/wiki/Planck%27s_constant
http://en.wikipedia.org/wiki/Boltzmann%27s_constant
http://en.wikipedia.org/wiki/Boltzmann%27s_constant
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where k is rate constant, T is absolute temperature, ΔH is enthalpy of activation, ΔS is entropy 

of activation, h is Planck's constant and kB is Boltzmann's constant and R is gas constant.  

A graph between ln k/T and 1/T gives a straight line.  ΔH can be calculated from the slope 

whereas, ΔS is evaluated from the intercept. 

2.14.6. Doyle’s method  

Thermal stability of HPC, pure drugs and prodrugs was also compared in terms of integral 

procedure decomposition temperature (IPDT) and index of thermal stability (ITS). Both these 

parameters were calculated from area under TG curve of each sample using Doyle’s method 

(Doyle, 1961). 

2.15. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5.0(GraphPad Software Inc., La 

Jolla, CA, USA). The data were analyzed using one-way ANOVA followed by Dunnett’s 

multiple-comparison test. P-values <0.05 were considered to be statistically significant. All 

data were expressed as mean ± SD. 
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CHAPTER 3 

RESULTS AND DISCUSSION 
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3. RESULTS AND DISCUSSION  

3.1. Hydroxypropylcellulose (HPC) -moxifloxacin conjugates 

3.1.1. Prodrug design and characterization 

Macromolecular prodrugs of a fourth generation fluoroquinolone antibiotic moxifloxacin 

were synthesized by esterification of moxifloxacin with HPC. Covalent linking of bulky 

molecule moxifloxacin with HPC was successfully achieved under homogeneous reaction 

conditions. HPC-moxifloxacin conjugates were synthesized by activating carboxylic group of 

moxifloxacin using a powerful reagent, i.e., 4-methylbenzenesulfonyl chloride (TsCl). 

Reactions are depicted in Scheme 3.1.  
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Scheme 3.1: Schematic synthesis of moxifloxacin prodrugs as HPC-moxifloxacin conjugates 

using TsCl as a carboxylic acid activating agent. 
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This drug-sulfonic acid mixed anhydride produced in situ further promotes esterification 

reaction. The HPC-moxifloxacin conjugates 1-5 obtained were soluble in both aqueous as 

well as in polar aprotic organic solvents (DSMO, DMAc, DMF). Table 3.1 summarizes the 

reaction conditions and results of esterification of moxifloxacin with HPC.  

3.1.2. Quantification of moxifloxacin in HPC-moxifloxacin conjugates by UV-Vis 

spectrophotometry 

For the DS of moxifloxacin in HPC, amounts of moxifloxacin in HPC-moxifloxacin 

conjugates were determined in terms of mg of drug per 100 mg of conjugate. For the purpose 

of drug contents (DC) calculation, conjugates were hydrolyzed in 0.1N aq. NaOH and 

amount of moxifloxacin in conjugates was calculated by UV-Vis spectroscopy. From the DC, 

degree of substitution (DS) of the moxifloxacin in conjugates was determined. The results 

have indicated that DS of moxifloxacin in different conjugates was found in the range of 

0.27-0.38/repeating units of HPC which correspond to 22-29 wt. % drug in conjugates.  

3.1.3. Quantification of moxifloxacin in HPC-moxifloxacin conjugates by HPLC/UV 

method 

DC of HPC-moxifloxacin conjugates were also determined using HPLC/UV method. The 

results obtained by HPLC/UV method were in good accordance with those obtained from 

UV-Vis spectrophotometry (see Table 3.1.1).  

3.1.4. Determination of DS by acid-base titration method 

DS of moxifloxacin onto HPC was also determined by acid-base titration method. DS values 

calculated for HPC-moxifloxacin conjugates 1-5 were found in the range of 0.25-

0.35/repeating unit of HPC. These values were found consistent to the values obtained by 

UV-Vis spectrophotometry (see Table 3.1.1).  
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Table 3.1.1. Reaction conditions and results of synthesis of moxifloxacin prodrugs based on 

HPC (1.0 g) as HPC-moxifloxacin conjugates.  

Sample Molar Ratio
a
 Yield (g, %) DC

b
 DC

c
 DS

d
 DS

e
 Solubility 

1 1:1:1:2 0.99, 77 22 21 0.27 0.25 H2O, DMF, DMSO, DMAc  

2 1:2:2:4 1.11, 84 24 22 0.30 0.28 H2O, DMF, DMSO, DMAc  

3 1:3:3:6 1.22, 87 29 28 0.38 0.35 H2O, DMF, DMSO, DMAc 

4 1:4:4:8 1.14, 82 27 29 0.35 0.33 H2O, DMF, DMSO, DMAc 

5 1:6:6:12 1.09, 81 26 25 0.33 0.32 H2O, DMF, DMSO, DMAc 

a
HPC repeating unit:moxifloxacin:TsCl:TEA. 

b
Drug contents calcd. by UV-Vis spectroscopy 

(mg drug/100 mg conjugate) after basic hydrolysis of the samples from standard`s calibration 

curves at max 291.5 nm. 
c
Drug contents calcd. by HPLC/UV method (mg drug/100 mg 

conjugate) after basic hydrolysis of the samples and neutralization at max 291.5 nm. 
d
DS 

calcd. per HPC repeating unit from UV-Vis data. DS
e
 calcd. by acid base titration. 

 

3.1.5. FTIR spectroscopy of HPC-moxifloxacin conjugate 3 

FTIR spectra (Fig. 3.1.1, overlaid spectra of HPC-moxifloxacin conjugate 3, HPC and  

moxifloxacin) revealed successful esterification of HPC-moxifloxacin conjugate 3; the C=O 

peak at 1710 cm
-1

 in the spectrum of moxifloxacin represents the carboxylic acid of unreacted 

drug whereas in the FTIR spectrum of the conjugate 3, this signal has shifted to 1739 cm
-1

 

and represents the carbonyl of the ester, as well as the absorption at 1447 cm
-1

 (CH2) in the 

spectrum of moxifloxacin has shifted to 1441 cm
-1

 in the spectrum of HPC-moxifloxacin 

conjugate 3. The appearance of peak at 1054 cm
-1

 represents the C-O of ester. Moreover, the 

absence of the free O-H stretching of carboxylic acid of moxifloxacin (3500-3600 cm
-1

, a 

broad signal) in conjugate spectra also evident the successful esterification of moxifloxacin 

with HPC.   
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Fig. 3.1.1. Overlaid FTIR (KBr) spectra of HPC, moxifloxacin and HPC-moxifloxacin 

conjugate 3. 

 

3.1.6.
 1

H NMR spectroscopy 

HPC-moxifloxacin conjugates were characterized by 
1
H NMR spectroscopy. In 

1
H NMR 

(DMSO-d6, 500 MHz) spectrum of sample 3 (Fig. 3.1.4), aromatic protons H-10 and H-11 of 

the drug appeared at δ 7.59 and 8.61 ppm, respectively.  The protons of HPC backbone were 

detected at δ 3.15-4.51 ppm overlapping with H-12, H-15 (δ 3.47 and 4.08 ppm, respectively) 

and protons of pyrrolidine ring (H-16 and H-23 at δ 3.21 and 3.14 ppm, respectively) in drug, 

confirming the presence of covalently linked drug in the HPC-moxifloxacin conjugate 3. 
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Signal of CH3 protons HPC appeared at δ 0.999 ppm which was overlapping with the protons 

of cyclopropyl ring of moxifloxacin (δ 0.81-1.27 ppm). The piperidine ring protons (H-20, H-

21, H-22) appeared at δ 1.58-1.73 ppm and H-19 was observed at δ 2.94 ppm.  

The 
1
H NMR spectrum of HPC-moxifloxacin conjugate 3 contains all signals of drug protons 

as well as HPC repeating unit protons indicates successful syntheses of MPDs of 

moxifloxacin with HPC. 
1
H NMR spectra of HPC, moxifloxacin and HPC-moxifloxacin 

conjugate 3 are shown in Figure 3.1.2, 3.1.3 and 3.1.4, respectively.  
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Fig. 3.1.2. 
1
H NMR spectrum (500 MHz, DMSO-d6)  of HPC. 
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Fig. 3.1.3. 
1
H NMR spectrum (500 MHz, DMSO-d6)  of mofloxacin. 
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Fig. 3.1.4. 
1
H NMR spectrum (500 MHz, DMSO-d6)  of HPC-mofloxacin conjugate 3. 

 

3.1.7. 
13

C NMR spectroscopy 

13
C NMR spectrum (500 MHz, ppm, DMSO-d6, NS 5000) of HPC-moxifloxacin conjugate 3 

is shown in Figure 3.1.7. The shifting of carboxylic carbonyl (C-19) from δ 166.78 ppm to δ 

163.22 ppm as ester carbonyl in the spectrum of conjugate 3 reveals the successful 

esterification of moxifloxacin with HPC. The aromatic carbon signals of moxifloxacin 

attached with HPC, are detectable at δ 106.87 (C-10, C-15), 154.64 (C-11), 150.69 (C-14), 

137.53 (C-12), 142.68 (C-13), 117.98 (C-17) and 134.97 (C-18) ppm. The signals at δ 22.63, 

24.65 and 55.89 ppm are piperidine ring signals of C-27, 28 and C-29, 30, respectively. The 

C-26 signal of piperidine ring was observed at δ 35.11 ppm. Pyrrolidine signals (C-24, 25) 

were overlapping with broad signal of the solvent (DMSO-d6) at δ 43.0-38.0 ppm. The signal 

at δ 53.98 ppm represented C-21 of cyclopropyl ring. Other cyclopropyl carbon signals (C-22 

and C-23) appeared at δ 10.07 and δ 8.61 ppm, respectively. The carbonyl signal of aromatic 

ring with oxo group (C-16) is prominent at δ 176.57 ppm. Methoxy signal (C-20) of 

moxifloxacin was recognized at δ 62.07 ppm. The signal of C-1 of HPC repeating unit 

appeared at δ 101.99 ppm whereas C-2,7 signals were detected at δ 74.94 ppm. Signals of C-

3-5 appeared at δ 77.89-83.62 ppm. C-6 and C-8 signals of HPC repeating unit appeared at δ 

66.75 ppm. Moreover, CH3 signals of HPC repeating unit were detected at δ 17.74-21.01 

ppm. 
13

C NMR spectral values confirmed the successful synthesis of HPC-moxifloxacin 
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conjugate 3 as MPDs of moxifloxacin. 
13

C NMR spectra of HPC and unmodified 

moxifloxacin are shown in Figure 3.1.5 and 3.1.6 for comparison.  
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Fig. 3.1.5. 
13

C NMR spectrum (500 MHz, 5000 scans, DMSO-d6) of HPC. 
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Fig. 3.1.6. 
13

C NMR spectrum (500 MHz, 5000 scans, DMSO-d6) of  moxifloxacin. 
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Fig. 3.1.7. 
13

C NMR spectrum (500 MHz, 5000 scans, DMSO-d6) of HPC-moxifloxacin 

conjugate 3. 
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3.1.8. Heteronuclear single quantum coherence (HSQC) spectroscopy  

The 
1
H and 

13
C NMR spectra of  HPC-moxifloxacin conjugate 3 were assigned by cofirming 

the structure with HSQC spectroscopy as well. Figure 3.1.8 represents a slef explanatory 

HSQC spectrum of HPC-moxifloxacin conjugate 3. 

 

H13,14H9

C
2

2
,2

3
C

2
8

,2
7

,9

H20-22H16,23,19

H12, HPC-RU-Hs

H15,17

H10H11
H1

C
2

6

C
6

,8
C

1
4

C
1

0 C
1H

P
C

-R
U

C
2

9
,3

0
,2

1

20

40

80

100

120

140

160

180

60

1235 4678

DMSO-d6

 

Fig. 3.1.8. HSQC NMR spectrum of HPC-moxifloxacin conjugate 3. 

 

3.1.9. Scanning electron microscopy (SEM)  

SEM analysis of as synthesized HPC-moxifloxacin conjugate 3 was carried out to study the 

surface morphology. SEM images of conjugate 3 are presented in Figure 3.1.9 showing non 

porous aggregates.  
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Fig. 3.1.9. SEM images of HPC-moxifloxacin conjugate 3. 

 

3.1.10. Transmission electron microscopy (TEM)  

Solvent diffusion method was used to fabricate nano-assemblies of HPC-moxifloxacin 

conjugate 3 at interface of DMSO/water. Newly synthesized amphiphilic conjugate 3 could 

self-assemble into nanowires with diameter of ~ 30 nm (Fig. 3.1.10).  
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Fig. 3.1.10. TEM images of HPC-moxifloxacin conjugate 3. 
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3.1.11. Size exclusion chromatography (SEC) 

Molar mass distribution of MPDs of moxifloxacin was determined by size exclusion 

chromatography (SEC). The molar mass averages were determined in terms of number-

average (Mn), weight-average (Mw) and average mass (Mz). The heterogeneity in a polymer 

base prodrug is determined in terms of polydispersity index (PDI) which is the ratio of 

Mw/Mn. For a monodisperse polymer, the ratio of Mw/Mn is close to unity. But in a 

polydisperse system the values of molar mass averages are found in the order of Mn<Mw<Mz. 

A typical SE chromatogram of conjugate 3 is shown in Figure 3.1.11. The Mn, Mw and Mz 

values calculated were 1.023×10
5
, 1.114×10

5
 and 1.201×10

5
, respectively.  PDI value 

calculated was 1.088 indicating a monodisperse system. Degree of polymerization (DP) was 

calculated from molar mass distribution and was found to be 219 for HPC-moxifloxacin 

conjugate 3. The results of SEC showed that nominal degradation occurred to polymer HPC 

(DP 321) after conjugate formation with moxifloxacin.  

 

 

Fig. 3.1.11. SE chromatogram of HPC-moxifloxacin conjugate 3. 
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3.1.12. Drug release studies 

Using a dialysis bag method, drug release from the conjugates (3) was performed at 37 C in 

simulated intestinal fluids (SIF) and gastric (SGF). Hydrolytic release of moxifloxacin from 

its prodrug 3 was observed to be faster at pH 7.4 than 1.2. HPC-moxifloxacin conjugate 3 

released only 15% of the drug during the first 6 h at pH 1.2, while 49% release was observed 

at pH 7.4 (Fig. 3.1.12). The faster drug release at pH 7.4 is observed because rate of ester 

hydrolysis is faster under neutral to alkaline conditions. These hydrolytic release results are 

consistent with results reported for other drugs linked covalently to different polymers 

(Babazadeh et al., 2013; Babazadeh, 2014).  

 

 

Fig. 3.1.12. Overlaid plot of moxifloxacin release from HPC-moxifloxacin conjugate 3 in 

SGF and SIF. 

 

3.1.13. Drug release kinetics 

Hydrolysis kinetics was applied to the release data obtained at acidic as well as colonic pH.  

The straight line of the plot between ln (qe-qt) and time (Fig. 3.1.13) confirmed that  drug 

release from conjugates followed pseudo first order kinetics at both pH values with much 
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higher release at basic medium (pH 7.4). It indicates that the drug release from conjugates is 

time dependent and increased with the passage of time.  

 

 

Fig. 3.1.13. Overlaid plot of pseudo first order hydrolysis kinetics of HPC-moxifloxacin 

conjugate 3 in SGF and SIF. 

 

3.1.14. Pharmacokinetic studies 

The bioavailability and pharmacokinetic studies of moxifloxacin from the HPC-moxifloxacin 

conjugate 3 were carried out in a rabbit model using moxifloxacin as a control. For the 

evaluation of pharmacokinetic parameters of moxifloxacin from HPC-moxifloxacin 

conjugate, a simple reverse phase HPLC/UV method was developed and validated as per 

International Council for Harmonisation (ICH) guidelines. Different parameters of method 

validation are listed in Table 3.1.2. 
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Table 3.1.2. HPLC/UV method validation parameters of HPC-moxifloxacin conjugate 3. 

No. Parameter 

HPC-moxifloxacin conjugate 3  

(Mean) 

1 Concentration range 5-50 μg mL
-1 

2 LOD 15 ng mL
-1

 

3 LOQ 45 ng mL
-1

 

4 Linear regression co-efficient (r
2
) 0.9994 

5 Precision Intra-day (RSD)* 0.519% 

6 Precision Inter-day (RSD)* 0.384% 

7 Accuracy (% recovery)* 97.79% 

8 Repeatability (RSD)* 0.352% 

*Each value is mean of six observations. 

 

The blood plasma levels at different times after the administration of moxifloxacin and HPC-

moxifloxacin conjugate 3 are summarized in Table 3.1.3.  
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Table 3.1.3. Comparison of (the mean ± SEM) plasma concentration vs. time profile after 

oral administration of HPC-moxifloxacin conjugate 3 (35 mg) equivalent to  moxifloxacin 

(10 mg) to 12 rabbits. 

Sample 

No. 

Time 

(h) 

Moxifloxacin Conc. 

(μg/mL) 

(the mean ±  SEM) 

HPC-moxifloxacin conjugate 3 

Conc. (μg/mL) 

(the mean ±  SEM) 

1 0.17 1.23 ± 0.30 0.33 ± 0.20 

2 0.33 1.65 ± 0.20 0.78 ± 0.13 

3 0.5 1.95 ± 0.22 1.14 ± 0.17 

4 1.0 2.78 ± 0.26 1.98 ± 0.20 

5 2 3.57 ± 0.18 2.93 ± 0.12 

6 4 2.58 ± 0.24 3.73 ± 0.23 

7 6 1.79 ± 0.17 3.19 ± 0.24 

8 12 1.39 ± 0.22 1.78 ± 0.12 

9 24 0.77 ± 0.12 1.28 ± 0.16 

10 36 0.25 ± 0.20 0.95 ± 0.15 

 

The plot of plasma concentration vs. time for HPC-moxifloxacin conjugate 3 and 

moxifloxacin is shown in Figure 3.1.14, while results are summarized in Table 3.1.4.  

 

The plasma concentration vs. time curve (Fig. 3.1.14) for HPC-moxifloxacin conjugate 3 

reveals the delayed release of moxifloxacin from HPC-moxifloxacin as compared to the drug, 

in the rabbit model. The pharmacokinetic parameters such as tmax and t1/2 have higher values 

for HPC-moxifloxacin conjugate (4.0 h and 21.38 h, respectively, vs. 2 h and 10.09 h, 

respectively, for drug). The longer half-life (t1/2) value of moxifloxacin after oral 
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administration of conjugate strongly supports HPC-moxifloxacin conjugate 3 as sustained 

release formulation. 

 

Fig. 3.1.14. Overlaid plot of mean plasma concentration vs. time after oral administration of 

35 mg of HPC-moxifloxacin conjugate 3 (equal to 10 mg moxifloxacin) to 12 rabbits. 

 

AUC0-∞ of HPC-moxifloxacin conjugate is also larger than that of the drug which is a proof 

of enhanced bioavailability of moxifloxacin and could be have great therapeutic value like 

lower cost, lower variability between patients and between administration times, and reduced 

side effects. Maximum plasma concentration mean values (Cmax) from conjugate and drug are 

(3.73 μg mL
-1

 and 3.57 μg mL
-1

, respectively) also listed in the Table 3.1.4. The higher Cmax 

value for HPC-moxifloxacin conjugate provides the benefit of lower dosage for the same 

therapeutic levels as are offered by moxifloxacin. The longer half-life may offer the MIC 

levels for longer period of time. 
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Table 3.1.4. Pharmacokinetic data after single oral dose of HPC-moxifloxacin conjugate 3 

(35 mg) equivalent to active drug moxifloxacin (10 mg). 

Parameter  Moxifloxacin Moxifloxacin from  

HPC-moxifloxacin conjugate 3 

tmax (h) 2.0  4.0  

Cmax (μg mL
-1

) 3.57 ± 0.14 3.73 ± 0.19 

t1/2 (h) 14.59 ± 0.32  25.20 ± 0.51  

AUC0-∞ (h μg mL
-1

) 49.30 ± 1.5  98.26 ± 1.78  

Vd (L kg
-1

) 4.27 ± 0.91  3.70 ± 0.33  

Cl (L h
-1

) 0.2 ± 0.01  0.1 ± 0.02  

 

3.1.15. Thermogravimetric analysis and degradation kinetics  

Thermogravimetric analysis (TGA) of HPC, moxifloxacin and HPC-moxifloxacin conjugate 

3 was carried out to assess the thermal stability of the reactants and product. HPC-

moxifloxacin conjugate 3 was found to be thermally stable as compared to drug and polymer. 

Both, moxifloxacin and HPC-moxifloxacin conjugate 3 exhibited two step degradation 

profiles (Fig. 3.1.15-16). The initial degradation temperature (Tdi) for first step of HPC-

moxifloxacin conjugate was recorded at 259.39 °C while Tdi of second step was observed at 

460.15 °C in comparison to the Tdi values of first and second thermal degradation steps of  

unmodified moxifloxacin which were found to be 232.96 °C and 423 °C, respectively (Table 

3.1.5). Tdf values for first and second degradation steps of HPC-moxifloxacin conjugate 3 

were found to be 388.52 and 649.81 °C, respectively, whereas Tdf values observed for  drug 

were 347.34 and 591.22 °C (for first and second step, respectively) indicating the thermal 

stability of HPC-moxifloxacin conjugates up to higher temperature values.   
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Kinetic parameters such as activation energy (Ea), frequency factor (Z) and order of reaction 

(n) were calculated for each degradation step of  HPC, moxifloxacin and  HPC-moxifloxacin 

conjugate 3 using differential kinetic models of Friedman, Broido and Chang. The activation 

energy (Ea) of each step of thermal degradation was calculated using Friedman, Broido and 

Chang models (Friedman, 1964; Broido, 1969; Chang, 1994), and frequency factor (Z) was 

determined using the Friedman and Chang models. The order of each degradation reaction 

(n) was calculated by Chang and Kissinger models and found to be first order (Table 3.1.6) 

(Kissinger, 1957). The Ea values calculated for first degradation step of HPC-moxifloxacin 

conjugate 3 were in the range of 162.63-171.53 kJ mol
-1

 and Ea values for second 

degradation step were between 85.39 and 100.52 kJ mol
-1

. Ea values for HPC-moxifloxacin 

conjugate 3 were significantly higher than those for unmodified drug.  
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Fig. 3.1.15. Overlaid TG curves of HPC, moxifloxacin and HPC-moxifloxacin conjugate 3 

showing degradation patterns. 
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Fig. 3.1.16. Overlaid DTG curves of HPC, moxifloxacin and HPC-moxifloxacin conjugate 3 

showing degradation patterns. 

 

Table 3.1.5. Thermal degradation profile of HPC-moxifloxacin conjugate 3 in comparison 

with HPC and moxifloxacin; Tdi, Tdm, Tdf = Initial, maximum, final thermal decomposition 

temperature. 

Sample Steps 

Tdi 

(°C) 

Tdm 

(°C) 

Tdf 

(°C) 

Weight loss 

 % at Tdf 

Char yield  

Wt. (%) 

HPC I 240.00 355.84 397.44 77.61 7.19 at 605 °C 

Moxifloxacin  

I 232.96 311.28 347.34 29.25 4.36 at  

650 °C  II 423.00 520.00 591.22 95.5 

HPC-moxifloxacin 

conjugate 3 

I 259.39 318.91 388.52 43.80 2.0 at  

750 °C II 460.15 572.13 649.81 97.91 

 

Similarly, values of thermodynamic parameters i.e., change in enthalpy, Gibbs free energy 

and entropy (∆H, ∆G and ∆S, respectively) were calculated by Eyring–Polanyi equation 
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(Eyring and Polanyi, 1931). The values of these parameters were found higher for HPC-

moxifloxacin conjugate 3 than those for moxifloxacin. ∆H values of first degradation step of 

HPC-moxifloxacin conjugate 3 were in the range of 157.71-166.60 kJ mol
-1

 as compared to 

first step of moxifloxacin for which these values were observed in the range of 64.73-86.14 

kJ mol
-1

. The ∆G and ∆S values for first degradation step of HPC-moxifloxacin conjugate 3 

were found in the ranges of 147.03-152.08 kJ mol
-1

 and 16.24-33.06 kJ mol
-1

, respectively. 

For the second degradation step, these parameters were found in the ranges of 224.65-228.14 

kJ mol
-1

 and -154.84 to -175.32 kJ mol
-1

. These values are higher than those for unmodified 

drug. All these values are depicted in Table 3.1.6 for comparison.  

Thermal stability of the prodrug and drug were also compared in terms of IPDT and ITS and 

the values of these parameters were found higher for HPC-moxifloxacin conjugate 3 than 

those calculated for moxifloxacin and are also shown in Table 3.1.6. The higher thermal 

stability exhibited by prodrug is of significant importance for storage and shelf life. 
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Table 3.1.6. Thermal degradation kinetics, thermodynamic parameters, ITS and IPDT 

evaluation of HPC-moxifloxacin conjugate 3 in comparison with moxifloxacin. 

Sample Method Step R
2
 n 

Ea 

(kJ/mol) 

lnZ ∆H ∆S ∆G ITS 

IPDT 

(°C) 

 Friedman 

I 

0.999 - 75.71 14.67 70.48 -147.61 163.35 

0.41 347 HPC 
Broido 0.999 - 86.45 16.89 81.22 -128.05 161.78 

Chang 0.999 1 91.71 18.14 86.48 -117.17 160.19 

 Kissinger - 1 - - - - - 

Moxifloxacin 

Friedman 

I 

0.999 - 69.59 13.53 64.73 -155.97 155.99 

0.51 431 

Broido 0.998 - 76.33 14.83 71.46 -144.40 155.96 

Chang 0.999 1 91.01 18.34 86.14 -113.72 152.69 

Kissinger - 1 - - - - - 

Friedman 

II 

0.997 - 64.52 9.34 57.95 -198.94 215.14 

Broido 0.999 - 71.25 10.09 64.68 -191.88 216.30 

Chang 0.997 1 78.24 10.96 71.67 -183.87 216.95 

Kissinger  - 1 - - - - - 

HPC-

moxifloxacin 

conjugate 3 

Friedman 

I 

0.997 - 162.63 33.43 157.71 16.24 148.09 

0.52 442 

Broido 0.998 - 171.11 34.29 166.19 23.81 152.08 

Chang 0.999 1 171.53 35.40 166.60 33.06 147.03 

Kissinger  - 1 - - - - - 

Friedman 

II 

0.997 - 85.39 12.11 78.34 -175.32 226.87 

Broido 0.998 - 100.52 14.41 93.48 -154.84 224.65 

Chang 0.999 1 89.380 12.45 8234 -172.11 228.14 

Kissinger  - 1 - - - - - 

 

Kinetic parameters were calculated from straight line graphs obtained by using Friedman, 

Broido and Chang methods. Plots of HPC by these three models are shown in Figure 3.1.17. 
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Fig. 3.1.17. Straight line plots obtained by applying a) Friedman method, b) Broido method 

and c) Chang method on TG data of HPC for the calculation of Ea, ln Z, and n. 

 

Friedman, Broido and Chang plots for the evaluation of kinetic triplet of TG data of 

moxifloxacin are depicted in Figure 3.1.18-3.1.20, respectively.  
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Fig. 3.1.18. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and ln Z on TG data of moxifloxacin; a) Step 1, b) Step 2. 
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Fig. 3.1.19. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea, on TG data of moxifloxacin; a) Step 1, b) Step 2. 
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Fig. 3.1.20. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of moxifloxacin; a) Step 1, b) Step 2. 

 

Friedman, Broido and Chang plots for the evaluation of kinetic triplet from TG data of HPC-

moxifloxacin conjugate 3 are depicted in Figure 3.1.21-3.1.23, respectively.  
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Fig. 3.1.21. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and ln Z on TG data of HPC-moxifloxacin conjugate 3; a) Step 1, b) Step 

2. 
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Fig. 3.1.22. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea, on TG data of HPC-moxifloxacin conjugate 3; a) Step 1, b) Step 2. 
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Fig. 3.1.23. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of HPC-moxifloxacin conjugate 3; a) Step 1, 

b) Step 2. 

3.1.16. Modulated differential scanning calorimetry (MDSC) 

Macromolecular prodrugs synthesized may acquire glass-transition temperatures (Tg) due to 

the presence of polymer in conjugates. Exhibition of Tg value by the polymer-drug 

conjugates is a proof of introduction of amorphous character in the prodrugs. Figure 3.1.23 

displays the overlay DSC traces of HPC, moxifloxacin and HPC-moxifloxacin conjugate 3. It 

is obvious from the DSC curves (Fig. 3.1.24) that HPC has Tg of 163.39 °C, moxifloxacin 

does not exhibit Tg due to crystalline nature but its prodrug with HPC shows glass-transition 

temperature at 84.16 °C indicating promise for amorphous characteristic of HPC-
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moxifloxacin conjugate 3. We speculate that these transitions may be due to cooperative 

motions of the relatively long HPC chains, similar to those observed by Glasser and 

coworkers for cellulose long-chain esters (Glasser et al., 2000) 
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Fig. 3.1.24. Overlaid DSC curves of HPC, moxifloxacin and HPC-moxifloxacin conjugate 3 

showing glass-transition temperatures. 

 

3.1.17. Powder X-ray diffraction (PXRD) analysis 

PXRD analysis was used to study structures of moxifloxacin, HPC and HPC-moxifloxacin 

conjugate 3. The diffraction patterns showed that HPC is semi-crystalline while moxifloxacin 

is crystalline. Whereas the X-ray diffraction patterns of HPC-moxifloxacin conjugate 3 was 

the hybrid of diffraction patterns of both HPC and moxifloxacin indicating that some 

crystallinity was imparted to HPC after conjugation with moxifloxacin (Fig. 3.1.25).  
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Fig. 3.1.25. PXRD patterns of HPC, moxifloxacin and HPC-moxifloxacin conjugate 3 

showing crystalline and amorphous properties. 
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3.2. HPC-ofloxacin conjugates 

3.2.1. Prodrug design and characterization 

MPDs of a second generation fluoroquinolone antibiotic ofloxacin were fabricated with a 

hydrophilic polysaccharide HPC as the ester conjugates. Ofloxacin prodrugs were designed in 

such a way as to get higher covalent drug loading. Homogeneous reaction methodology (Bras 

et al. 2007; Lee et al. 2011; Fox and Edgar 2011; Nawaz et al. 2012; Wondraczek et al. 2012; 

Liu et al. 2012) was exploited for the synthesis of MPDs of ofloxacin with HPC. Reaction 

methodology and conditions are shown in Scheme 3.2.  
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Scheme 3.2:  Schematic synthesis of ofloxacin prodrugs as HPC-ofloxacin conjugates using 

TsCl as a carboxylic acid activating agent. 
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HPC-ofloxacin prodrugs were fabricated by using TsCl (Heinze et al. 2003; Liebert et al. 

2006; Hussain 2008). TsCl first reacts with ofloxacin to generate a mixed anhydride which 

then reacts in situ with HPC to give the said MPDs of ofloxacin (Scheme 3.2).  

All of the resulting HPC-ofloxacin conjugates were soluble in aqueous as well as in polar 

aprotic organic solvents (DSMO, DMAc, DMF). Table 3.2.1 summarizes the solubility, yield 

and DS values of drug conjugates prepared with different drug to polymer mole ratio.  

3.2.2. Quantification of drugs in HPC-ofloxacin conjugates by UV-Vis 

spectrophotometry 

DC were determined as mg of drugs per 100 mg of conjugates after basic hydrolysis of the 

conjugates using UV-Vis spectroscopy. The DC values (35-42 wt. % drug in the conjugate) 

were used to calculate the DS of ofloxacin in HPC-ofloxacin conjugates and were found in 

the ranges of 0.53-0.71 per AGU. DC and DS values are shown in Table 3.2.1. 

3.2.3. Quantification of drugs from HPC-ofloxacin conjugates by HPLC/UV method 

Amount of ofloxacin (mg) in conjugates (100 mg) was also determined by HPLC with UV-

Vis detection, which gave results in good accord with those obtained using UV-Vis 

spectrophotometry (see Table 3.2.1). From the sample with DC 42 %, it is notable that the 

standard adult dosage of 200 mg ofloxacin can be contained within acceptable sized tablet 

containing 500 mg conjugate. 

3.2.4. Determination of DS by acid-base titration method 

Acid-base titration method was also used to calculate DS of ofloxacin onto HPC. The results 

obtained for all conjugates (6-9) were in good accord to the values obtained by UV-Vis 

spectrophotometry. DS of ofloxacin was found in the range of 0.51-0.69/repeating unit of 

HPC and is shown in Table 3.2.1.  
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Table 3.2.1. Reaction conditions and results of synthesis of ofloxacin prodrugs based on HPC 

(1.0 g) as HPC-ofloxacin conjugates.  

Sample Molar Ratio
a
 Yield (g, %) DC

b
 DC

c
 DS

d
 DS

e
 Solubility 

6 1:2:2:4 1.36, 90 35 33 0.53 0.52 H2O, DMF, DMSO, DMAc 

7 1:3:3:6 1.58, 94 42 41 0.71 0.69 H2O, DMF, DMSO, DMAc 

8 1:4:4:8 1.35, 89 35 35 0.53 0.51 H2O, DMF, DMSO, DMAc 

9 1:5:5:10 1.38, 91 36 37 0.55 0.53 H2O, DMF, DMSO, DMAc 

a
HPC repeating unit:ofloxacin:TsCl:TEA. 

b
DC calcd. by UV-Vis spectroscopy (mg drug/100 

mg conjugate) after basic hydrolysis of the samples from standard`s calibration curves at 

max 288.5 nm. 
c
DC calcd. by HPLC/UV method (mg drug/100 mg conjugate) after basic 

hydrolysis of the samples and neutralization at max 294.5 nm. 
d
DS calcd. per HPC repeating 

unit from UV-Vis data. DS
c
 calcd. by acid base titration. 

 

3.2.5. FTIR spectroscopy of HPC-ofloxacin conjugate 7 

FTIR (KBr) spectra of HPC-ofloxacin conjugate 7, is shown in Figure 3.2.1. The carboxyl 

carbonyl of unmodified ofloxacin appears at 1710 cm
-1

, while the HPC-ofloxacin conjugate 7 

showed carbonyl absorptions at 1737 cm
-1

 indicating the ester bond formation between drug 

and polymer. Absorption at 1468 cm
-1

 was assigned to CH2 bending. The polymer HPC 

backbone COC absorptions were centered at 1062 cm
-1

. For comparison, FTIR spectra of 

HPC and unmodified ofloxacin are overlaid with conjugate (see Figure 3.2.1).  
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Fig. 3.2.1. Overlaid FTIR (KBr) spectra of HPC, ofloxacin and HPC-ofloxacin conjugate 7. 

 

3.2.6.
 1

H NMR spectroscopy 

The structures were further determined from 
1
H NMR spectroscopy. 

1
H NMR (500 MHz, 

D2O, 50 °C) spectrum of sample 7 (Fig. 3.2.3) showed the presence of aromatic ring as both 

of the aromatic protons H-10 and H-11 were detectable at δ 8.62 and 7.42 ppm, respectively. 

Signals of free hydroxyl of drug were absent in spectrum which further showed conversion of 

acid group to ester. Protons of piperazine ring (H-15 and H-16) appeared at δ 3.42 and δ 2.42 

ppm, respectively. Signal of H-15 was overlapping with HPC repeating unit protons signals. 

The proton signal of morpholine ring (H-12) in ofloxacin drug molecule was recognizable at 

δ 4.62 ppm overlapping with the H-1 of HPC repeating unit as well as with strong solvent 
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peak. While other proton signals of morpholine ring (H-13 and H-14) were observed at δ 

4.32-442 ppm. Protons of two methyl groups (H-17 and H-18) of ofloxacin appeared at δ 

2.17 and 1.38 ppm, respectively. The signals of HPC repeating unit were also detectable at δ 

3.02-4.60 ppm. HPC methyl protons were observed at δ 0.97 ppm. Presence of aromatic, all 

cyclic CH2, both methyl and HPC repeating unit protons in spectrum indicated the successful 

conversion of ofloxacin into its MPD based on HPC. For comparison, 
1
H NMR spectra of 

HPC and ofloxacin are also shown in Figure 3.1.2 and Figure 3.2.2, respectively. 
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Fig. 3.2.2. 
1
H NMR spectrum (500 MHz, CDCl3)  of ofloxacin. 
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Fig. 3.2.3. 
1
H NMR spectrum (500 MHz, D2O) of HPC-ofloxacin conjugate 7. 
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3.2.7. 
13

C NMR spectroscopy 

Figure 3.2.5 shows the 
13

C NMR spectrum (500 MHz, ppm, D2O) of HPC-ofloxacin 

conjugate 7. The spectrum reveals the success of esterification of ofloxacin with HPC as ester 

carbonyl (C-10) shifted upfield from δ 168.06 to δ 165.35 ppm. Aromatic region of 

substituted ofloxacin onto HPC was detectable at δ 120.12 (C-13), 109.20 (C-14), 145.09 (C-

15), 134.20 (C-16), 139.29 (C-17), 125.19 (C-18) and 156.82 (C-19) ppm that are assigned in 

Fig. 3.2.5 as well. The piperazine ring signals of C-22 and C-25 appeared at δ 54.01 ppm 

while C-23 and C-24 appeared at δ 46.61 ppm. The morpholine ring signals in ofloxacin drug 

molecule were found at δ 55.52 (C-20) and δ 68.30 (C-21) ppm, respectively. Carbon signal 

of oxo group (C-12) of attached drug molecule was observed downfield at δ 177.23 ppm. The 

C-26 signal of CH3 attached with N of piperazine ring appeared downfield at δ 43.13 ppm as 

compared to the CH3 (C-27) attached with C of morpholine ring which was recognized at 

18.38 ppm. Regarding HPC repeating unit, C-1 appeared overlapped with C-11 at δ 102.29-

103.37 ppm, while C6 and C-8 appeared at δ 66.21 ppm. C-3-5 signals of HPC were found at 

δ 83.63-77.18 ppm. C-2 and C-7 were also detectable at δ 75.09 ppm. Moreover, different 

methyl signals of HPC repeating unit appeared at δ 17.12-15.99 ppm. The NMR spectral data 

has revealed the success of reaction as new ester carbonyl and other vital signals of aromatic, 

piperazine ring, morpholine ring and HPC carbons were detectable in spectra.  
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Fig. 3.2.4. 
13

C NMR spectrum (500 MHz, 5000 scans, CDCl3) of ofloxacin. 
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Fig. 3.2.5. 
13

C NMR spectrum (500 MHz, 5000 scans, D2O) of HPC-ofloxacin conjugate 7. 

 

3.2.8. HSQC spectroscopy 

HSQC spectrum of HPC-moxifloxacin conjugate 7 was also acquired to assign C-H coupling. 

All C-H couplings were identified and are shown in Figure 3.1.8.  
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Fig. 3.2.6. HSQC NMR spectrum of HPC-ofloxacin 7. 
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3.2.9. Scanning electron microscopy  

Surface morphology of HPC-ofloxacin conjugate 7 was analyzed by SEM images captured at 

various magnifications which revealed them as pourous aggregates which are shown in 

Figure 3.2.7.  

 

 

Fig. 3.2.7. SEM images of HPC-ofloxacin conjugate 7. 

 

3.2.10. Transmission electron microscopy  

HPC-ofloxacin conjugates were synthesized using variable molar ratios of the reactants; 

therefore the products obtained have altered hydrophilic-hydrophobic balance.  The 

amphiphilic characteristics of the conjugates may lead to the formation of nano-assemblies at 

solvent interface. The HPC-ofloxacin conjugate 7 showed nanoparticle formation in the size 

regime of 100-250 nm. TEM images of the newly synthesized MPDs of ofloxacin are shown 

in Figure 3.2.8. 
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Fig. 3.2.8. TEM images of HPC-ofloxacin conjugate 7. 

 

3.2.11. Size exclusion chromatography  

SEC of HPC-ofloxacin conjugate 7 was carried out to observe molar mass distributions. The 

molar mass averages revealed that no significant degradation of HPC occurred in HPC-

ofloxacin conjugate 7.  The Mn, Mw and Mz values were found to be 9.873×10
4
, 1.098×10

5
 

and 1.232×10
5
 g mol

-1
, respectively. Whereas, PDI value calculated was 1.112 indicating 

absence of heterogeneity in polymer base prodrug. A typical SEC chromatogram of conjugate 

7 is shown in Figure 3.2.9. DP of was HPC-ofloxacin conjugate 7 was calculated from molar 

mass distribution and found to be 181.  

 

 

Fig. 3.2.9. SE chromatogram of HPC-ofloxacin conjugate 7. 
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3.2.12. Drug release studies 

Ofloxacin release from the HPC-ofloxacin conjugates 7 was accomplished at 37 C in 

simulated gastric and colon pH using dialysis bag method (Fig. 3.2.10). It was noted that 

release of ofloxacin proceeds through hydrolysis of the conjugate ester bond unlike release 

from standard matrix or coated formulations which follows diffusion phenomenon only. 

Ofloxacin release at pH 7.4 was faster than the release at pH 1.2. About 1.4% drug was 

released in first 30 min, while 14.78% drug was released after 6 h at pH 1.2. At pH 7.4, the 

drug released from prodrug 7 was 2.91% after 30 min, while 39.1% drug was released after 6 

h. This result has indicated that the newly designed MPDs of ofloxacin have ability to bypass 

stomach and show increased bioavailability of drug in intestine.  

 

 

Fig. 3.2.10. Overlaid plot of ofloxacin release from HPC-ofloxacin conjugate 7 in SGF and 

SIF. 

 

3.2.13. Drug release kinetics 

The plot of ln(qe-qt) vs. time presented in Figure 3.2.11 shows that pseudo first order kinetic 

model provides best fit to the hydrolytic drug release data. The drug release is much higher at 
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basic medium (pH 7.4) as compared to the release at pH 1.2. It was also observed that the 

release of drug is time dependent and increase with the passage of time. 

 

 

 

Fig. 3.2.11. Overlaid plot of pseudo first order hydrolysis kinetics of HPC-ofloxacin 

conjugate 7 in SGF and SIF. 

 

 

3.2.14. Pharmacokinetic studies 

The bioavailability and pharmacokinetics of ofloxacin absorption from the HPC-ofloxacin 

conjugate 7 was evaluated in the rabbit model, with ofloxacin used as a control. A simple 

reverse phase HPLC/UV method was developed for the analysis of ofloxacin in plasma 

samples. The result of method validation and parameters are summarized in Table 3.2.2.   
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Table 3.2.2. HPLC/UV method validation parameters of HPC-ofloxacin conjugate 7. 

No. Parameter 

HPC- ofloxacin conjugate 7 

(Mean) 

1 Concentration range 5-50 μg mL
-1 

2 LOD 25 ng mL
-1

 

3 LOQ 75 ng mL
-1

 

4 Linear regression co-efficient (r
2
) 0.9996 

5 Precision Intra-day (RSD)* 0.651% 

6 Precision Inter-day (RSD)* 0.412% 

7 Accuracy (% recovery)* 99.27% 

8 Repeatability (RSD)* 0.325% 

  *Each value is mean of six observations 

 

The blood plasma levels at different times after the administration of ofloxacin and HPC-

ofloxacin conjugate 7 are summarized in Table 3.2.3.  
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Table 3.2.3. Comparison of (the mean ± SEM) plasma concentration vs. time profile after 

oral administration of HPC-ofloxacin conjugate 7 (34 mg) equivalent to  ofloxacin (14 mg) to 

18 rabbits. 

Sample 

No. 

Time 

(h) 

 Control 1
a
              

Conc. (μg/mL) 

(the mean ±  SEM) 

Control 2
b
             

Conc. (μg/mL) 

(the mean ±  SEM) 

HPC-ofloxacin     

Conc. (μg/mL) 

(the mean ±  SEM) 

1 0.17 1.21 ± 0.25 1.03 ± 0.31 0.79 ± 0.15 

2 0.5 2.57 ± 0.24 2.39 ± 0.29 1.05 ± 0.14 

3 1.0 3.75 ± 0.25 3.07 ± 0.19 1.61 ± 0.15 

4 1.5 2.89 ± 0.25 3.49 ± 0.27 2.10 ± 0.23 

5 2 2.11 ± 0.26 2.19 ± 0.31 2.61 ± 0.17 

6 4 1.40 ± 0.24 1.48 ± 0.18 3.56 ± 0.14 

7 6 0.99 ± 0.33 1.09 ± 0.22 2.98 ± 0.13 

8 8 0.65 ± 0.26 0.83 ± 0.28 2.21 ± 0.11 

9 12 0.44 ± 0.20 0.54 ± 0.27 1.43 ± 0.12 

10 24 0.30 ± 0.23 0.25 ± 0.20 0.93 ± 0.19 

11 36 0.18 ± 0.19 0.16 ± 0.17 0.51 ± 0.10 

a 
Pure ofloxacin;

 b 
Physical mixture of ofloxacin with HPC 

 

The plasma concentration vs. time curves for HPC-ofloxacin conjugate 7 and ofloxacin are 

shown in Figure 3.2.12, while results are summarized in Table 3.2.4.  
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Fig. 3.2.12. Overlaid plot of mean plasma concentration vs. time after oral administration of 

34 mg of HPC-ofloxacin conjugate 7 (equal to 14 mg ofloxacin) to 18 rabbits. 

 

It is clear from data that absorption of ofloxacin from the conjugate is sustained as compared 

to unmodified drug in the rabbit model. This is clearly illustrated from the tmax and t1/2 values 

for HPC-ofloxacin conjugate 7 (4.0 h and 18.4 h, respectively, vs. 1.0 h and 2.59 h, 

respectively, for control 1 and 1.5 h and 4.56 h, respectively for control 2) given in Table 

3.2.4. The AUC0-∞ of HPC-ofloxacin conjugate 7 is approximately 1.7 and 1.8 times that of 

the drug and its physical mixture, respectively; this indicates bioavailability enhancement that 

clearly could have value to patients. Potential benefits of such prodrug design might include 

(speculative in the absence of human trial data of course) lower drug costs, lower variability 

between patients and between administration times, and reduced side effects (perhaps 

exposure of the colonic micro flora to the antibiotic would be reduced if the absorption from 

the small intestine were more complete). Cmax mean values from conjugate and drug are 

similar (3.56 μg mL
-1

 and 3.75 μg mL
-1

, respectively), indicating that the HPC-ofloxacin 

conjugate 7 did not cause high drug plasma concentration excursions at this dosage level. It is 

also encouraging that the t1/2 value for the conjugate was 18.4 h, which is close to an ideal 
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value for once daily dosing (preferred for maximum patient adherence to dosage regimen, 

which is particularly important in infectious disease treatment).  

 

Table 3.2.4. Pharmacokinetic data after a single oral dose of HPC-ofloxacin conjugate 7 (34 

mg) equivalent to active drug ofloxacin (14 mg). 

Parameter   Control 1
a
 Control 2

b
 Ofloxacin from 

HPC-ofloxacin conjugate 7 

tmax (h) 1.0 1.5  4.0  

Cmax (μg mL
-1

) 3.75 ± 0.07  3.49 ± 0.34 3.56 ± 0.12  

t1/2 (h) 2.59 ± 0.19  4.56 ± 0.27  18.07 ± 0.97  

AUC0-∞ (h μg mL
-1) 38.81 ± 0.7  35.21 ± 1.6  64.36 ± 2.19  

Vd (L kg
-1

) 3.51 ± 0.8  7.31 ± 1.2  2.84 ± 0.21  

Cl (L h
-1

) 4.97 ± 0.36  1.11 ± 0.13  0.11 ± 0.01  

a 
) ofloxacin; 

b)
 Physical mixture of ofloxacin with HPC 

 

3.2.15 Thermogravimetric analysis and degradation kinetics 

To compare the thermal stability of HPC-ofloxacin conjugate 7 with unmodified ofloxacin, 

Tdi, Tdm and Tdf values of ofloxacin and HPC-ofloxacin conjugate 7 were obtained from  

respective TG curves (Table 3.2.5). Two step degradation profiles were observed for HPC-

ofloxacin conjugate 7 which is shown in Figure 3.2.13-14. The first degradation step began at 

233.32 °C and ended at 457.81 °C with 41.55% weight loss. Tdm value for the first step was 

found to be 330.65 °C. Although the Tdi and Tdm values of first degradation step of 

conjugate 7 are lower than that of pure drug but the Tdf value is higher enough to indicate 

slower degradation rate of prodrug than the pure drug. Tdi, Tdm and Tdf values for second 

decomposition step of HPC-ofloxacin conjugate 7 were found to be 558.69, 683.72 and 
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786.72 °C, respectively. These values were significantly higher than those for unmodified 

ofloxacin (see Table 3.2.5) hence confirming the thermal stability imparted to drug in 

conjugate form. The second step is associated with 38.22% mass loss. The decomposition of 

HPC-ofloxacin conjugate 7 completed at 789.01 C with 3.33% (by weight) char yield as 

compared to ofloxacin whose degradation ended at 647.47 C with 0.1% char yield.  

Different thermal kinetic models i.e., Friedman, Broido, Chang and Kissinger models were 

applied on TG data of ofloxacin and HPC-ofloxacin conjugate 7 to calculate kinetic triplet 

(Ea, Z and n).  The Ea values calculated for first thermal degradation step of HPC-ofloxacin 

conjugate 7 were in the range of 213.18-215.26 kJ mol
-1

 using differential kinetic models of 

Friedman, Broido and Chang. These values were almost double than those calculated for 

unmodified ofloxacin (102.64-109.82 kJ mol
-1

) by the same differential models. The Ea 

values for second step of conjugate 7 were found in the range of 104.35-113.41 kJ mol
-1

 as 

compared to the Ea values (97.76-107.01 kJ mol
-1

) for 2
nd

 degradation step of unmodified 

ofloxacin. These values are summarized in Table 3.2.6. The frequency factor (Z) of each 

degradation step was determined using Friedman and Chang models. The n values of each 

degradation reaction were calculated using the Chang and Kissinger models. All degradation 

reactions followed first order kinetics (see Table 3.2.6). 
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Fig. 3.2.13. Overlaid TG curves of HPC, ofloxacin and HPC-ofloxacin conjugate 7 showing 

degradation patterns. 

 

 

Fig. 3.2.14. Overlaid  DTG curves of HPC, ofloxacin and HPC-ofloxacin conjugate 7 

showing degradation patterns. 
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Table 3.2.5. Thermal degradation profile of HPC-ofloxacin conjugate 7 in comparison with 

ofloxacin; Tdi, Tdm, Tdf = Initial, maximum, final thermal decomposition temperature. 

Sample Steps 

Tdi 

(°C) 

Tdm 

(°C) 

Tdf 

(°C) 

Weight loss 

at Tdf 

Char yield Wt. 

(%) 

Ofloxacin  

I 271.91 357.07 436.01 55.22 

0.1 at 647.47 °C 

II 445.34 544.79 624.98 99.67 

HPC-ofloxacin 

Conjugate 7 

I 233.32 330.65 457.81 41.55 

3.33 at 789.01 °C 

II 558.69 683.72 786.72 96.67 

 

Thermodynamic parameters, i.e., ∆H, ∆G and ∆S were calculated by Eyring-Polanyi method. 

The values of these parameters were higher for HPC-ofloxacin conjugate 7 than those for 

unmodified ofloxacin. ∆H values of first and second degradation step of conjugate 7 were 

observed in the range of 208.62-210.70 and 96.39-105.45 kJ mol
-1

, respectively, as compared 

to 97.40-104.58 and 90.96-100.21 kJ mol
-1

first and second step of ofloxacin. Similarly, ∆G 

and ∆S values for first degradation step conjugate 7 were found in the ranges of 136.12-

143.59 kJ mol
-1

 and 122.43-132.58 kJ mol
-1

, respectively, as compared to the values 

calculated for ofloxacin (152.67-164.30 kJ mol
-1 

and -104.13 to -76.31 kJ mol
-1

, 

respectively). Whereas these parameters were found in the ranges of 262.40-265.35 kJ mol
-1

 

and -164.36 to -176.53 kJ mol
-1

, respectively, for the second degradation step,. These values 

are higher than those for unmodified drug. All these values are depicted in Table 3.1.6 for 

comparison.  

Thermal stability of the prodrug and drug were also compared in terms of IPDT and ITS and 

are shown in Table 3.2.6.  
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Table 3.2.6. Thermal degradation kinetics, thermodynamic parameters, ITS and IPDT 

evaluation of HPC-ofloxacin conjugate 7 in comparison with ofloxacin. 

Sample Method Step R
2
 n 

Ea 

(kJ/mol) 

lnZ ∆H ∆S ∆G ITS 

IPDT 

(°C) 

Ofloxacin 

Friedman 

I 

0.999 - 102.64 19.6 97.40 -104.13 163.02 

0.51 447 

Broido 0.998 - 106.95 20.14 101.71 -99.32 164.30 

Chang 0.999 1 109.82 22.88 104.58 -76.31 152.67 

Kissinger - 1 - - - - - 

Friedman 

II 

0.999 - 97.76 13.66 90.96 -160.46 222.24 

Broido 0.999 - 107.01 14.99 100.21 -148.63 221.81 

Chang 0.997 1 103.10 14.96 96.30 -149.19 218.35 

Kissinger - 1 - - - - - 

HPC-

ofloxacin 

conjugate 7 

Friedman 

I 

0.998 - 213.18 46.86 208.62 132.08 136.23 

0.51 450 

Broido 0.997 - 215.26 45.69 210.70 122.43 143.59 

Chang 0.997 1 213.35 46.92 208.79 132.58 136.12 

Kissinger - 1 - - - - - 

Friedman 

II 

0.998 - 104.35 12.13 96.39 -176.53 265.35 

Broido 0.998 - 109.58 13.11 101.63 -167.98 262.40 

Chang 0.997 1 113.41 13.51 105.45 -164.36 262.77 

Kissinger - 1 - - - - - 

 

 

Straight line graphs plotted by various kinetic models for the calculation of kinetic triplet are 

shown in Figure 3.2.15-20. 
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Fig. 3.2.15. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and ln Z on TG data of ofloxacin; a) Step 1, b) Step 2. 
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Fig. 3.2.16. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea, on TG data of ofloxacin; a) Step 1, b) Step 2. 
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Fig. 3.2.17. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of ofloxacin; a) Step 1, b) Step 2. 
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Fig. 3.2.18. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and ln Z on TG data of HPC-ofloxacin conjugate 7; a) Step 1, b) Step 2. 

 

-4.4

-4.1

-3.9

-3.6

1.90 1.90 1.91 1.92 1.92

ln
 (

ln
(1

/y
) 

1000/T (K-1)

-1.9

-1.8

-1.8

-1.7

1.12 1.12 1.12 1.13 1.13

ln
 (

ln
(1

/y
) 

1000/T (K-1)

a) b)

 

Fig. 3.2.19. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea, on TG data of HPC-ofloxacin conjugate 7; a) Step 1, b) Step 2. 
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Fig. 3.2.20. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of HPC-ofloxacin conjugate 7; a) Step 1, b) 

Step 2. 
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3.2.16. Modulated differential scanning calorimetry  

HPC based macromolecular prodrugs of ofloxacin were subjected to MDSC to observe Tg 

due to the presence of high polymer content in conjugates. MDSC curves of HPC, ofloxacin 

and HPC-ofloxacin conjugate 7 are shown in Figure. 3.2.21. MDSC traces revealed that 

ofloxacin did not show Tg due to crystalline nature while HPC-ofloxacin conjugate 7 being 

amorphous exhibited Tg value 111.60  C. Tg values depend upon polymer content that’s why 

Tg value of HPC-ofloxacin conjugate 7 is lower than pure HPC (163.39 °C). Exhibition of Tg 

by the conjugate 7 may corresponds relatively long HPC chains which undergo cooperative 

motions.  
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Fig. 3.2.21. Overlaid DSC curves of HPC, ofloxacin and HPC-ofloxacin conjugate 7 

showing glass transition temperatures. 
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3.2.17. Powder X-ray diffraction analysis 

PXRD analysis was acquired to study crystallinity of HPC-ofloxacin conjugates. PXRD 

pattern of HPC-ofloxacin conjugate 7 showed less intense peaks of the drug perhaps due to 

covalent attachment with HPC. PXRD spectrum of conjugate 7 is shown in Figure 3.2.22 

along with the spectra of HPC and ofloxacin for comparison. 
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Fig. 3.2.22. PXRD patterns of HPC, ofloxacin and HPC-ofloxacin conjugate 7 showing 

crystalline and amorphous properties. 
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3.3. HPC-levofloxacin conjugates 

3.3.1. Prodrug design and characterization 

The synthesis of macromolecular prodrugs of fluoroquinolone antibiotic levofloxacin was 

carried out as ester conjugates of a hydrophilic polysaccharide HPC. TsCl was used for 

activation of carboxylic group of levofloxacin which then reacts with HPC to yield the ester 

prodrugs of levofloxacin (Scheme 3.3). All of the conjugates of levofloxacin were soluble in 

different aqueous and polar aprotic organic solvents.  Table 3.3.1 summarizes the reaction 

conditions and results of esterification reaction between HPC and levofloxacin. 

Hydroxypropylcellulose

N,N'-Dimethylacetamide

4-Methylbenzenesulfonyl chloride

Levofloxacin

70  C

24 h
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Scheme 3.3:  Schematic synthesis of levofloxacin prodrugs as HPC-levofloxacin conjugates 

using TsCl as a carboxylic acid activating agent. 
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3.3.2. Quantification of DC in HPC-levofloxacin conjugates by UV-Vis 

spectrophotometry 

DC of levofloxacin in HPC-levofloxacin conjugates was determined after basic hydrolysis of 

the conjugates. Quantification of drug in hydrolysate was carried out by UV-Vis 

spectroscopy after comparison with the calibration curve of standard, i.e., levofloxacin. The 

DS in term of number of groups per repeating unit of HPC was calculated from DC and 

found in the range of 0.57-0.64, corresponding to 35-38 wt % drug in the conjugate. DC and 

DS values calculated by UV-Vis spectrophotometric method are given in Table 3.3.1 

3.3.3. Quantification of DC from HPC-levofloxacin conjugates by HPLC/UV method 

HPLC was also carried out to calculate DC in HPC-levofloxacin conjugates and the values 

obtained were used to determine the DS of levofloxacin in the respective conjugates. The 

values obtained were in good agreement (33-37 wt % drug in the conjugate) with those 

obtained from UV-Vis spectrophotometry (Table 3.3.1).  

3.3.4. Determination of DS by acid-base titration method 

All newly synthesized prodrugs of levofloxacin (10-13) were subjected to acid-base titration 

method to confirm DS of levofloxacin onto HPC. DS values were found in the range of 0.55-

0.61/repeating unit of HPC confirming the successful syntheses of high drug loaded 

conjugates. The results obtained are shown in Table 3.3.1.  
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Table 3.3.1. Reaction conditions and results of synthesis of levofloxacin prodrugs based on 

HPC (1.0 g) as HPC-levofloxacin conjugates.  

Sample Molar Ratio
a
 Yield (g, %) DC

b
 DC

c
 DS

d
 DS

e
 Solubility 

10 1:2:2:4 1.28, 83 35 33 0.57 0.55 H2O, DMF, DMSO, DMAc 

11 1:3:3:6 1.38, 86 38 37 0.64 0.61 H2O, DMF, DMSO, DMAc 

12 1:4:4:8 1.35, 85 37 35 0.62 0.60 H2O, DMF, DMSO, DMAc 

13 1:5:5:10 1.32, 84 36 37 0.60 0.58 H2O, DMF, DMSO, DMAc 

a
HPC repeating unit:levofloxacin:TsCl:TEA. 

b
DC calcd. by UV-Vis spectroscopy (mg 

drug/100 mg conjugate) after basic hydrolysis of the samples from standard`s calibration 

curves at max 271.5 nm. 
c
DC calcd. by HPLC/UV method (mg drug/100 mg conjugate) 

after basic hydrolysis of the samples and neutralization at max 294.5 nm. 
d
DS calcd. per 

HPC repeating unit from UV-Vis data. DS
e
 calcd. by acid base titration. 

 

3.3.5. FTIR spectroscopy of HPC-levofloxacin conjugate 11 

FTIR (KBr) spectra of HPC-levofloxacin conjugates were recorded. As a typical example, 

FTIR spectrum of a HPC-levofloxacin conjugate 11 is shown in Figure 3.3.1 which showed 

successful esterification of levofloxacin with HPC by the significant shift in the carboxylic 

carbonyl of levofloxacin from 1708 cm
-1

 to 1736 cm
-1

 as ester carbonyl of the conjugate. The 

CH2 absorptions were noted in spectrum at 1466 cm
-1

. The presence of COC, CH2 and 

remaining free hydroxyls can be seen in spectrum of conjugate 11. For reference, FTIR 

spectra of HPC and levofloxacin are also being shown overlaid (see Fig. 3.3.1) 
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Fig. 3.3.1. Overlaid FTIR (KBr) spectra of HPC, levoxfloxacin and HPC-levofloxacin 

conjugate 11. 

 

3.3.6.
 1

H NMR spectroscopy 

The structural elucidation of newly synthesized HPC-levofloxacin conjugates was carried out 

by NMR spectroscopy. The 
1
H NMR (500 MHz) spectrum of HPC-levofloxacin conjugate 

11, levofloxacin and HPC were acquired in DMSO-d6. Spectrum (Fig. 3.3.3) was compared 

with the spectra of HPC and unmodified drug to confirm the covalent linking of the drug to 

polymer. The aromatic protons H-10 and H-11 appeared at δ 8.96 and 7.53 ppm, respectively. 
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Levofloxacin drug was covalently bonded to the HPC backbone as signals of free carboxylic 

protons of drug were absent in the spectrum of conjugate confirming the conversion of acid 

group to ester. There were two types of protons (H-15, H-16) on piperazine ring; H-16 

appeared at δ 2.43 ppm whereas H-15 signal (δ 3.35 ppm) overlapped with signals of HPC 

repeating unit protons but could be identified due to its high intensity. The morpholine ring 

protons (H-12-H-14) of levofloxacin molecule were also recognizable in spectrum of 

conjugate 11 at δ 4.78-4.52 ppm overlapping with HPC repeating unit protons. Protons 

signals of methyl groups (H-17 and H-18) of levofloxacin drug were recognizable at δ 2.20 

and 1.37 ppm, respectively. The methyl signal H-9 of HPC could be identified at δ 0.98 ppm. 

All protons of HPC repeating unit were detectable at δ 3.04-4.41 ppm. Hence, the presence of 

signals of all drug protons and HPC repeating unit protons in the 
1
H NMR spectrum of HPC-

levofloxacin conjugate 11 and absence of free COOH signals have indicated the successful 

synthesis of MPD of levofloxacin based on HPC. 
1
H NMR spectra of HPC and levofloxacin 

are also given in Figure 3.1.2 and Figure 3.3.2, respectively for comparison.   

 

H12
H14

H13

H17

H18

DMSO-d6

H10

H11

H15

H16

N

O

N

N

O

OH

O

F

H3C
CH3

H

H

H

10

11

12

13
14

1815
1617

 

Fig. 3.3.2. 
1
H NMR spectrum (500 MHz, DMSO-d6) of levofloxacin. 
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Fig. 3.3.3. 
1
H NMR spectrum (500 MHz, DMSO-d6) of HPC-levofloxacin conjugate 11. 

 

3.3.7. 
13

C NMR spectroscopy 

13
C NMR spectrum (500 MHz, ppm, DMSO-d6) of HPC-levofloxacin conjugate 11 

confirmed the success of covalent linkage of the drug with HPC which is evident form the 

upfield shift of carbonyl of carboxylic acid (C-10) signal after esterification.  In the 
13

C NMR 

spectrum of  levofloxacin, signal of carbonyl of carboxylic acid appears at δ 167.28 ppm (Fig 

3.3.4), which was  shifted upfield to δ 164.23 ppm in the 
13

C NMR spectrum of HPC-

levofloxacin conjugate 11 (Fig 3.3.5) confirming the conversion of carboxylic acid of 

levofloxacin into ester moiety. Aromatic region of substituted levofloxacin onto HPC was 

detectable at δ 121.17 (C-13), 109.21 (C-14), 145.09 (C-15), 129.22 (C-16), 140.51 (C-17), 

125.19 (C-18) and 156.82 (C-19) ppm that are assigned in Figure 3.3.5 as well. The 

piperazine ring signals of C-23 and C-24 appeared at δ 47.62 ppm while C-22 and C-25 

appeared at 54.02 ppm. The morpholine ring signal (C-20) in levofloxacin drug molecule was 

found at δ 55.53 ppm and signal of C-21 was found overlapped with signals of C-6-8 at δ 

68.29-66.17 ppm. In levofloxacin, aromatic ring contains oxo group which appeared at 

175.62 ppm. The N-CH3 and C-CH3 were also recognized at δ 43.12 ppm (C-26) and δ 18.19 

ppm (C-27), respectively. Regarding HPC repeating unit, C-1 appeared at δ 101.97-103.39 
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ppm overlapping with C-11. The signals of C-2-5 were detectable at δ 78.31-73.85 ppm. 

Moreover, methyl signals of HPC repeating unit appeared at δ 20.40-15.94 ppm. 

 The NMR spectral data has revealed the success of reaction due to appearance of an ester 

carbonyl signals along with the presence of all vital signals of aromatic, piperazine ring, 

morpholine ring and HPC protons and carbons.  
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Fig. 3.3.4. 
13

C NMR spectrum (500 MHz, 5000 scans, DMSO-d6) of levofloxacin. 
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Fig. 3.3.5. 
13

C NMR spectrum (500 MHz, 5000 scans, DMSO-d6)  of HPC-levofloxacin 

conjugate 11. 
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3.3.8. HSQC spectroscopy 

The structures of HPC-levofloxacin conjugates were also confirmed by 2D NMR technique 

such as HSQC. The C-H coupling was confirmed by HSQC NMR. Figure 3.3.6. represents 

the HSQC spectrum of HPC-levofloxacin conjugate 11 showing coupled carbons and 

hydrogens. The 
1
H and 

13
C NMR spectra of HPC-levofloxacin conjugate 11 were assigned 

with the help of HSQC spectrum. 
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Fig. 3.3.6. HSQC NMR spectrum of HPC-levofloxacin conjugate 11. 
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3.3.9. Scanning electron microscopy   

High-resolution SEM images of HPC-levofloxacin conjugate 11 were obtained for 

topographical characterization. SEM images of as synthesized HPC-levofloxacin conjugate 

11 showed it as  pourous low density aggregate which are shown in Figure 3.3.7.   

 

 

Fig. 3.3.7 SEM images of HPC-levofloxacin conjugate 11. 

 

3.3.10. Transmission electron microscopy  

The amphiphilic nature of all the HPC-levofloxacin conjugates synthesized in different molar 

ratios was confirmed by the formation of nano-assemblies in solution. Solvent diffusion 

method was used for the preparation of solution of HPC-levofloxacin conjugates which self-

assembled in the form of nanoparticles showing the underlying alternating balance of 

hydrophilic-hydrophobic ends in the synthesized conjugates. These nanoparticles range in 

size from 200-400 nm and TEM image of nanoparticles of HPC-levofloxacin conjugate 15 is 

shown in Fig 3.3.8. 
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Fig. 3.3.8. TEM images of HPC-levofloxacin conjugates 11. 

 

3.3.11. Size exclusion chromatography 

The purpose of the study was to monitor degradation of HPC along with DP calculation. 

Molar mass distribution of HPC-levofloxacin conjugate 11 was analyzed by SEC. The mass 

distribution (Mn, Mw and Mz) values confirmed that prodrug 11 is macromolecule and no 

significant degradation of HPC occurred during the synthesis of HPC-levofloxacin conjugate 

11.  The values for Mn, Mw and Mz were found to be 1.031×10
5
, 1.102×10

5
 and 1.251×10

5
 g 

mol
-1

, respectively. The PDI value was found to be 1.068 confirming conjugate 11 a 

monodisperse system. DP value was calculated from molar mass distribution of HPC-

levofloxacin conjugate 11 and was found to be 190 revealing small degradation in polymer 

HPC backbone. A typical SEC chromatogram of conjugate 11 is shown in Figure 3.3.9.  
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Fig. 3.3.9. SE chromatogram of HPC-levofloxacin conjugate 11. 

 

3.3.12. Drug release studies 

The levofloxacin release study from the HPC-levofloxacin conjugate 11 was carried out by 

dialysis method at simulated gastric and colon pH (Fig. 3.3.10) at 37 C. The release of free 

levofloxacin is a result of hydrolysis of ester bond in HPC-levofloxacin conjugate 11. The 

rate of release was different at different pH being faster at pH 7.4 than at pH 1.2. Conjugate 

11 released about 1.1% and 14.8% levofloxacin in first 30 min and 6 h, respectively, at pH 

1.2. Levofloxacin release from conjugate 11 was found about 3.7% and 44.1% after 30 min 

and 6 h, respectively, at pH 7.4. The higher rate of drug release from HPC-levofloxacin 

conjugate 11 at pH 7.4 confirms that the prodrug of levofloxacin is targeting the intestine for 

release of drug and showing sustained release as well. 
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Fig. 3.3.10. Overlaid plot of levofloxacin release from HPC-levofloxacin conjugate 11 in 

SGF and SIF. 

 

3.3.13. Drug release kinetics 

The kinetics of drug release from conjugate 11 was evaluated following the hydrolysis 

method. The plot of ln(qe-qt) vs. time shown in Figure 3.3.11 showed that the pseudo first 

order hydrolysis model of kinetics provided best fit to the experimental data. Moreover, rate 

of hydrolysis was much higher at basic medium (pH 7.4). It was also observed that the 

release of drug was time dependent and increased with the passage of time.  
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Fig. 3.3.11. Overlaid plot of pseudo first order release kinetics of levofloxacin from HPC-

levofloxacin conjugate 11 in SGF and SIF. 

  

3.3.14. Pharmacokinetic studies 

A rabbit model was used to evaluate the bioavailability and pharmacokinetic parameters of 

levofloxacin release from HPC-levofloxacin conjugate 11. During the study, the blood 

plasma levels of levofloxacin from HPC-levofloxacin conjugate 11 were compared with 

levofloxacin used as a control. A simple reverse phase HPLC/UV method was developed and 

validated for the pharmacokinetic studies of levofloxacin in rabbit plasma samples. The 

method validation parameters evaluated are summarized in Table 3.3.2.   
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Table 3.3.2. HPLC/UV method validation parameters of HPC-levofloxacin conjugate 11. 

No. Parameter 

HPC-levofloxacin conjugate 11 

(Mean) 

 1 Concentration range 5-50 μg mL
-1 

2 LOD 50 ng mL
-1

 

3 LOQ 100 ng mL
-1

 

4 Linear regression co-efficient (r
2
) 0.9982 

5 Precision Intra-day (RSD)* 0.532% 

6 Precision Inter-day (RSD)* 0.387% 

7 Accuracy (% recovery)* 98.93% 

8 Repeatability (RSD)* 0.347% 

*Each value is mean of six observations 

 

The mean concentration values of levofloxacin in rabbit blood plasma at different times after 

the administration of levofloxacin and HPC-levofloxacin conjugate 11 are summarized in 

Table 3.3.3.  
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Table 3.3.3. Comparison of (the mean ± SEM) plasma concentration vs. time profile after 

oral administration of HPC-levofloxacin conjugate 11 (27 mg) equivalent to  levofloxacin (10 

mg) to 12 rabbits. 

Sample 

No. 

Time 

(h) 

 Levofloxacin Conc. (μg/mL) 

(the mean ±  SEM) 

HPC-levofloxacin conjugate 11 

Conc. (μg/mL) (the mean ±  SEM) 

1 0.17 1.58 ± 0.13 0.22 ± 0.09 

2 0.33 1.93 ± 0.09 0.45 ± 0.1 

3 0.5 2.39 ± 0.03 1.01 ± 0.03 

4 1 2.89 ± 0.1 1.57 ± 0.07 

5 2 3.43 ± 0.04 2.78 ± 0.08 

6 4 2.28 ± 0.09 3.91 ± 0.04 

7 6 1.78 ± 0.1 3.19 ± 0.08 

8 8 1.59 ± 0.05 2.51± 0.1 

9 12 1.33 ± 0.08 1.89 ± 0.1 

10 24 0.78 ± 0.05 1.41 ± 0.3 

11 36 0.23 ± 0.07 0.97 ± 0.05 

 

 

The plasma concentration vs. time curves for HPC-levofloxacin conjugate 11 and 

levofloxacin are shown in Figure 3.3.12, while results are summarized in Table 3.3.4.  



126 

 

 

Fig. 3.3.12. Overlaid plot of mean plasma concentration vs. time after oral administration of 

27 mg of HPC-levofloxacin conjugate 11 (equal to 10 mg levofloxacin) to 12 rabbits. 

 

It is evident from overlay plasma curves (Fig. 3.3.12) that absorption of levofloxacin from the 

conjugate is significantly delayed as compared to the drug. The pharmacokinetic parameters 

such as tmax and t1/2 values for HPC-levofloxacin conjugate 11 were found to be 4.0 h and 

18.08 h, respectively whereas; the values of these parameters were 2.0 h and 6.63 h, 

respectively, for drug. Moreover, the relative bioavailability of levofloxacin from conjugate 

11 was slightly higher than drug in the rabbit. The AUC0-∞ of HPC-levofloxacin conjugate 11 

is also significantly higher than that of the drug that could be of therapeutic importance for 

the patients in terms of lower variability between patients and between administration times, 

lower drug costs, and reduced side effects. The peak plasma concentration (Cmax) mean values 

from conjugate and the drug are 3.91 μg mL
-1

 and 3.43 μg mL
-1

, respectively, indicating that 

the required therapeutic amount of drug can be obtained from an acceptable size tablet of 

HPC-levofloxacin conjugate 11. It was also observed that the amount of conjugates given to 

the rabbits did not cause any side effect or high drug plasma concentration excursions at this 

dosage level. The t1/2 value imparted to conjugate was observed 18.08 h, which was long 
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enough to consider the prodrug for once daily dosing thus providing the patient compliance in 

elderly.  

 

Table 3.3.4. Pharmacokinetic data after single oral dose of HPC-levofloxacin conjugate 11 

(27 mg) equivalent to active drug levofloxacin (10 mg). 

Parameter    Levofloxacin Levofloxacin from  

HPC-levofloxacin conjugate 11 

tmax (h) 2.0  4.0 

Cmax (μg ml
-1

) 3.43 ± 0.04  3.91 ± 0.04  

t1/2 (h) 6.63 ± 0.03  18.08 ± 0.97 

AUC0-∞ (h μg ml
-1

) 47.85 ± 0.2  90.67 ± 1.34 

Vd (L Kg
-1

) 4.56 ± 0.32  2.88 ± 0.12  

Cl (L h
-1

) 0.21 ± 0.08  0.11 ± 0.04  

 

 

3.3.15. Thermogravimetric analysis and degradation kinetics 

Two step degradations were observed for levofloxacin as well as HPC-levofloxacin conjugate 

11 (Fig. 3.3.13-14). Tdi, Tdm and Tdf values of unmodified drug and conjugate 11 were 

obtained from TG and DTG curves (Table 3.3.5). The first step degradation of levofloxacin 

began at 282.77 °C (Tdi) and ended at 415.97 °C (Tdf)  passing through a maximum 

decomposition temperature (Tdm) of 358.25 °C with a weight loss of 52.46%. The 

degradation of second step was observed at (Tdi) 492.43°C. It showed a maximum 

decomposition temperature (Tdm) 623.77 °C ending at (Tdf) 685.04 °C with a total weight 

loss of 97.16 %. The first step decomposition of HPC-levofloxacin conjugate 11 began at 

(Tdi) 237.37 °C and ended at (Tdf) 431.07 °C with a total weight loss of 55.03 %. This step 
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showed a maximum decomposition temperature (Tdm) 287.41 °C. Decomposition in the 

second step started at (Tdi) 510.17 °C, passed through a maximum decomposition 

temperature (Tdm) 640.91 °C ended at 732.92 °C. Total weight loss in this step was 96.43 % 

and char yield was found to be 1.69 % at 766 °C. 
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Fig. 3.3.13. Overlaid TG curves of HPC, levofloxacin and HPC-levofloxacin conjugate 11 

showing degradation patterns. 
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Fig. 3.3.14. Overlaid DTG curves of HPC, levofloxacin and HPC-levofloxacin conjugate 11 

showing degradation patterns. 
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Thermogravimetric analyses of HPC, levofloxacin and HPC-levofloxacin conjugate 11 

shows that the formation of conjugates has stabilized the drug. Although the degradation of 

conjugate starts earlier than drug but the rate of degradation of HPC-levofloxacin conjugate 

11 is much lower than that of levofloxacin. The lower thermal degradation rate of conjugate 

11 not only indicates thermal stability imparted to the conjugate but also the amorphous 

character acquired due to attachment to HPC.  

 

Table 3.3.5. Thermal degradation profile of HPC-levofloxacin conjugate 11 in comparison 

with levofloxacin; Tdi, Tdm, Tdf = Initial, maximum, final thermal decomposition 

temperature. 

Sample Steps 

Tdi 

(°C) 

Tdm 

(°C) 

Tdf 

(°C) 

Weight loss 

 % at Tdf 

Char yield  

Wt. (%) 

Levofloxacin 

I 282.77 358.25 415.97 52.46 1.88 at  

766 °C II 492.43 623.77 685.04 97.16 

HPC-levofloxacin 

conjugate 11 

I 237.37 287.41 431.07 55.03 1.69 at  

766 °C II 510.17 640.91 732.92 96.43 

 

 

Friedman, Broido and Chang differential kinetic models were applied to the thermal 

degradation data of levofloxacin and HPC-levofloxacin conjugate 11 for the calculation of 

activation energy (Ea) of each step of thermal degradation. The frequency factor (Z) was 

determined using the Friedman and Chang models (Table 3.3.6). The Ea value for first 

degradation step of levofloxacin was in the range of 121.39-137.19 kJ mol
-1

 whereas, Ea 

values for the second degradation step were found in the range of 87.88-114.33 kJ mol
-1

. The 

Ea values for first and second degradation steps of HPC-levofloxacin conjugate 11 were in 
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the ranges of 135.19-145.59 kJ mol
-1

 and 108.25-116.40 kJ mol
-1

 respectively. The n as 

calculated by using the Chang and Kissinger models (see Table 3) indicates that each 

degradation step of levofloxacin and conjugate 11 follows first order kinetics. 

Thermodynamics of degradation reactions in terms of ∆H, ∆G and ∆S were also calculated 

by using Eyring-Polanyi equation for both prodrug 11 and unmodified drug. ∆H, ∆G and ∆S 

values for first degradation step of HPC-levofloxacin conjugate 11 were in the ranges of 

130.53-140.92 kJ mole
-1

, 140.29-145.80 kJ mole
-1 

and -8.70 to -18.38 kJ mole
-1

, respectively,
 

as compared to first step of levofloxacin for which these values were observed in the ranges 

of 116.05-131.85 kJ mole
-1

, 161.16-165.38 kJ mole
-1

 and -52.22 to -72.61 kJ mole
-1

, 

respectively. For the second degradation step of HPC-levofloxacin conjugate 11, ∆H, ∆G and 

∆S values were found in the ranges of 100.64-108.79 kJ mole
-1

,
 
260.74-263.45 kJ mole

-1
 and 

-166.77 to -174.94 kJ mole
-1

, respectively. These values are consistent with those for 

unmodified drug. All these values are shown in Table 3.1.6 for comparison. The comparable 

thermodynamic values of levofloxacin and HPC-levofloxacin conjugate 11 indicate that 

levofloxacin remains thermally stable after its attachment to HPC. 

Thermal stability of conjugate 11 and levofloxacin was also evaluated in terms of integral 

procedure decomposition temperature (IPDT) and index of thermal stability (ITS) values. As 

these parameters are calculated from area TG curve and TG curves of both levofloxacin and 

conjugate 11 shows almost equal area under cover, hence the IPDT and ITS values were 

found to be comparable and are shown in Table 3.3.6. Thermally stable prodrugs may have 

higher shelf-life of drugs bonded in it as it is also evident from literature (Giron, 2002)  
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Table 3.3.6. Thermal degradation kinetics, thermodynamic parameters, ITS and IPDT 

evaluation of HPC-levofloxacin conjugate 11 in comparison with levofloxacin.  

Sample Method Step R
2
 n 

Ea 

(kJ/mol) 

lnZ ∆H ∆S ∆G ITS 

IPDT 

(°C) 

Levofloxacin 

Friedman 

I 

0.999 - 121.39 23.28 116.05 -72.61 162.68 

0.48 474 

Broido 0.999 - 137.19 25.61 131.85 -52.22 165.38 

Chang 0.997 1 129.79 25.07 124.45 -57.17 161.16 

Kissinger  - 1 - - - - - 

Friedman 

II 

0.999 - 87.88 10.13 79.88 -194.69 267.21 

Broido 0.999 - 114.33 14.29 106.33 -157.91 258.26 

Chang 0.999 1 106.72 12.96 98.72 -169.59 261.89 

Kissinger  - 1 - - - - - 

HPC-

levofloxacin 

Conjugate 11 

Friedman 

I 

0.999 - 135.19 29.29 130.53 -18.38 140.84 

0.46 464 

Broido 0.999 - 145.59 30.38 140.92 -8.70 145.80 

Chang 0.997 1 139.02 30.20 134.35 -10.58 140.29 

Kissinger  - 1 - - - - - 

Friedman 

II 

0.997 - 108.25 12.15 100.64 -174.94 260.74 

Broido 0.999 - 115.32 12.66 107.71 -170.17 263.45 

Chang 0.998 1 116.40 13.06 108.79 -166.77 261.41 

Kissinger  - 1 - - - - - 

 

Figures 3.3.15-20 represents the straight line graphs plotted by Friedman, Broido and Chang 

kinetic models for the calculation of Ea, lnZ and n. 
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Fig. 3.3.15. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and lnZ on TG data of levofloxacin; a) Step 1, b) Step 2. 
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Fig. 3.3.16. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea, on TG data of levofloxacin; a) Step 1, b) Step 2. 
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Fig. 3.3.17. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of levofloxacin; a) Step 1, b) Step 2. 
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Fig. 3.3.18. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and ln Z on TG data of HPC-levofloxacin conjugate; a) Step 1, b) Step 2. 
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Fig. 3.3.19. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea, on TG data of HPC-levofloxacin conjugate; a) Step 1, b) Step 2. 

-2.1

-2.0

-1.8

-1.7

1.90 1.91 1.92 1.92 1.93

ln
 [

(d
α

/d
t)

 /
 (

1
-

α
)n

]

1000/T (K-1)

-2.1

-2.0

-2.0

-1.9

1.21 1.22 1.22 1.22 1.22

ln
 [

(d
α

/d
t)

 /
 (

1
-

α
)n

]

1000/T (K-1)

a) b)

 

Fig. 3.3.20. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of HPC-levofloxacin conjugate; a) Step 1, b) 

Step 2. 
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3.3.16. Modulated Differential Scanning Calorimetry  

HPC based macromolecular prodrugs of levofloxacin exhibited glass-transition temperatures 

(Tg) which is an indication of amorphous character imparted to drugs in conjugates.  MDSC 

heating curves of HPC, levofloxacin and HPC-levofloxacin conjugate 11 are shown in Figure 

3.3.21. Tg values of HPC decreased with increasing drug content; covalently linked to the 

protruding hydroxypropyl groups on the polymer backbone chain. The DSC curve of 

levofloxacin does not show any Tg value thus proving its plasticizer nature. The Tg value of 

HPC decreases from 163.49 °C to 113.85 °C in HPC-levofloxacin conjugate 11, due to 

presence of covalently linked levofloxacin. Tg exhibited by conjugate 11 may corresponds to 

the cooperative motions of the HPC long chains. 
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Fig. 3.3.21. Overlaid DSC curves of HPC, levofloxacin and HPC-levofloxacin conjugate 11 

showing glass transition temperatures. 
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3.3.17. Powder X-ray diffraction analysis 

X-ray diffraction patterns of powdered samples of HPC, levofloxacin and HPC-levofloxacin 

conjugate 11 are shown in Figure 3.3.22. The X-ray diffraction pattern of levofloxacin 

confirms the crystalline morphology in contrast to the HPC-levofloxacin conjugate 11 which 

revealed both amorphous as well as crystalline characteristics.  This dual morphology is due 

to the attachment of drug to the HPC backbone chain. Anyhow, the dual character imparted 

to the conjugates makes it both organo as well as aqueous soluble.  
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Fig. 3.3.22. PXRD patterns of HPC, levofloxacin and HPC-levofloxacin conjugate 11 

showing crystalline and amorphous properties. 
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 3.4. HPC-ciprofloxacin conjugates 

3.4.1. Prodrug design and characterization 

Ciprofloxacin is a second generation fluoroquinolone antibiotic. MPDs of ciprofloxacin were 

prepared by reacting it with a hydrophilic polysaccharide HPC. For the activation of drug’s 

carboxylic acid, TsCl was used. These reactions were performed under homogeneous 

reaction conditions. TEA base was used to neutralize the acidic moieties. This reaction 

strategy is being summarized in Scheme 3.4.  
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Scheme 3.4:  Schematic synthesis of ciprofloxacin prodrugs as HPC-ciprofloxacin 

conjugates using TsCl as a carboxylic acid activating agent. 
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Ciprofloxacin prodrugs were synthesized under mild reaction conditions (24 h at 70 °C under 

N2 and stirring) and the products obtained were soluble in both aqueous and polar aprotic 

organic solvents (DSMO, DMAc, DMF). Ciprofloxacin was added to the solution of DMAc 

containing HPC, TsCl and TEA. The reaction was allowed to proceed for 24 h. Easy work up 

reaction ended with good yields and DS. Table 3.4.1 summarizes the reaction conditions and 

results of esterification reaction to fabricate MPDs of ciprofloxacin.  

3.4.2. Quantification of DC in HPC-ciprofloxacin conjugates by UV-Vis 

spectrophotometry 

As reported earlier in discussion, ester conjugates of ciprofloxacin were hydrolyzed to 

determine the DC (mg of drug in 100 mg of conjugate). The DS of ciprofloxacin was 

calculated from DC values and found 0.87-1.15/repeating unit of HPC which corresponds to 

DC values in the range of 43-50 % (see Table 3.4.1). 

3.4.3. Quantification of DC in HPC-ciprofloxacin conjugates by HPLC/UV Method 

A simple HPLC/UV method for the determination of DC from HPC-ciprofloxacin conjugates 

has been developed. The DC values obtained via HPLC/UV method have been summarized 

in Table 3.4.1.  The DC values calculated by HPLC/UV method and with UV-Vis 

spectrophotometric method were found to be in good agreement with each other. 

3.4.4. Determination of DS by acid-base titration method 

Acid-base titration method was also used to calculate DS of ciprofloxacin in all conjugates of 

ciprofloxacin (14-17). DS values (0.85-1.13/repeating unit of HPC) calculated by acid-base 

titration method not only confirmed high drug loading but also the accuracy of UV-Vis 

spectrophotometric method as the values obtained by both of the methods were quite 

consistent. The results obtained are shown in Table 3.4.1.  
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Table 3.4.1. Reaction conditions and results of synthesis of HPC-ciprofloxacin conjugates 

(prodrugs) based on HPC (1.0 g). 

Sample Molar Ratio
a
 Yield (g, %) DC

b
 DC

c
 DS

d
 DS

e
 Solubility 

14 1:2:2:4 1.43, 81 43 42 0.87 0.85 H2O, DMF, DMSO, DMAc 

15 1:3:3:6 1.76, 88 50 48 1.15 1.13 H2O, DMF, DMSO, DMAc 

16 1:4:4:8 1.60, 85 47 46 1.02 1.01 H2O, DMF, DMSO, DMAc 

17 1:5:5:10 1.51, 83 45 43 0.94 0.92 H2O, DMF, DMSO, DMAc 

a
HPC:ciprofloxacin:TsCl:TEA. 

b
DC calcd. by UV-Vis spectroscopy at max 272 nm. 

c
DC 

calcd. by HPLC/UV method at max 278.5 nm. 
d
DS calcd. per HPC repeating unit from UV-

Vis data. DS
e
 calcd. by acid base titration. 

 

3.4.5. FTIR spectroscopy of HPC-ciprofloxacin conjugate 15 

FTIR (KBr) spectra of HPC-ciprofloxacin conjugates were recorded. By comparing the 

spectrum of HPC and unmodified ciprofloxacin with that of conjugate 15, formation of ester 

functionality can easily be accessed from the shifting of the carbonyl group absorptions of 

free carboxylic group in ciprofloxacin from 1707 cm
-1

 to 1731 cm
-1

 in HPC-ciprofloxacin 

conjugate 15. The overlay FTIR spectra of HPC, ciprofloxacin and its conjugate 15 are 

shown in Figure 3.4.1 in self-explanatory fashion. 
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Fig. 3.4.1. Overlaid FTIR (KBr) spectra of HPC, ciproxfloxacin and HPC-ciprofloxacin 

conjugate 15. 

 

3.4.6.
 1

H NMR spectroscopy 

1
H NMR (500 MHz, DMSO-d6) spectrum of HPC-ciprofloxacin conjugate 15 showed the 

appearance of aromatic protons (H-10, H-11 and H-12) of ciprofloxacin at δ 8.62, 7.87 ppm 

and 7.54 ppm, respectively. The absence of proton signal of carboxylic group of drug in the 

spectrum of conjugate also indicated the successful esterification of ciprofloxacin with HPC. 
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Proton signals of piperazine ring (H-13, H-14 and H-15) were found at δ 3.37, 3.06 and 3.76 

ppm, respectively, overlapped with HPC backbone protons at δ 2.85-4.74 ppm. The proton 

signals of cyclopropyl ring (H-16 and H-17) appeared at δ 1.10 and 1.28 ppm, respectively 

overlapping with H-9 of HPC at δ 0.992 ppm. H-18 of cyclopropyl ring appeared at δ 2.06 

ppm due to different environment. The presence of all the proton signals of ciprofloxacin as 

well as HPC confirmed the successful synthesis of HPC-ciprofloxacin conjugate 15. 
1
H NMR 

spectra of ciprofloxacin and HPC-ciprofloxacin conjugate 15 are given in Figure 3.4.2 and 

3.4.3 for comparison. 
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Fig. 3.4.2. 
1
H NMR spectrum (500 MHz, DMSO-d6) of  ciprofloxacin. 
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Fig. 3.4.3. 
1
H NMR spectrum (500 MHz, DMSO-d6) of HPC-ciprofloxacin conjugate 15. 
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3.4.7. 
13

C NMR spectroscopy 

Figure 3.4.5 shows the 
13

C NMR spectrum (500 MHz, ppm, DMSO-d6) of HPC-ciprofloxacin 

conjugate 15. Chemical shift value of acid carbonyl (C-19) from δ 166.63 to δ 163.74 ppm as 

an ester carbonyl reveals the success of synthesis of HPC-ciprofloxacin conjugate 15 as an 

ester moiety. Carbon signal of oxo group (C-16) was observed at δ 176.80 ppm. Carbon 

signals of aromatic region of ciprofloxacin in HPC-ciprofloxacin conjugate 15 appeared at δ 

154.62 (C-11), 148.56 (C-14), 144.39 (C-18), 139.46 (C-12), 119.63 (C-15), 111.56 (C-10) 

and 107.55 (C-13, 17) ppm that are assigned in Fig. 3.4.5 as well. The piperazine ring signals 

of C-23 and C-26 appeared at δ 49.19 ppm while C-24 and C-25 appeared at δ 46.03 ppm. 

The signal of C-20 in cyclopropyl ring of ciprofloxacin was found at δ 36.32 ppm and signal 

of equivalent carbons (C-21 and C-22) appeared further up field at δ 8.00 ppm. C-1 signal 

which corresponds to HPC repeating unit appeared at δ 102.69 ppm while C-6 and C-8 

appeared at δ 65.45 ppm. The signals of C-2 and C-7 of HPC were detectable at δ 74.91 ppm. 

The remaining HPC carbons C3-5 appeared at δ 76.53- 82.78 ppm. Moreover, different 

methyl signals of HPC repeating unit were detectable at δ 21.49-20.67 ppm. The significant 

upfield shift in carbonyl signal after esterification of ciprofloxacin in HPC-ciprofloxacin 

conjugate 15 has revealed the success of reaction along with the presence of all other vital 

signals in spectrum.  
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Fig. 3.4.4. 
13

C NMR spectrum (500 MHz, 5000 scans, DMSO-d6) of ciprofloxacin. 
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Fig. 3.4.5. 
13

C NMR spectrum (500 MHz, 5000 scans, DMSO-d6) of HPC-ciprofloxacin 

conjugate 15. 

 

3.4.8. HSQC spectroscopy 

HSQC NMR spectrum of HPC-ciprofloxacin conjugate 15 was also generated for complete 

structural characterization. Figure 3.4.6 represents HSQC NMR spectrum of conjugate 15 

revealing all C-H couplings. 
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Fig. 3.4.6. HSQC NMR spectrum of HPC-ciprofloxacin  conjugate 15. 

 

3.4.9. Scanning electron microscopy  

Surface morphology of HPC-ciprofloxacin conjugate 15 was also ivestigated by SEM 

analysis. Like other fluoroquinolone conjugates, topographic images of newly synthesized 

conjugate 15 revealed them as porous aggregates.  Figure 3.4.7 shows the images of conjuate 

15 at different magnifications.     
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Fig. 3.4.7. SEM images of HPC-ciprofloxacin conjugate 15. 

 

3.4.10. Transmission electron microscopy  

All the HPC-ciprofloxacin conjugates were subjected to TEM analyses to study self-assembly 

behavior. For this purpose, HPC-ciprofloxacin conjugates were dialyzed at solvent interface 

of DMSO/water. Among ciprofloxacin conjugates, only conjugate 15 showed defined 

nanoparticulate self-assembly behavior.  The TEM images (Fig. 3.4.8) confirmed fabrication 

of nanoparticles (150-300 nm) for conjugate 15 at solvent interface.  Self-assembling of the 

conjugate to nanoparticles may be attributed to the amphiphilic nature of the prodrug. 

 

300 nm1 µm
 

Fig. 3.4.8. TEM images of HPC-ciprofloxacin conjugate 15. 
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3.4.11. Size exclusion chromatography  

SEC was performed to investigate Mn, Mw, Mz and PDI of HPC-ciprofloxacin conjugate 15. 

The mass distribution values were not much lesser than those for HPC indicating stability of 

HPC during the synthesis of HPC-ciprofloxacin conjugate 15.  The Mn, Mw and Mz values 

calculated were 9.121×10
4
, 1.097×10

5
 and 1.17×10

5
 g mol

-1
, respectively. The PDI value 

calculated was 1.20 indicating conjugate 15 a monodisperse system. DP value for HPC-

ciprofloxacin conjugate 15 was calculated 152 from molar mass distribution. A typical SEC 

chromatogram of conjugate 15 is shown in Figure 3.4.9. 

 

 

Fig. 3.4.9. SE chromatogram of HPC-ciprofloxacin conjugate 15. 

  

3.2.12. Drug release studies 

In vitro release of ciprofloxacin from HPC-ciprofloxacin conjugate 15 was studied on a 

dissolution paddle apparatus at two simulated pH values; gastric pH (1.2) and colon pH (7.4). 

Dialysis bag method was used for the release of ciprofloxacin from the conjugates. Due to 

ester linkage between the drug and polymer, the drug release was followed by the hydrolysis 

of the ester linkage. HPC-ciprofloxacin conjugate 15 showed faster ciprofloxacin release at 
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pH 7.4 as compared to the gastric pH (1.2). Only 15% ciprofloxacin was released in first 6 h 

at SGF in contrast to 43% at SIF. The higher drug release rate at basic pH from HPC-

ciprofloxacin conjugate 15 attributed to the colon targeted prodrug design for ciprofloxacin 

like other fluoroquinolones antibiotics as discussed in previous sections. Release of 

ciprofloxacin from conjugate 15 in SGF and SIF is shown in Figure 3.4.10. 

 

 

Fig. 3.4.10. Overlaid plot of ciprofloxacin release from HPC-ciprofloxacin conjugate 15 in 

SGF and SIF. 

 

3.2.13. Drug release kinetics 

The drug release kinetics of HPC-ciprofloxacin conjugate 15 was studied using a method of 

hydrolysis kinetics. The release data obtained at both pH values was subjected to pseudo first 

order kinetic model.  A straight line graph plotted between ln (qe-qt) and time (Fig. 3.4.11) 

confirmed that pseudo first order provided the best fit on hydrolytic ciprofloxacin release 

data. Moreover, it can be stated that the ciprofloxacin release from conjugate 15 was time 

dependent and increased with the passage of time.  
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Fig. 3.4.11. Overlaid plot of pseudo first order hydrolysis kinetics of HPC-ciprofloxacin 

conjugate 15 in SGF and SIF. 

 

3.4.14. Pharmacokinetic studies 

The bioavailability and pharmacokinetic profiles of ciprofloxacin released from HPC-

ciprofloxacin conjugate 15 were evaluated in a rabbit model.  Ciprofloxacin was used as 

control in the designed rabbit model. A simple reverse phase HPLC method was developed 

and validated following the ICH guidelines for the pharmacokinetic studies of ciprofloxacin 

released from HPC-ciprofloxacin conjugates. Different parameters of method validation are 

listed in Table 3.4.2.   
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Table 3.4.2. HPLC/UV method validation parameters of HPC-ciprofloxacin conjugate 15. 

No. Parameter 

HPC- ciprofloxacin conjugate 15 

(Mean) 

1 Concentration range 5-50 μg mL
-1 

2 LOD 10 ng mL
-1

 

3 LOQ 50 ng mL
-1

 

4 Linear regression co-efficient (r
2
) 0.9988 

5 Precision Intra-day (RSD)* 0.437% 

6 Precision Inter-day (RSD)* 0.298% 

7 Accuracy (% recovery)* 98.27% 

8 Repeatability (RSD)* 0.412% 

  *Each value is mean of six observations 

 

The blood plasma levels at different times after the administration of ciprofloxacin and HPC-

ciprofloxacin conjugate are summarized in Table 3.4.3.  

 

 

 

 

 

 

 

 

 



149 

 

Table 3.4.3. Comparison of (the mean ± SEM) plasma concentration vs. time profile after 

oral administration of HPC-ciprofloxacin conjugate 15 (80 mg) equivalent to ciprofloxacin 

(40 mg) to 12 rabbits. 

Sample 

No. 

Time (h) Ciprofloxacin Conc. (μg/mL) 

(the mean ±  SEM) 

HPC-ciprofloxacin conjugate 15 

Conc. (μg/mL) (the mean ±  SEM) 

1 0.17 3.52 ± 0.1 2.18 ± 0.08 

2 0.5 5.81± 0.12 2.81 ± 0.09 

3 1.0 7.38 ± 0.07 3.78 ± 0.1 

4 1.5 8.63 ± 0.11 4.87 ± 0.11 

5 2 7.71 ± 0.09 6.71 ± 0.07 

6 4 5.89 ± 0.06 9.59 ± 0.05 

7 6 4.29 ± 0.08 7.55 ± 0.03 

8 8 3.54 ± 0.08 5.67 ± 0.09 

9 12 2.31 ± 0.1 3.43 ± 0.04 

10 24 1.24 ± 0.09 2.53 ± 0.08 

11 36 0.29 ± 0.02 1.90 ± 0.09 

 

The plot of plasma concentration vs. time for HPC-ciprofloxacin conjugate 15 and 

ciprofloxacin is shown in Figure 3.4.12, while results are summarized in Table 3.4.4.  
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Fig. 3.4.12. Overlaid plot of mean plasma concentration vs. time after oral administration of 

80 mg of HPC-ciprofloxacin conjugate 15 (equal to 40 mg ciprofloxacin) to 12 rabbits. 

 

Figure 3.4.12 shows the overlay plasma concentration vs. time curves of both ciprofloxacin 

and HPC-ciprofloxacin conjugate 15. The tmax and t1/2 have much higher values for conjugate 

15 (4.0 h and 10.87 h, respectively) as compared to the 1.5 h and 4.16 h, respectively, for 

ciprofloxacin. The significant increase in half-life (t1/2) value of ciprofloxacin when studied 

from HPC-ciprofloxacin conjugate 15 affirms the conjugates are designed as sustained 

release. The AUC0-∞ value of conjugate 15 is 164.53 ± 5.13 h μg ml
-1 

and approximately 

doubles than that of the drug thus strongly supporting enhanced bioavailability of 

ciprofloxacin from HPC-ciprofloxacin conjugate 15. These enhanced parameters could be of 

great value and interest for both the patients as well as pharmaceutical industry. The mean 

values of other parameters like maximum plasma concentration (Cmax), volume of distribution 

(Vd) and clearance (Cl) from conjugate and drug are also listed in the Table 3.4.4. The higher 

Cmax value for conjugate 15 is an additional benefit which could be used to prepare the 

commercial formulation in reasonable sizes. The longer half-life also offers the MIC levels 

for longer period of time thus providing the advantage of single oral dose. 
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Table 3.4.4. Pharmacokinetic data after single oral dose of HPC-ciprofloxacin conjugate 15 

(80 mg) equivalent to active drug ciprofloxacin (40 mg) 

Parameter    Ciprofloxacin Ciprofloxacin from  

HPC-ciprofloxacin conjugate 15 

tmax (h) 1.5  4.0 

Cmax (μg ml
-1

) 8.63 ± 0.26  9.59 ± 0.36  

t1/2 (h) 4.16 ± 0.53  10.87 ± 0.87  

AUC0-∞ (h μg ml
-1

) 90.16 ± 3.21 164.53 ± 5.13 

Vd (L Kg
-1

) 3.95 ± 0.8  2.86 ± 0.07  

Cl (L h
-1

) 0.33 ± 0.13 0.18 ± 0.01  

 

3.4.15. Thermogravimetric analysis and degradation kinetics 

Thermogravimetric analyses of HPC-ciprofloxacin conjugate 15 and ciprofloxacin was 

conducted to observe the thermal degradation behavior of ciprofloxacin before and after 

modification. Tdi, Tdm, Tdf values of each thermal degradation step of ciprofloxacin and 

HPC-ciprofloxacin conjugate 15 were obtained from TG and DTG curves. Four-step thermal 

degradation behavior was observed for ciprofloxacin. First step degradation was observed 

between 84.14 to 158.02 °C, indicating the loss of water of hydration. Second step was 

observed between 263.14 to 383.93 °C with 33.06% mass loss. Third degradation step was 

difficult to observe from TG curve but was clear in DTG curve between 403.11 to 472.13% 

corresponding to small mass loss (8%). Fourth step was a major step starting from 491.91 °C 

and ending at 648.88 °C. The degradation was complete up to 700 °C and 1.11% char yield 

was observed at 750 °C. In contrast to the unmodified drug, the conjugate 15 was found to be 

stable up to 300 °C. Its thermograms revealed two step degradations. Degradation of first step 

started at 309.52 °C (Tdi) and ended at 401.22 °C with 45.22% weight loss while degradation 
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of second step was observed between 466.15 °C (Tdi) to 648.88 °C (Tdf). Almost 96% of the 

total sample mass decomposed in these two step profiles. 3.89% char yield was observed at 

750 °C.  All these value of decomposition temperatures are shown in Table 3.4.5. 

In order to compare the thermal stability of HPC, drug and conjugate 15, their TG and DTG 

curves were overlaid and are shown in Figure 3.4.13 and 3.4.14, respectively. Td values 

indicate that the degradation of conjugate started at a higher temperature than that of drug 

which is an indication of its higher thermal stability.  

 

 

Fig. 3.4.13. Overlaid TG curves of HPC, ciprofloxacin and HPC-ciprofloxacin conjugate 15 

showing degradation patterns. 
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Fig. 3.4.14. Overlaid DTG curves of HPC, ciprofloxacin and HPC-ciprofloxacin conjugate 

15 showing degradation patterns. 

 

Friedman, Broido and Chang kinetic models were used to calculate Ea values which were 

found in the ranges of 160.88-162.63 kJ mol
-1

 and 118.65-125.13 kJ mol
-1

 for first and 

second degradation step, respectively, for HPC-ciprofloxacin conjugate 15. Similarly, Ea 

values of all four degradation steps exhibited by ciprofloxacin were also calculated by the 

said methods to compare with those calculated for HPC-ciprofloxacin conjugate 15. n values 

for all degradation steps of conjugate 15 and ciprofloxacin were calculated by Chang and 

Kissinger methods which revealed that all degradation steps follow first order kinetics. 

Frequency factor (Z) was calculated from Friedman and Chang models. All these values of 

kinetic triplet are shown in Table 3.4.6. 

Thermodynamics of activation i.e., ∆H, ∆G and ∆S were also calculated using a reported 

method discussed in previous chapters.  It was difficult to step wise compare these values 

because of entirely different degradation patterns of ciprofloxacin and conjugate 15. Values 

of these parameters for ciprofloxacin and HPC-ciprofloxacin conjugate 15 are also shown in 

Table 3.4.6. Thermal stability of the prodrug 15 and unmodified ciprofloxacin were also 
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compared in terms of IPDT and ITS. The IPDT and ITS values were found to be 476 °C and 

0.46, respectively, for ciprofloxacin in comparison to 486 °C and 0.51 for HPC-ciprofloxacin 

conjugate 15 (see Table 3.4.6). These higher values for conjugate 15 confirm the higher 

thermal stability of ciprofloxacin prodrug. This higher thermal stability attracts the vigil eye 

for transportation and storage of these macromolecular prodrugs of ciprofloxacin.  

 

Table 3.4.5. Thermal degradation profile of HPC-ciprofloxacin conjugate 15 in comparison 

with ciprofloxacin; Tdi, Tdm, Tdf = Initial, maximum, final thermal decomposition 

temperature. 

Sample Steps 

Tdi 

(°C) 

Tdm 

(°C) 

Tdf 

(°C) 

Weight loss 

 % at Tdf 

Char yield  

Wt. (%) 

Ciprofloxacin  

I 84.14 127.38 158.02 6.54 

1.11 at  

750 °C  

II 263.14 321.41 383.93 33.06 

III 403.11 438.63 472.73 41.43 

IV 491.91 608.41 685.85 97.93 

HPC-ciprofloxacin 

conjugate 15 

I 309.52 363.41 401.22 45.22 3.89 at  

750 °C II 466.15 593.11 648.88 95.79 
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Table 3.4.6. Thermal degradation kinetics, thermodynamic parameters, ITS and IPDT 

evaluation of HPC-ciprofloxacin conjugate 15 in comparison with ciprofloxacin.  

Sample Method Step R
2
 n 

Ea 

(kJ/mol) 

lnZ ∆H ∆S ∆G ITS 

IPDT 

(°C) 

Ciprofloxacin 

Friedman 

I 

0.998 - 89.85 25.72 86.52 -43.08 103.80 

0.46 476 

Broido 0.999 - 89.30 26.66 85.96 -35.32 100.13 

Chang 0.997 1 86.64 24.76 83.30 -51.37 103.91 

Kissinger  -  - - - - - 

Friedman 

II 

0.998 - 257.79 53.22 252.81 184.32 142.37 

Broido 0.998 - 269.58 54.87 264.60 198.41 145.72 

Chang 0.996 1 256.69 53.03 251.71 182.70 142.24 

Kissinger  -  - - - - - 

Friedman 

III 

0.999 - 184.39 29.78 178.46 -17.70 191.09 

Broido 0.999 - 185.87 31.07 179.94 -6.91 184.88 

Chang 0.995 1 189.03 30.56 183.10 -11.01 190.95 

Kissinger  -  - - - - - 

Friedman 

IV 

0.999 - 153.93 21.08 146.57 -96.90 232.25 

Broido 0.999 - 156.50 21.12 149.15 -96.43 234.41 

Chang 0.999 1 151.82 20.86 144.47 -98.85 231.87 

Kissinger  -  - - - - - 

HPC-

ciprofloxacin 

conjugate 15 

Friedman 

I 

0.999 - 162.63 31.05 157.33 -5.38 160.76 

0.51 486 

Broido 0.999 - 162.46 30.58 157.17 -9.29 163.08 

Chang 0.999 1 160.88 30.79 155.59 -7.63 160.45 

Kissinger  -  - - - - - 

Friedman 

II 

0.998 - 118.65 16.82 111.45 -133.95 227.34 

Broido 0.999 - 125.13 17.44 117.94 -128.35 228.98 

Chang 0.999 1 124.13 17.29 116.94 -129.66 229.12 

Kissinger  -  - - - - - 
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Straight line graphs of Friedman, Broido and Chang methods for the calculation of Ea, lnZ 

and n of each thermal degradation step are shown in Figure 3.4.15-20. 
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Fig. 3.4.15. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and ln Z on TG data of ciprofloxacin; a) Step 1, b) Step 2, c) Step 3 and d) 

Step 4. 
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Fig. 3.4.16. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea on TG data of ciprofloxacin; a) Step 1, b) Step 2, c) Step 3 and d) Step 4. 
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Fig. 3.4.17. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of ciprofloxacin; a) Step 1, b) Step 2, c) Step 

3 and d) Step 4. 
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Fig. 3.4.18. Graph plotted between ln(dα/dt) and 1000/T (K
-1

) using Friedman method for the 

calculation of Ea, and ln Z on TG data of HPC-ciprofloxacin conjugate 15; a) Step 1, b) Step 

2. 
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Fig. 3.4.19. Graph plotted between ln(ln(1/y) and 1000/T (K
-1

) using Broido method for the 

calculation of Ea on TG data of HPC-ciprofloxacin conjugate 15; a) Step 1, b) Step 2. 
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Fig. 3.4.20. Graph plotted between ln[(dα/dt)/(1- α)
n
] and 1000/T (K

-1
) using Chang method 

for the calculation of Ea, n and ln Z on TG data of HPC-ciprofloxacin conjugate 15; a) Step 

1, b) Step 2. 

 

3.4.16. Modulated differential scanning calorimetry  

Macromolecular prodrugs of ciprofloxacin based on HPC showed glass-transition 

temperatures (Tg) due to high amounts of polymer in conjugates. Exhibition of Tg by the 

conjugates is a proof of transition motions due to long chains of HPC. Therefore, it was of 

interest to investigate the thermal properties of our HPC-ciprofloxacin conjugates. Figure 

3.4.21 displays the overlay MDSC traces of HPC, ciprofloxacin and HPC- ciprofloxacin 
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conjugate 15. It is obvious from the DSC curves that HPC has Tg of 163.39 °C, ciprofloxacin 

does not exhibit Tg due to crystalline nature but its prodrug 15 prepared with HPC shows 

glass-transition temperature at 61.91 °C indicating promise for amorphous characteristic of 

HPC- ciprofloxacin conjugate 15.  
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Fig. 3.4.21. Overlaid DSC curves of HPC, ciprofloxacin and HPC- ciprofloxacin conjugate 

15 showing glass-transition temperatures. 

 

3.4.17. Powder X-ray diffraction analysis 

PXRD analyses revealed the crystalline/amorphous properties of ciprofloxacin and HPC- 

ciprofloxacin conjugates. The X-ray diffraction patterns of HPC, ciprofloxacin and HPC- 

ciprofloxacin conjugate 15 are shown in Figure.3.4.22. The diffraction patterns of HPC and 

ciprofloxacin are completely different from each other showing amorphous and crystalline 

patterns, respectively. Whereas the X-ray diffraction patterns of HPC- ciprofloxacin 
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conjugate 15 was the hybrid of diffraction patterns of both HPC and ciprofloxacin thus 

confirming partially crystalline and partially amorphous morphology of the conjugate 15 (see 

Fig. 3.4.22).  
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Fig. 3.4.22. PXRD patterns of HPC, ciprofloxacin and HPC-ciprofloxacin conjugate 15 

showing crystalline and amorphous properties. 

 

 
 



162 

 

Conclusions 

HPC based MPDs of fluoroquinolones (moxifloxacin, ofloxacin, levofloxacin and 

ciprofloxacin) were fabricated using tosyl chloride as carboxylic acid activating agent. The 

syntheses scheme yielded water- and organic-soluble prodrugs of fluoroquinolones. Structure 

characterization of these newly synthesized prodrugs was carried out by spectroscopic and 

chromatographic techniques. These amphiphilic fluoroquinolone MPDs showed self-

assembly into nanowires/nanoparticles at the water-DMSO interface. Molecular mass 

distributions assessed by SEC confirmed that newly synthesized MPDs were produced with 

negligible degradation of polymer backbone. Hence, it is inferred from the SEC results that 

conjugates may retain the native properties of HPC. All conjugates showed nominal release at 

pH 1.2 while higher at pH 7.4 thus presenting them as potential candidates for targeted 

release in intestine. After single oral administration to rabbits, these prodrugs showed 

significantly enhanced bioavailability and pharmacokinetic parameters hence suggesting their 

potential for once-daily dosage. Thus, these MPDs could provide substantial therapeutic 

benefits, i.e., reduction in dose frequency and stomach safety. Thermal studies showed that 

conjugates are thermally more stable than the polymer and drugs. This will lead to the higher 

shelf life of the conjugates. PXRD studies confirmed some crystallinity imparted to 

conjugates of fluoroquinolones. These HPC based MPDs are of significant interest to design 

oral formulations for broader application in drug delivery. 
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