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The objective of this study was to synthesize valproic acid-dextran conjugate 

which would be able to release the drug via chemical hydrolysis over an extended 

period and also to synthesize valproic acid-linker-dextran conjugate which would 

provide in situ activation to release the drug via enzymatic hydrolysis. 

Valproic acid (VPA) was conjugated directly to dextrans of molecular weights (Mw) 

10,000 and 70,000 using carbonyldiimidazole. To synthesize valproic acid-linker-

dextran conjugate, VPA was initially conjugated to linkers (triethylene glycol or 

pentaethylene glycol) using dicyclohexylcarbodiimide and subsequently, conjugated to 

dextran (Mw 1,000) using carbonyldiimidazole and dimethylaminopyridine. Syntheses of 

all the conjugates were confirmed by NMR analysis. The degree of substitution and 

solubility of the conjugates in water were studied. 

In vitro hydrolysis studies were conducted for valproic acid-dextran conjugates in 

phosphate buffered solution (pH 7.5) and in bicarbonate buffer (pH 10.22) at 37 °C and 

47 °C. In vitro hydrolysis studies of VPA-linker-dextran conjugates were studied in 

phosphate buffered solution (pH 7.5) in presence of rat brain fraction (RBF) (S9 fraction) 
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and porcine liver esterase (PLE) at 37 °C. Both pH and temperature were shown to 

affect the rates of hydrolysis of the VPA-dextran conjugates. Half-lives of hydrolysis in 

phosphate buffer for the conjugates VPA-dextran (Mw 10,000) and VPA-dextran (Mw 

70,000) were 62 days and 57 days at 37 °C respectively. The VPA-linker-dextran 

conjugates were found to be hydrolyzed by RBF and PLE at a different rate. Modelling 

of the data of hydrolysis of VPA-linker-dextran conjugates was done and different rate 

constants for the hydrolysis were estimated from the best-fit model. The half-lives of 

hydrolysis in presence of RBF for the conjugates VPA-triethyleneglycol-dextran and 

VPA-pentaethyleneglycol-dextran were 28 hr and 44 hr respectively, whereas in 

presence of PLE these were 18 min and 21 min respectively. 

In conclusion, VPA-dextran conjugates were shown to release the drug in vitro for 

an extended period of time. The VPA-linker-dextran conjugates appeared to be very 

good substrates for PLE, whereas poor substrates for the enzymes in RBF. VPA-linker-

dextran conjugates were shown to exhibit in situ activation to release the drug via 

enzymatic action. VPA-pentaethyleneglycol-dextran conjugate demonstrated a 

concentration-dependent cytotoxicity. 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

Epilepsy and Temporal-lobe Epilepsy (TLE) 

Epilepsy is a neurological disease which is defined as a chronic seizure disorder 

or group of disorders that usually recur in an unprovoked and unpredictable manner (1-

4). The term epilepsy is derived from the Greek word meaning “to seize upon” or “to 

attack”. It is not a specific disease, rather a group of disorder having heterogeneous 

symptoms (5). Seizure is defined “by an excessive, hypersynchronous discharge of 

cortical neuronal activity, which can be measured by electroencephalogram (EEG)” (6). 

A seizure produces abnormal electrical activity in the brain with characteristic changes 

on the EEG (7). Cortical area of the brain has different parts and each part has its own 

function. The clinical manifestation of a seizure depends on the site of the cortical area 

involved, the extent of irritability of the area affected and the intensity of the impulse 

generated.  

Seizure activity usually comprises of three major phases- prodrome, ictal and post-

ictal phase (6). A prodrome is the initial phase typically represented by changes in 

behavior or mood (5, 6). A prodrome may include an ‘aura’, which is a subjective 

sensation of an unusual smell or flashing light (5, 6). The ictal phase is when the actual 

seizure happens. The post-ictal phase immediately follows the seizure (ictal phase). 

During this phase, the patient typically experiences lethargy and confusion (5, 6).  

Depending on which areas of the brain involved, epileptic seizures are further sub-

divided into partial or focal seizures and generalized seizures (8). Partial seizures are 

those where abnormalities are restricted to a particular locus within the brain and 

generalized seizures are those when the brain is diffusely and bilaterally involved and 
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which can result in abnormal activity throughout the brain (9, 10). Partial seizures are 

further subdivided into ‘simple’ where patient retains consciousness and ‘complex’ 

where consciousness is impaired (11).  

Epilepsy is one of the most frequent neurological disorders (12). More than 2 

million Americans and 50 million people worldwide are affected by the disease (13-16). 

The probability of seizure-onset is the maximum during the first year of life, which 

decreases subsequently each decade after the first year until age 60 (6). Majority of the 

patients (approximately 70%) has only one seizure type, whereas the remaining 

patients have two or more seizure types (6).  

Temporal lobe epilepsy (TLE) is characterized by partial seizures, where seizures 

originate from the temporal lobe of the brain (17, 18). “A temporal lobe seizure is an ictal 

event generated predominantly by mesial temporal limbic structures which usually 

involves symptoms referable to this area, such as a sensation of epigastric rising, 

emotional changes (most commonly fear) and occasionally olfactory or gustatory 

hallucinations” (11). Temporal lobe epilepsy is one of the most frequent types of drug-

resistant epilepsy (14-16). Although the exact proportion of the drug-resistant epilepsy 

patients varies in the literature, approximately ~ 30% of epilepsy patients appear to be 

pharmacoresistant, despite administration of two to three first-line antiepileptic drugs 

(AEDs) in an optimally monitored regimen (19). Seizures appear to be medically 

intractable in about 40% of patients with TLE (20).  

Etiology and Pathophysiology 

The etiology of epilepsy is a major factor which will determine the clinical course 

and prognosis of the disease (21). Epilepsy is a multifactorial disease in a majority of 

the cases. Epilepsy is often found to be the result of genetic, acquired and provoking 
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factors in combination. Because of that, assignment of any such cases to any single 

etiology is very difficult and to an extent arbitrary. However, the case is assigned to a 

predominant cause which is happened to be identified in most of the cases.  

Idiopathic epilepsy has no identifiable cause with any gross neuroanatomic or 

neuropathologic abnormality and primarily genetic in origin. Symptomatic epilepsy is 

associated with gross anatomic or pathologic abnormalities secondary to an acquired or 

genetic cause (21). These causes include tuberous sclerosis, hippocampal sclerosis, 

glioma, non-accidental head injury in infants, viral and bacterial meningitis, cerebral 

infarctions, cerebral hemorrhage, etc. (22). Cryptogenic epilepsy has no identifiable 

cause and presumed symptomatic in nature. 

Temporal lobe epilepsy is frequently associated with hippocampal sclerosis and 

some other distinctive histopathological features in the surrounding area. These 

features are described as follows- 

Hippocampal neuronal cell loss and reorganization of synapse after 

seizures. Hippocampal cell loss and shrinkage have been observed later in the lives of 

patients with TLE, after an initial precipitating injury (23). Acute seizures often cause 

considerable bilateral neurodegeneration in the dentate hilus, CA1 and CA3 subfields, 

which eventually leads to massive abnormal sprouting of mossy fibers into the dentate 

supraganular layer (24). 

Degeneration of GABA-ergic interneurons after seizures. Degeneration of 

fractions of GABA-ergic interneurons has been implicated in epileptogenesis and TLE. 

Usually there is a balance between excitation and inhibition in the neuronal network. 

Under normal conditions GABA-ergic hippocampal interneurons provide inhibitory inputs 
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to the neuronal circuit, which sets a threshold for the excitation of pyramidal cells and 

prevent the principal excitatory hippocampal neurons from becoming hyper-excitable. 

Thus, it is likely that loss of fractions of GABA-ergic interneurons may lead to reduced 

inhibitory input to principal hippocampal neurons which ultimately leads to the persistent 

hyper-excitability in TLE (25-28). 

Dentate neurogenesis and temporal lobe epilepsy. Dentate gyrus exhibits 

abnormal neuronal circuitry extended into the dentate hilus. Hippocampal injury induced 

by kainic acid increases neurogenesis in the adult dentate gyrus (29) during the first few 

weeks after injury (30), which is due to the release of multiple mitogenic factors from 

dying neurons, deafferented granule cells and reactive glia (31-33). Some of the newly 

born neurons move into the dentate hilus abnormally shortly after the injury (34-37), 

possibly because of overproduction of new neurons in the dentate subgranular zone, 

lack of space in the granule cell layer, and loss of expression of reelin (38). These 

ectopic neurons contribute to a lower seizure threshold, frequently exhibit spontaneous 

epileptiform activity and maintain recurrent seizures in epileptic rats (39, 40).  

Additionally, dentate neurogenesis declines drastically in the chronically injured 

hippocampus after developing chronic TLE characterized by spontaneous recurrent 

motor seizures (41), which may contribute to increased seizure-susceptibility of the 

dentate gyrus. Consequently, declined neurogenesis could at least partially be linked to 

hippocampal-dependent learning and memory deficits (42-44). 

Initial Precipitating Injury (IPI) and Development of TLE 

Several studies have shown individuals affected with TLE typically have an initial 

precipitating injury (IPI) such as the status epilepticus (SE), head trauma, encephalitis 

or childhood febrile seizures (45-47). Chronic TLE is characterized by spontaneous 
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recurrent motor seizures originating from temporal lobe foci and learning and memory 

impairments (48, 49). The development of the chronic TLE is usually preceded by a 

latent period of several years after the initial injury. Also, numerous studies indicate that 

TLE is frequently associated with hippocampal sclerosis, which is characterized by 

atrophy, induration, neuronal loss and astroglial proliferation in the hippocampus (50). 

Human studies suggested that the hippocampal sclerosis could be the likely cause to 

initiate or contribute to the development of most TLEs (51). However, not all TLE 

patients exhibiting hippocampal damage have a history of initial insult. It is still 

debatable whether the damage found in hippocampus is the cause or consequence of 

TLE. 

However, the process by which normal neuronal cells become hyper-excitable 

over the course of time generating spontaneous recurrent motor seizures and learning 

and memory deficits or chronic epilepsy is termed ‘epileptogenesis’. A variety of 

neurochemical modulators and multiple mechanisms have been implicated in the 

initiation of epileptogenesis after an IPI. Figure 1-1 outlines major epileptogenic 

processes that ensue after an IPI and lead to the development of spontaneous recurrent 

motor seizures. Two mechanisms have been hypothesized to account for – at least 

contribute to – the epileptogenesis after brain injury. These are – 1) selective GABA-

ergic interneuron loss and consequent reduction in GABA-mediated inhibition (but not 

complete failure) (52) and 2) axon sprouting by many of the remaining neurons 

subsequent to the death of glutamatergic principal neurons (and neurogenesis in some 

areas), and consequent formation of new recurrent glutamatergic excitatory circuits 

(52). Following the initial injury, there is a sequence of events take place in the injured 
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area over months to years before the occurrence of spontaneous recurrent seizures. 

The latency period between the IPI and the development of spontaneous recurrent 

motor seizures provides a window of opportunity for initiating an effective treatment. 

That’s why; neuroprotection can be a very promising therapy in the prevention of TLE. 

Valproic Acid (VPA) and Importance of Neuroprotection 

Usually, epileptogenesis is originated after certain brain insults called initial 

precipitating injury, such as head trauma, cerebrovascular disease, brain tumors, 

neurosurgical procedures, neurodegenerative conditions, status epilepticus and 

complex febrile seizures. Hippocampal neuronal degeneration and hippocampal 

sclerosis have also been implicated in the pathogenesis of chronic TLE and found in 

most of the animal models of TLE and also in chronic epileptic patients of TLE. 

Valproic acid and its sodium salt (sodium valproate) are among the most 

prescribed antiepileptic drugs. The antiepileptic activity of VPA has been ascribed to 

multiple effects, which result in the reduction of neuronal excitability (53). These effects 

include increase of GABA-ergic activity (54-58), negative regulation of NMDA receptor-

mediated glutamatergic excitatory activity (59-62) and negative regulation of voltage-

gated Na+-channels (63, 64). Among other conventional antiepileptic drugs, early 

administration of VPA after status epilepticus had shown a great promise in the 

prevention of chronic epilepsy. Although, the efficacy of VPA in preventing the 

development of chronic epilepsy was found to be varied and depended on the model 

employed.  

In a kainic acid model of TLE, repetitive treatment with VPA for 40 days, starting 

24 hours after the onset of status epilepticus considerably blocked the development of 

spontaneous seizures, deficits in emotional responses or spatial learning and protected 
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against neurodegeneration in CA1 and CA3 subfields and the dentate hilus for 40 days 

after the status epilepticus (65). Brandt et. al. (66) studied the efficacy of VPA treatment 

in a rat model of status epilepticus induced by prolonged electrical stimulation of the 

basal amygdala. The study showed that VPA treatment beginning at 4 hours after status 

epilepticus and ending at 4 weeks after status epilepticus failed to prevent the 

occurrence of spontaneous recurrent motor seizures, but prevented completely the 

neuronal damage in the hippocampal formation including the dentate hilus and the 

behavioral impairments to some extent (66). 

In another study using kainic acid model of TLE showed that prolonged 

administration of VPA starting shortly after status epilepticus blocked the seizure-

induced abnormal neurogenesis in the dentate gyrus and protected against seizure-

induced cognitive impairment in a hippocampus-dependent learning task (67). On the 

contrary, short-term infusion of VPA through the microdialysis probe did not prevent 

hippocampal neurodegeneration induced by potassium-channel blocker 4-

aminopyridine (68). In another study conducted by Temkin et. al. (69) showed that VPA 

therapy for one-month and six-months did not prevent the late seizures following 

traumatic brain injury. 

The precise mechanism underlying the beneficial effects of VPA is unknown. VPA 

has been found to regulate a number of cell survival factors including cyclic adenosine 

monophosphate (cAMP) responsive element binding protein (CREB), brain-derived 

neurotrophic factor, bcl-2, and mitogen-activated protein kinase, which may be 

attributed to its neuroprotective and neurotrophic effects (70). However, the beneficial 

effects of VPA administration in decreasing status epilepticus-induced hippocampal 
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neurodegeneration, abnormal neurogenesis and learning impairments have been 

accepted in general (12). 

So, to validate the efficacy of VPA as a neuroprotective agent and as an 

antiepileptogenic drug, long-term studies in multiple models of chronic epilepsy need to 

be conducted. The ultimate goal of any prophylactic drug treatment after an initial injury 

such as status epilepticus is to prevent the development of spontaneous recurrent 

motor seizures. If spontaneous recurrent motor seizures cannot be prevented, alternate 

goals would be to make these seizures less frequent, less severe and less resistant to 

AED treatment (71). Also, any beneficial effect on the neuronal damage or on the 

learning and memory deficits associated with epilepsy would be desirable. To this 

effect, a long-acting formulation of VPA will be of utmost importance, which will aid in 

conducting such long-term experiment. 

Dextran Conjugates as Sustained Release Technology 

Dextrans are glucose polymers with predominantly α-(1     6) linkages with 

branching points in 2, 3 and 4 positions (72). Figure 1-2 shows typical structure of 

dextran with branching points in different positions. Dextrans have been used clinically 

over 50 years as plasma volume expanders and as antithrombolytic agents (73). 

Dextrans have been investigated as potential macromolecular carriers delivering 

drugs, proteins, targeting moieties and imaging agents. Dextran conjugates were 

reported to increase the circulation time of drugs and proteins and to extend the 

duration of action (74-76). The use of dextran conjugates has been proposed for 

targeting drugs to specific sites of action via active or passive targeting approaches (77, 

78). Dextrans have also been used to increase the stability of therapeutic agents (79) 

and to reduce side-effects including antigenicity of enzyme or proteins (80, 81). 
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Dextran molecules possess several suitable properties which make it a suitable 

macromolecular carrier. Clinical dextrans have been used over many years without 

serious side-effects. Parenteral dextran therapy did induce dextran-induced 

anaphylactoid reactions on rare occasion (82-86). This reaction has been eliminated 

essentially using monovalent hapten dextran preparation (87, 88). 

Dextran conjugates can be constructed either by linking the active drug moiety 

directly to the polymer backbone through covalent bonding, or by linking the drug 

molecule to the polymer backbone through the use of a suitable spacer arm. These 

conjugates can be characterized with relative ease (89). The conjugates with dextran 

retain water-solubility up to a high percentage of degree of substitution (15-20% w/w) 

(89). Dextrans can be autoclaved and are relatively stable towards further chemical 

manipulation (89). Dextran-protein conjugates may retain the pharmacologic activity of 

the protein to some extent; most of the dextran conjugates with small drug molecules 

act as prodrugs, releasing the active drug in vivo (90). 

Direct Attachment of Ligand for Chemical Hydrolysis 

 Dextrans possess a large number of hydroxyl groups available for conjugation of 

drug molecules. This single type functional group in turn limits the number of drugs 

which might be attached directly to the carrier. However, dextran prodrugs in which the 

drug is linked directly to the polymer chain, act as a depot releasing the drug in a 

predictable manner (91, 92). The rate of hydrolysis of the macromolecular dextran 

prodrug to regenerate the parent drug is mostly pH-dependent, because the bulky 

dextran molecule renders the hydrolytic group inaccessible to enzymatic action (89, 93). 
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Attachment via a Linker for Enzyme-assisted Hydrolysis 

Drug molecules can be linked to dextran molecules via a linker group. 

Incorporation of a linker group can provide some advantages. Firstly, the terminal 

functional group of the spacer arm can be varied, which will allow formation of covalent 

bonds with drugs through a variety of chemical bonds (94-100). Secondly, steric 

hindrance of enzyme activation of the liganded drug might be circumvented by 

augmenting the distance between the drug and the dextran matrix (89, 101). 

So, by a proper selection of the linker molecule (the length and the chemical 

structure), the linker-drug construct can be designed in such a way to be cleaved 

selectively by the enzymes of the target tissue (102). A localized effect can be achieved 

by this approach. Moreover, sequentially labile macromolecular dextran prodrugs can 

be designed which will allow regeneration of low-molecular-weight prodrug (linker-drug 

derivative) upon pH-dependent hydrolysis. This linker-drug derivative will be activated 

later at the target tissue by enzymatic action. The macromolecular prodrug will also 

provide a depot effect in such a way. 

Goals for Improvement 

The efficacy of VPA administration for about one month after an initial precipitating 

injury like status epilepticus was studied in several experiments in animal models (65-

68). Valproic acid was administered in these studies by intra-peritoneal injection to rats 

two to three times a day to maintain therapeutic blood levels of the drug. The drug was 

also administered at a dose (e.g. 200 – 600 mg/kg) which gave rise to adverse effects in 

animals, e.g. sedation and ataxia, which made it less suitable for prolonged 

experiments.  
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However, the beneficial effects of VPA administration for about one month in 

preventing chronic epilepsy observed in some of these studies may or may not persist 

once the VPA administration is terminated (12). Also, administration of VPA longer than 

one month may result in a different outcome. These studies also showed variable 

results about the efficacy of prolonged VPA administration, which depended on the 

specific model of chronic epilepsy used in the study (12). To validate the efficacy of 

long-term administration of VPA for preventing the development of injury-induced 

chronic epilepsy, long-term studies in multiple models of chronic epilepsy need to be 

conducted in future (12). The outcome of animal studies will also pave the way for future 

studies in human. To conduct such long-term studies, a long-acting formulation of 

valproic acid will be of paramount importance. Development of such a long-acting 

formulation of VPA will seek to improve upon the following areas. 

Prolongation in Activity  

In animal models, the anticonvulsant activity of valproic acid depends on several 

factors. Among these, the animal species used in the experiment, the method of seizure 

induction, the seizure type, the route of administration of the drug and the time interval 

between drug administration and seizure induction (53) have been identified as 

important factors. VPA has a short half-life in most animal species. Because of this, 

most pronounced effects are observed within 2 to 5 minutes after parenteral injection 

(103, 104). Thus, the duration of activity of VPA in most laboratory animal species is 

only short, which necessitates the use of high doses of VPA to suppress long-lasting or 

repeatedly occurring seizures in animal models (53). 

The development of a sustained-release formulation of valproic acid would be a 

pre-requisite for any long-term animal and human experiment. Any such formulation will 
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be able to prolong the activity by releasing the drug slowly by pH-dependent chemical 

hydrolysis; or site-directed hydrolysis by enzymatic action. Such a conjugate will 

eliminate the need for multiple daily administrations, which will be very convenient to 

conduct lengthy animal and human experiments  

In situ Activation 

Valproic acid enters the brain through the blood-brain barrier by passive diffusion 

and by carrier-mediated facilitated diffusion involving medium- and long-chain fatty acid 

selective anion exchanger (105). The drug leaves the brain into the blood by a 

probenecid-sensitive active transport system (105). A convection-enhanced delivery 

system can deliver a macromolecular prodrug of VPA at or near the site of action, 

remote from the blood-brain barrier. The conjugate will then be distributed into the 

surrounding area through convection and diffusion. A properly designed 

macromolecular prodrug of VPA can deliver the drug at or near the site of action either 

by chemical or enzymatic action. The released drug will be absorbed into the 

surrounding cellular structure. This can limit the efflux of the drug out of the brain and 

will offer a significant advantage over conventional formulation of VPA. 

Reduction in Side Effects 

Valproic acid exerts a number of side-effects when used as a neuroprotective 

agent in a number of animal studies. The drug was administered intraperitoneally 

multiple times a day to the animals shortly after status epilepticus, which produced 

increased incidences of ataxia and somnolence in the study animals. To conduct such 

studies for months would be extremely difficult by using conventional immediate release 

formulations of VPA. So, there is a need for a long-acting formulation of VPA which will 
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minimize the frequency of administration, release the drug in a predictable way and 

reduce side-effects due to the high drug levels.  

Research Objectives 

The primary objectives of our study were to synthesize valproic acid-dextran 

conjugate with or without the spacer and study in vitro hydrolysis of the conjugates to 

find out the suitability of any of the conjugates for a sustained release formulation and 

for in situ activation by enzymatic action. The overall study is divided into two specific 

aims. These are described as follows- 

Specific Aim I: To synthesize valproic acid-dextran conjugate and study in 

vitro hydrolysis of the conjugate. Macromolecular prodrugs with dextran can be used 

to release drug slowly upon hydrolysis over a long period. In most cases regeneration 

rates of the parent drug depend mainly on pH and temperature of the hydrolysis media. 

Molecular weights of carrier dextran molecule and degree of substitution of the 

conjugates will also affect the rate of hydrolysis of the conjugates. The primary objective 

of this specific aim is to synthesize valproic acid-dextran conjugate using different 

molecular weights of dextran, characterize the conjugate by FT-IR and NMR 

spectroscopy, study degree of substitution and solubility of the conjugates and study the 

effect of pH and temperature on the rates of hydrolysis of the conjugates in vitro. 

Specific Aim II: To synthesize valproic acid-linker-dextran conjugate and 

study in vitro hydrolysis of the conjugate in the presence of esterase enzyme. 

Macromolecular prodrugs where drug is attached directly to the dextran molecules 

appeared to be resistant towards enzymatic hydrolysis by various esterase enzymes. 

The bonds formed between drug and dextran seemed to be inaccessible by the active 

sites of the enzymes due to the steric hindrance offered by the dextran molecules. The 
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primary objective of this aim is to synthesize valproic acid-dextran conjugate using a 

linker to aid in enzymatic hydrolysis by the esterase enzyme, characterize the conjugate 

by NMR spectroscopy, study degree of substitution and solubility of the conjugate, study 

in vitro hydrolysis of the conjugate in the presence of esterase enzyme and study the 

toxicity of the conjugate on viable cells. 

These aims are described in detail in three different chapters. Specific aim I is 

discussed in Chapter 2. Specific aim II is discussed in Chapter 3 and Chapter 4. 
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Figure 1-1.  The various aspects of epileptogenesis after the initial brain insult and the 

evolution of the initial precipitating injury into chronic epilepsy and learning 
and memory deficits (12) (Reproduced with permission from Elsevier Limited, 
The Boulevard, Langford Lane, Kidlington, Oxford, UK). 
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Figure 1-2.  α-(1    6) linked main chain of dextran with branching points in 2-, 3- and 4-

positions. 
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CHAPTER 2 
SYNTHESIS OF VALPROIC ACID-DEXTRAN CONJUGATES 

Introduction 

Valproic acid is a simple branched-chain fatty acid and a major and well-

established first-line antiepileptic drug (AED). Valproic acid exhibits a wide spectrum of 

activity against a broad range of seizure disorders (106). Valproic acid is effective 

against partial and generalized seizures. In addition to these, valproic acid has 

demonstrated efficacy in the treatment of very refractory syndromes, such as, Lennox-

Gastout syndrome and West syndrome. Recently, there is a profound interest in 

searching for therapeutic option which will help to prevent the development of epilepsy, 

that is, to prevent epileptogenesis. Valproic acid has been found to be neuroprotective 

in several animal models of temporal lobe epilepsy (TLE) and in models of ischemia 

(107, 108). It has appeared from those studies that the efficacy of valproic acid in 

preventing the development of chronic epilepsy varies depending on the models 

employed (12).  

To validate the efficacy of valproic acid as a neuroprotective agent and as an 

antiepileptogenic drug, long-term studies in multiple models of chronic epilepsy need to 

be conducted (12). For these studies valproic acid needed to be administered multiple 

times a day throughout the study period which was met with several challenges. 

Administration of drug caused multiple side effects in the study animals, such as, 

sedation and ataxia, shortly after status epilepticus (66). So, prolonged administration of 

valproic acid will definitely cause increased mortality and morbidity of the study animals 

and will make a long-term study difficult to conduct. This warrants the development of a 

prolonged release formulation of valproic acid, which will obviate the necessity of 
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multiple daily administrations for a longer period and thus, eliminate or minimize the 

incidence of side-effects in the study animals.  

A dextran-valproic acid prodrug would be a very attractive formulation for those 

long-term studies. Dextrans are glucose polymers which have been used more than 50 

years as plasma volume expanders (73). Dextrans contain a large number of hydroxyl 

groups which can be easily conjugated to valproic acid by either direct attachment, or 

through a linker. 

Dextran conjugates with molecular weights up to 70 kD have been routinely used 

for anterograde and retrograde pathway tracing studies of the nervous system (109-

111). Hence, convection-enhanced delivery of the dextran-valproic acid prodrug (with 

10 kD or 70 kD dextran) is likely to cause enhanced permeation and retention of the 

conjugates in the brain tissue. Also, such a localized delivery will require lower amount 

of conjugate needed to achieve therapeutic level in the brain in comparison to 

conventional formulation of valproic acid. This will minimize fluctuation in the therapeutic 

levels, as it needs to be administered less frequently and cause fewer incidences of 

side-effects. 

In this regard, our aims were to synthesize valproic acid-dextran conjugate using 

dextrans with Mw 10 kD and 70 kD, characterize the conjugates by FT-IR and NMR 

spectroscopy, study degree of substitution and solubility of the conjugates and also 

study in vitro hydrolysis of the conjugates at different pH values and temperatures. 

Materials and Methods 

Chemicals and Instruments 

Dextran from Leuconostoc mesenteroides (average Mw 64 - 76 kD), dextran from 

Leuconostoc mesenteroides (average Mw 9 – 11 kD), dimethyl sulfoxide (DMSO) 
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anhydrous (99.9+ %) were obtained from Sigma Aldrich (St. Louis, MO). Valproic acid 

(2-propylpentanoic acid) was purchased from MP Biomedicals (Solon, OH). 1,1’-

Carbonyldiimidazole (CDI) was purchased from Acros Organics (part of Thermo Fisher 

Scientific, New Jersey, US). Potassium phosphate monobasic, potassium phosphate 

dibasic, sodium phosphate dibasic, citric acid (99%), tert-butyl methyl ether were all 

purchased from Sigma Aldrich (St. Louis, MO). 

Isopropyl alcohol (2-propanol, HPLC grade), acetonitrile (HPLC grade), ethyl 

acetate (HPLC grade), methanol (HPLC grade), triethylamine (HPLC grade) were 

obtained from Fisher Scientific (Pittsburgh, PA). Hydrochloric acid (2N), ortho-

phosphoric acid (85%), sodium bicarbonate, sodium carbonate, sodium hydroxide and 

molecular sieves (4Å) were all purchased from Fisher Scientific (Pittsburgh, PA). 

Dimethyl sulfoxide-d6 (99.96 atom % D) was purchased from Sigma Aldrich (St. Louis, 

MO). All the buffers used in the experiments were freshly prepared. 

The HPLC instrument used was from Waters (Milford, MA) and equipped with 

Waters 717 Plus Autosampler, Waters 2587 Dual λ Absorbance Detector and Waters 

1525 Binary HPLC Pump. NMR spectra were obtained with a Bruker, Avance II 600 

Spectrometer with 5 mm TXI CryoProbe sample-head, operating at 600 MHz. FTIR 

spectra were recorded on a Thermo Nicolet NEXUS 670 FTIR Spectrometer (Thermo 

Scientific, part of Thermo Fisher Scientific, Pittsburgh, PA). 

Ultrasonic bath (FS110H) and homogenizer (Power Gen 125) used were from 

Fisher Scientific (Pittsburgh, PA). Centrifuge (Eppendorf Centrifuge 5415D) was from 

Eppendorf (Hauppauge, NY). Another centrifuge (Sorvall Legend RT) was from Thermo 

Scientific (part of Thermo Fisher Scientific, Pittsburgh, PA). Rotary evaporators 



 

35 

(Rotavapor RE121 and Büchi 461 water bath) were from Büchi (Switzerland). Magnetic 

stirrer (Bell Stir Multi Stir 9) was from Bellco Glass (Vineland, NJ). The incubator used 

for the in vitro hydrolysis study was a CO2 water-jacketed incubator (NU-2600) from 

Nuaire (Plymouth, MN). 

Synthesis of The Conjugates 

The conjugate of valproic acid-dextran was synthesized according to the scheme 

presented in the Figure 2-1 (112-115). Valproic acid (6 mmol) was added to 10 ml of 

dried DMSO, followed by addition of 6.6 mmol (1:1.1 ratio) of carbonyl diimidazole 

(CDI), while stirring on a magnetic stirrer. The resulting solution was stirred continuously 

for 24 hours. Argon gas was used to displace the air on top of the reaction mixture.  

Also, 3.0 g of dextran (Mw 10 kD, or 70 kD) was added to 30 ml (for 10 kD 

dextran) and 60 ml (for 70 kD dextran) of anhydrous DMSO in a separate conical flask 

and the mixture was heated at 70°C for 30 minutes, while stirring on a magnetic stirrer, 

to help dissolve dextran in DMSO. Subsequently, 6 ml of triethylamine (TEA) was added 

and the solution was stirred for 10 minutes. Approximately 20 g of dried molecular 

sieves (4 Å) was added to this solution and the mixture was allowed to stand for 24 

hours at room temperature. 

The two solutions were added together after 24 hours in a spinner flask under the 

positive pressure of Argon gas, and about 8 g of dried molecular sieves was added to 

this solution. The reaction mixture was left for 24 hours at 70°C under continuous 

stirring for conjugation to occur. 

Finally, conjugates were precipitated by the addition of ethyl acetate. After 

precipitation, the supernatant was discarded and the conjugates were dissolved in 

DMSO and again precipitated with the addition of ethyl acetate. Repeat the process 
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once again. At the end, the supernatant was discarded and the conjugates were 

dispersed in methanol. Finally, the conjugates were dried in a rotary evaporator for 12 

hours to remove the excess solvent. 

Characterization of The Conjugates By IR and NMR Spectroscopy 

Infrared (IR) Characterization. The FTIR spectra from the VPA-dextran 

conjugates were recorded on a Thermo Nicolet NEXUS 670 FTIR. All samples were 

characterized, using KBr pellets made with the different conjugates. 

NMR Characterization. 1H-NMR spectra were obtained with a Bruker, Avance II 

600 Spectrometer with 5 mm TXI CryoProbe sample-head and Magnex 14.1 T/54 mm 

AS Magnet, operating at 600 MHz. The sample tube size was 5 mm with a sample 

concentration of 50 mg/0.5 ml for valproic acid, 10 mg/0.5 ml for the dextran 10 kD, 7 

mg/0.5 ml for the dextran 70 kD as control substances, 20 mg/0.5 ml for conjugate VPA-

D10 and 16 mg/0.5 ml for conjugate VPA-D70. DMSO-d6 (99.96%) was used as a 

solvent. All of the chemical shifts are reported in parts per million (ppm) with 

tetramethylsilane as an internal standard. All the samples were measured at 37°C. 

Reversed-Phase HPLC Conditions 

All the samples were analyzed by reversed-phase HPLC (High Performance 

Liquid Chromatography) technique. The instrument was equipped with a Waters 717 

Plus Autosampler connected with a Waters 2587 Dual λ Absorbance Detector and a 

Waters 1525 Binary HPLC Pump. The quantification of VPA was carried out by an 

established procedure (116). The mobile phase consisted of phosphate buffer: 

acetonitrile: isopropanol (60:25:15). The phosphate buffer used in the mobile phase had 

molarity of 0.05M and pH 3.0. 
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The injection volume of all the samples was 50 µl and the flow rate was set to 0.8 

ml/min. The samples were detected at an wavelength of 220 nm and the run time was 

10 minutes. The used column was a Symmetry C18 (5.5 µm, 4.6 x 50 mm). The peak 

area was quantified with BreezeTM software. Calibration curves were generated with 

standard solutions in an appropriate concentration range during the analytical run for 

each series of samples. Standard solutions were always freshly prepared before 

analysis. 

Degree of Substitution of The Conjugates 

Degree of substitution (DS%) was defined as the drug content in mg per 100 mg of 

the dextran conjugate expressed as percentage. To determine degree of substitution, 

10-15 mg of the VPA-dextran conjugate was dissolved in 10 ml of NaOH solution (0.5 

N). The solution was kept in the refrigerator for complete hydrolysis and samples were 

collected at different time points for the next 48 hours (113, 117). 

For the sample collection, 500 µl of the solution was collected into 1 ml HPLC vials 

and 500 µl of HCl solution (0.5 N) was added to the vials to neutralize the base. All the 

experiments were done in triplicate. The released valproic acid was analyzed by 

established HPLC method (118). Then to calculate the degree of substitution, the total 

amount of drug per conjugate sample had to be calculated using the equation below. 
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Then the percentage of degree of substitution (DS%) was calculated according to 

the following equation- 
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Aqueous Solubility of The Conjugates 

To determine aqueous solubility of the conjugate at room temperature, 

approximately 50 mg of conjugate was added to 1.5 ml of double distilled water. The 

mixture was then sonicated in a bath sonicator for 60 minutes to dissolve as much 

conjugate as possible. After that the mixture was centrifuged for 10 minutes at 13,200 

rpm to precipitate the un-dissolved conjugate. Then, 1ml of the supernatant was added 

to 10 ml of NaOH solution (0.5 N) and the solution was kept in the refrigerator for 48 

hours to perform complete hydrolysis (119). 

At different time points, 500 µl of each sample was collected into 1 ml HPLC vials 

and 500 µl of HCl solution (0.5 N) was added to each vial to neutralize the base. All the 

experiments were done in triplicate. The collected samples were stored in the 

refrigerator before being analyzed by HPLC. Then to calculate the solubility of the 

conjugate (mg/ml), the total amount of drug per conjugate sample dissolved in 1 ml of 

water had to be calculated using the equation below. 
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Then the actual solubility of the conjugate (mg/ml) was calculated according to the 

following equation- 

                            [
  

  
]   

                     [  ]

                                        
 

In vitro Hydrolysis Study 

In vitro hydrolysis study was performed with the conjugate prepared with dextran 

(Mw 10 kD) (VPA-D-10) in three different buffer solutions- citric acid/Na2HPO4 buffer 

(pH 5.0), phosphate buffer (pH 7.5) and NaHCO3/Na2CO3 buffer (pH 10.22) at two 

different temperatures of 37 °C and 47 °C. In vitro hydrolysis study was also performed 
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with the conjugate prepared with dextran (Mw 70 kD) (VPA-D-70) in phosphate buffer 

and bicarbonate buffer at both temperatures. Hydrolysis of the conjugates at different 

pH values and temperatures would help us to determine the effect of these two factors 

on the rates of hydrolysis of the conjugates. These studies would also help us to 

understand the stability of the conjugates at different pH values and temperatures. 

In vitro Hydrolysis with Conjugate VPA-D-10. Approximately 40 mg of the 

conjugate was dissolved in 50 ml of each buffer solution. The hydrolysis was conducted 

at 37 °C and 47 °C in an incubator under continuous stirring of the samples with a 

magnetic stirrer running at 100 rpm. Samples of 1 ml were collected at different time 

intervals and 1 ml of respective buffer solution was added to the sample solution to 

keep the volume constant. 

For conjugate dissolved in citrate buffer at both 37 °C and 47 °C, samples were 

collected after 2, 4, 6, 8, 10, 12 and 14 days. Samples were collected after 1, 3, 5, 7, 9, 

11 and 13 days for conjugate dissolved in phosphate buffer at 37 °C, and after 1, 2, 3, 

4, 5, 6 and 7 days at 47 °C. Time intervals of sample collection for the conjugate 

dissolved in bicarbonate buffer at 37 °C were after 6, 12, 24, 36, 48, 60, 72, 82, 97 and 

106 hours and after 4, 8, 12, 15, 24, 27, 31 and 35 hours at 47 °C. All the experiments 

were done in triplicate for each buffer solution and at each temperature. All the samples 

were kept in the freezer at -20 °C before being analyzed by HPLC. 

In vitro Hydrolysis with Conjugate VPA-D-70. Approximately 25 mg of the 

conjugate was dissolved in 50 ml of each buffer solution. The hydrolysis was carried out 

in an incubator under continuous stirring of the samples with a magnetic stirrer running 

at 100 rpm and at temperatures of 37 °C and 47 °C. Samples of 1 ml were collected at 
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different time intervals and 1 ml of respective buffer solution was added back to the 

sample solution to replenish the volume. 

Samples were collected after 1, 3, 5, 7, 9, 11 and 13 days for conjugate dissolved 

in phosphate buffer at 37 °C, and after 1, 2, 3, 4, 5, 6, 7 and 8 days at 47 °C. Time 

intervals of sample collection for the conjugate dissolved in bicarbonate buffer at 37 °C 

were after 6, 12, 24, 36, 48, 60, 72, 82, 97 and 106 hours and after 4, 8, 12, 15, 24, 27, 

31 and 35 hours at 47 °C. All the experiments were done in triplicate for each buffer 

solution and at each temperature. All the samples were kept in the freezer at -20 °C 

before being analyzed by HPLC.  

Statistical Analysis 

One-way ANOVA followed by Tukey’s multiple comparison test was used to 

compare the rate constants of in vitro hydrolysis of the conjugates. P-value <0.05 was 

considered significant. 

Results and Discussion 

 Synthesis of Dextran-Valproic Acid Conjugates and Spectral Analysis 

The dextran-valproic acid conjugates were synthesized according to the 

procedures mentioned for other drugs in several papers with slight modifications (77, 

113, 120). Two types of the conjugates were synthesized using two different molecular 

weights of dextran. Conjugate VPA-D10 was synthesized using dextran average 

molecular weight 10 kD and VPA-D70 was synthesized using dextran average 

molecular weight 70 kD. 

The synthesis was carried out using 1,1’-carbonyldiimidazole as a coupling agent. 

The carbonyldiimidazole method is very efficient and particularly suitable for the 

conversion of the biopolymers like dextran. It allows the use of DMSO which is a good 
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solvent for dextran. Also, DMSO does not get oxidized and decomposed with the use of 

carbonyldiimidazole. The reaction by-products are only CO2 and imidazole which are 

non-toxic. The imidazole is freely soluble in water and can be easily removed. The 

actual synthetic scheme was carried out in two steps. First, valproic acid was 

transformed with carbonyldiimidazole to give the corresponding imidazolide and second, 

the imidazolide was incorporated with dextran to form the ester in the presence of a 

base triethylamine. The conjugates were precipitated by the addition of ethyl acetate. 

The yields after purification were 53.83% for VPA-D10 conjugate and 54.01% for VPA-

D70 conjugate. 

Structures of the valproic acid-dextran conjugate and the formation of the ester 

bond were confirmed by performing FT-IR and 1H-NMR spectroscopy. The FT-IR 

spectrum of valproic acid showed a strong absorption band at 1706 cm-1 (C=O 

stretching) (Figure 2-2). The spectra of the two different dextrans (Mw 10 kD and 70 kD) 

looked very similar (only one shown) and had bold bands around 3426 cm-1 (O-H 

stretching) (121) (Figure 2-3). Valproic acid-dextran conjugates showed the shift of peak 

from 1706 cm-1 to 1733 cm-1 (C=O stretching) (Figure 2-4 and Figure 2-5) indicated the 

formation of ester bond between valproic acid and dextran molecules. The appearance 

of bold band around 3427 cm-1 (unreacted residual O-H stretching of dextran 

molecules) (Figure 2-4 and Figure 2-5) in the spectra of valproic acid-dextran 

conjugates supported further the formation of the conjugate between valproic acid and 

dextran molecules. 

The 1H-NMR spectrum showed a distinctive chemical shift between δ= 3.1 and 5.0 

ppm, these broad bands belonged to the protons of anhydroglucose unit (AGU) and 



 

42 

protons of the hydroxyl groups of the dextran molecules (122-126), except for the band 

at δ= 3.3 (Figure 2-6 and Figure 2-7). Literature showed that this band at δ= 3.3 

belonged to the protons of the water molecules that were present in the dextran 

samples. 

The bands for the protons of valproic acid appeared in between δ= 0.8 and 2.3. 

There was also one band present around δ= 12 from the carboxylic acid group, which 

was present prominently in the spectrum of valproic acid. This peak was very small or 

near absent in the NMR spectra of the conjugates (Figure 2-6 and Figure 2-7). 

The band at δ= 2.5 was present in all the spectra and represented part of the 

DMSO used as solvent which was not deuterated completely (e.g. DMSO-d5). Due to 

the broad bands for the conjugates and the fact that there were bands for both the 

valproic acid and the dextran, present in the spectra and the absence of the carboxyl 

proton from valproic acid at or around δ= 12 provided strong indication for the formation 

of the conjugate between valproic acid and dextran. 

Degree of Substitution and Solubility of The Conjugates 

The synthesized conjugate VPA-D10 had a degree of substitution % of 11.35 ± 

0.32 and VPA-D70 had a degree of substitution % of 21.02 ± 0.27 (Table 2-1). The 

values of degree of substitution of the two conjugates were quite satisfactory in 

comparison with the values of degree of substitution of other dextran conjugates found 

in the literature (92, 113, 127, 128). Degree of substitution % of VPA-D10 was lower 

than that of VPA-D70 (Figure 2-8). It was evident that valproic acid was conjugated to a 

higher extent to the dextran Mw 70 kD compared to the dextran Mw 10 kD. 

Actually, this was in contrast to the findings of the study conducted by Varshosaz 

et al (113). They synthesized budesonide-dextran conjugates with different molecular 
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weights of dextran (10 kD, 70 kD and 500 kD) in the presence of dimethylaminopyridine 

using succinate spacer. They concluded that degree of substitution % was decreased 

as the molecular weights of the dextran used in the conjugate increased. They 

hypothesized that this might be due to the steric hindrance of the bulky structure of the 

dextran molecules preventing the effective interaction between hydroxyl groups and 

carboxylic group of budesonide hemisuccinate. Additionally, they pointed out that in a 

solvent like DMSO, dextran molecules are highly folded and only the surface hydroxyl 

groups could be available for the reaction (129). 

In our case, the both conjugates were synthesized in parallel following the same 

procedure except for the volume of DMSO used to dissolve the dextran. Because, 

previous attempt to synthesize VPA-D10 conjugate using 60 ml of DMSO resulted in no 

precipitation of the conjugate upon addition of several organic solvents. By lowering the 

volume of DMSO to dissolve the dextran molecules, precipitation of the VPA-D10 

conjugate was successful upon addition of ethyl acetate. That’s why, for the conjugate 

VPA-D10, 30 ml of DMSO was used to dissolve the dextran whereas for the conjugate 

VPA-D70, 60 ml of DMSO was used to dissolve the dextran. So, the use of lower 

volume of DMSO made the dextran solution more concentrated in the synthesis of VPA-

D10 compared to that in the synthesis of VPA-D70. Concentrated dextran solution might 

have made less dextran molecules available for conjugation with activated valproic acid 

molecules and resulted in lower degree of substitution % of the conjugate VPA-D10 

compared to that of VPA-D70. 

Aqueous solubility of the conjugates VPA-D10 and VPA-D70 at room temperature 

was 1.03 ± 0.05 mg/ml and 0.63 ± 0.03 mg/ml respectively (Table 2-2). 
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In vitro Hydrolysis Studies 

In vitro hydrolysis was performed using conjugate VPA-D-10 in citrate buffer, 

phosphate buffer and bicarbonate buffer at 37 °C and 47 °C. Hydrolysis of the conjugate 

VPA-D-70 was performed in phosphate buffer and bicarbonate buffer at both 

temperatures, but not in citrate buffer. This was because of the fact that conjugate VPA-

D10 was found stable and not hydrolyzed at all in citrate buffer at both temperatures 

(data not shown). 

The conjugate VPA-D10 showed negligible, or no hydrolysis in acidic medium (pH 

5.0). The rates of hydrolysis were slow for both conjugates in phosphate buffer (pH 7.5) 

and much faster in basic bicarbonate buffer (pH 10.22). Rate constants for hydrolysis 

and R2 were calculated and compared for each conjugate. By plotting the results of 

hydrolysis of both conjugates in phosphate buffer (pH 7.5) at the temperatures of 37°C 

and 47°C, it was evident that data for the hydrolysis of both conjugates could be 

adequately described by both zero- and first-order kinetic models.  

Carstensen (130) showed that if degradation was less than 15%, it would be 

difficult to distinguish a first-order reaction from a zero-order reaction. But when percent 

of hydrolysis of both conjugates was higher in case of bicarbonate buffer (pH 10.22) at 

both temperatures; first-order kinetic model gave better fit to the data compared to zero-

order model. So, it could be concluded that hydrolysis of the conjugates followed first-

order reaction kinetics in bicarbonate buffer at 37°C and 47°C and it could be assumed 

that hydrolysis of the conjugates followed first order reaction kinetics in phosphate 

buffer at both temperatures. 

First-order plots of hydrolysis of both conjugates in phosphate buffer and 

bicarbonate buffer at 37 °C and 47 °C were presented in Figure 2-10, Figure 2-11, 
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Figure 2-12 and Figure 2-13. Estimated observed rate constants (from the slopes of the 

plots) and calculated t1/2 values for the hydrolysis of the conjugates were presented in 

the Table 2-3. 

By comparing all the rate constants at different pH values and temperatures, 

several findings were identified. These are summarized as follows- 

Different pH values of different buffers seemed to have more pronounced effect on 

different rates of hydrolysis of the conjugates (k1 vs. k3, P< 0.001; k2 vs. k4, P< 0.001; k5 

vs. k7, P< 0.001 and k6 vs. k8, P< 0.001). Temperature seemed to have more 

pronounced effect on the rates of hydrolysis at a higher pH 10.22 (k3 vs. k4, P< 0.001 

and k7 vs. k8, P< 0.001). 

Degree of substitution and solubility of the conjugates can affect the rates of 

hydrolysis of the conjugates in an opposite direction. However, degree of substitution 

and solubility seemed to have more pronounced effect on the rates of hydrolysis at a 

higher pH 10.22 at both temperatures (k1 vs. k5, P> 0.05, k2 vs. k6, P> 0.05, k3 vs. k7, P< 

0.001 and k4 vs. k8, P< 0.001), but did not seem to have any noticeable effect on the 

rates at pH 7.5 at both temperatures. 

Johansen et al. (131) reported similar findings in their study where they studied 

kinetics and mechanism of hydrolysis of O-benzoyl dextran conjugates in aqueous 

buffer and human plasma. They reported at pH 7.4, almost identical rates of hydrolysis 

were observed for conjugates with different molecular weights (10 – 110 kD) and 

degree of substitution (3.4 – 15.8% w/w). Weibel et. al. (132) also reported that varying 

degrees of substitution of benzyl carbonate esters of dextran had no influence on the 

reaction rates at pH 7.47. 
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The half-lives of VPA-D10 and VPA-D70 conjugates in phosphate buffer (pH 7.5) 

at 37 °C were approximately 62 days and 57 days respectively (P> 0.05) and at 47 °C 

were approximately 28 days for both conjugates (P> 0.05). The two conjugates seemed 

to have longer half-lives than those of some other dextran conjugates found in the 

literature.(127, 128, 133) This might be due to less solubility and higher degree of 

substitution of both VPA-D10 and VPA-D70 conjugates and also due to higher pKa 

value of valproic acid. However, longer half-lives of VPA-D10 and VPA-D70 conjugates 

made them attractive candidates for sustained-release formulations of valproic acid. 

Conclusion 

The synthesized valproic acid-dextran conjugates were shown to be hydrolyzed in 

vitro over approximately 2 months period at pH 7.5 and 37 °C and could be potential 

candidates for a new sustained-release formulation of valproic acid. Further in vivo 

studies need to be conducted to optimize the formulation. 

Temperature and pH were also shown to affect the rates of hydrolysis of the 

conjugates in vitro, where pH had a more pronounced effect than temperature on the 

rates of hydrolysis of the conjugates. 

Degree of substitution and solubility of the conjugates had a more pronounced 

effect on the rates of hydrolysis of the conjugates at pH 10.22 at 37 °C and 47 °C. 
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Table 2-1. Degree of substitution (DS%) of conjugates VPA-D10 and VPA-D70 from 
hydrolysis study (mean ± sem, n=3). 

Conjugate code Dextran Mw DS % from hydrolysis study 

VPA-D10 10 kD 11.35 ± 0.32 
VPA-D70 70 kD 21.02 ± 0.27 

 

 

Table 2-2. Aqueous solubility of the conjugates VPA-D10 and VPA-D70 at room 
temperature (mean ± sem, n=3). 

Conjugate code Dextran Mw Solubility (mg/ml) 

VPA-D10 10 kD 1.03 ± 0.05 
VPA-D70 70 kD 0.63 ± 0.03 

 

 

Table 2-3. Rate constants and t1/2 values of VPA-D10 and VPA-D70 conjugates in 
phosphate and bicarbonate buffer at 37 °C and 47 °C (mean ± sem, n=3). 

Conjugate Buffer Temperature Symbol Rate constant,  
kobs (1/day) 

t1/2 (day) 

VPA-D10 Phosphate buffer 
(pH 7.5) 

37 °C k1 0.0112 ± 0.0014 62 

  47 °C k2 0.0249 ± 0.0018 28 
 Bicarbonate buffer 

(pH 10.22) 
37 °C k3 0.6230 ± 0.0370 1.1 

  47 °C k4 1.120 ± 0.1095 0.62 
VPA-D70 Phosphate buffer 

(pH 7.5) 
37 °C k5 0.0121 ± 0.0014 57 

  47 °C k6 0.0248 ± 0.0010 28 
 Bicarbonate buffer 

(pH 10.22) 
37 °C k7 0.1532 ± 0.0035 4.5 

  47 °C k8 0.4207 ± 0.0190 1.6 
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Figure 2-1.  Synthesis of valproic acid-dextran conjugate. 
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Figure 2-2.  FT-IR spectra of VPA. 

 
 

 
Figure 2-3.  FT-IR spectra of dextran. 
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Figure 2-4.  FT-IR spectra of the conjugate VPA-D10. 

 

 
Figure 2-5.  FT-IR spectra of the conjugate VPA-D70. 
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Figure 2-6.  1H-NMR spectra of VPA (A), Dextran (B) and VPA-D10 (C). 

 
 
 

 
 

Figure 2-7.  1H-NMR spectra of VPA (A), Dextran (B) and VPA-D70 (C). 
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Figure 2-8.  Degree of substitution (DS%) of the conjugates VPA-D10 and VPA-D70 

(mean ± sem, n=3). 
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Figure 2-9.  Aqueous solubility of the conjugates VPA-D10 and VPA-D70 at room 

temperature (mean ± sem, n=3). 
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Figure 2-10.  In vitro hydrolysis of conjugate VPA-D10 in phosphate buffer at 37 °C and 

at 47 °C (mean ± sem, n=3). 

 

 
Figure 2-11.  In vitro hydrolysis of conjugate VPA-D10 in bicarbonate buffer at 37 °C 

and at 47 °C (mean ± sem, n=3). 
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Figure 2-12.  In vitro hydrolysis of conjugate VPA-D70 in phosphate buffer at 37 °C and 

at 47 °C (mean ± sem, n=3). 

 

 
Figure 2-13.  In vitro hydrolysis of conjugate VPA-D70 in bicarbonate buffer at 37 °C 

and at 47 °C (mean ± sem, n=3). 
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CHAPTER 3 
SYNTHESIS OF VALPROIC ACID-LINKER-DEXTRAN CONJUGATES: DESIGNING A 

PRODRUG FOR IN SITU ACTIVATION 

Introduction 

Hydrolysis of dextran prodrugs where drug is covalently bonded to the dextran 

molecules appeared to be pH-and temperature dependent. This is evident from our 

study described in Chapter 2. However, this type of prodrugs also appeared to be stable 

towards enzymatic hydrolysis by various esterases (98, 134). Hydrolysis of VPA-D10 

conjugate in presence of porcine liver esterase demonstrated no hydrolysis of the 

conjugate. It has been postulated that bulky molecular structure of dextran molecules 

make the hydrolytic center inaccessible providing steric hindrance and thus make these 

prodrugs resistant to enzymatic hydrolysis ((89, 98, 134). Using a spacer arm to form a 

bond between the drug and the dextran molecule would be an approach to aid in the 

hydrolysis of the conjugate by esterase enzymes. 

After convection-enhanced delivery, this type of macromolecular prodrug might act 

as a local depot which will release the drug by enzymatic action. Alternatively, this 

macromolecular prodrug might also release the low molecular weight prodrug by 

chemical hydrolysis, which in turn will be diffused away and activated at the target site 

by enzymatic action. So, synthesizing another class of dextran prodrugs with valproic 

acid having a spacer arm linking together might provide additional benefit of in situ 

activation and thereby reducing even more drug-induced adverse effects.  

This study aimed at synthesizing dextran-valproic acid prodrug connected through 

a spacer arm suitable for enzymatic hydrolysis. There are two major human 

carboxylesterases (CESs) – a human CES1 family isozyme (hCE1) and a human CES2 

family isozyme (hCE2) (135). Human CE1 is highly expressed in the liver, while hCE2 is 
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present in the small intestine, colon, kidney, liver, heart, brain and testis (135, 136). 

Also, a third brain-specific carboxylesterase was isolated in 1999 (137). The substrate 

specificity of hCE1 and hCE2 is significantly different. 

In general, hCE1 mainly hydrolyzes a substrate with a small alcohol group and 

large acyl group, while hCE2 hydrolyzes a substrate with a large alcohol group and 

small acyl group (138). Webb reported the reactivity and affinity of 33 esters, where the 

lengths of both acyl and alkyl chain varied from C1 to C9, with respect to horse liver 

carboxylesterase (139). He concluded that both the affinity and reactivity increased as 

either chain was lengthened to about C4 to C6 (140). A further increase in the alkyl 

chain length resulted in a decrease in both the affinity and reactivity. Similarly, 

branched-chain substrates exhibited higher affinities but lower reactivities (141).  

Considering these, 1,6-hexanediol was chosen as a linker for the synthesis. 

Triethylene glycol was chosen as a relatively more polar alternative to hexanediol, if 

solubility becomes an issue for the conjugates. Dextrans having Mw 70 kD and 10 kD 

were selected to be the macromolecular carrier. The rationale for selecting dextrans 

with different molecular weights was explained in the previous chapter. So, the aims of 

the study were to synthesize valproic acid-dextran conjugates connected through either 

hexanediol or triethylene glycol as a linker, to characterize the conjugates with NMR 

spectroscopy, and to study degree of substitution and aqueous solubility of the 

conjugates. 

Materials and Methods 

Chemicals and Instruments 

Dextran from Leuconostoc mesenteroides (average Mw 64 – 76 kD), dextran from 

Leuconostoc mesenteroides (average Mw 9 – 11 kD), N,N’-dicyclohexylcarbodiimide 
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(DCC), dimethylaminopyridine (DMAP), dimethyl sulfoxide (DMSO) anhydrous (99.9+%) 

were purchased from Sigma Aldrich (St. Louis, MO). Valproic acid (2-propylpentanoic 

acid) was purchased from MP Biomedicals (Solon, OH). 1,1’-Carbonyldiimidazole (CDI) 

was purchased from Acros Organics (part of Thermo Fisher Scientific, New Jersey, US). 

Potassium phosphate monobasic, potassium phosphate dibasic, sodium phosphate 

dibasic, sodium hydrogen sulfate, 1,6-hexanediol, triethylene glycol, tetrahydrofuran 

(THF), (2-hydroxypropyl)-β-cyclodextrin and molecular sieves (3Å) were all purchased 

from Sigma Aldrich (St. Louis, MO). 

Isopropyl alcohol (2-propanol, HPLC grade), 1-butanol, dimethylformamide (DMF), 

acetonitrile (HPLC grade), ethyl acetate (HPLC grade), dichloromethane (HPLC grade) 

and methanol (HPLC grade) were obtained from Fisher Scientific (Pittsburgh, PA). 

Tween-80 and PEG-300 were also purchased from Fisher Scientific (Pittsburgh, PA). 

Hydrochloric acid (2N), ortho-phosphoric acid (85%), magnesium sulfate, sodium 

bicarbonate, sodium carbonate, and sodium hydroxide were all purchased from Fisher 

Scientific (Pittsburgh, PA). Dimethyl sulfoxide-d6 (99.96 atom % D) was purchased from 

Sigma Aldrich (St. Louis, MO).  

The HPLC instrument used was from Waters (Milford, MA) and equipped with 

Waters 717 Plus Autosampler, Waters 2587 Dual λ Absorbance Detector and Waters 

1525 Binary HPLC Pump. NMR spectra were obtained with a Bruker, Avance II 600 

Spectrometer with 5 mm TXI CryoProbe samplehead, operating at 600 MHz. Ultrasonic 

bath (FS110H) and homogenizer (Power Gen 125) used were from Fisher Scientific 

(Pittsburgh, PA). Centrifuge (Eppendorf Centrifuge 5415D) was from Eppendorf 

(Hauppauge, NY). Another centrifuge (Sorvall Legend RT) was from Thermo Scientific 
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(part of Thermo Fisher Scientific, Pittsburgh, PA). Rotary evaporators (Rotavapor 

RE121 and Büchi 461 water bath) were from Büchi (Switzerland). 

Synthesis of The Conjugates 

Three types of conjugates were synthesized using two different linkers and using 

different molecular weights of dextran. The purpose was to synthesize different valproic 

acid-linker-dextran conjugates for in situ activation. The design of the synthesis is 

described in Figure 3-1. The overall synthetic procedures for all the conjugates were 

mostly the same with minor difference in the extraction procedure. Total synthetic 

procedure is broken down into four steps. Step-1: synthesis of valproic acid-linker 

conjugate, step-2: extraction of the valproic acid-linker conjugate, step-3: synthesis of 

valproic acid-linker-dextran conjugate, and step-4: extraction of the valproic acid-linker-

dextran conjugate. These steps are described as follows. 

Stpe-1: Synthesis of valproic acid-linker conjugate. Valproic acid was 

esterified with hexanediol using the method called “Steglich esterification” (142). About 

46.43 mmol of the linker (5.484 g for 1,6-hexanediol and 6.196 ml for triethylene glycol) 

was added to 20 to 40 ml of dried acetonitrile in a conical flask and dissolved it with the 

help of magnetic stirrer (sol-A). Then, 20 ml dried dicholoromethane (DCM) (dried over 

molecular sieves) was taken in a 125 ml conical flask and sol-A was added slowly to 

DCM in this flask while shaking (sol-B). Now, 1848 µL (1664 mg, or, 11.6 mmol) of 

valproic acid, 432.2 mg (3.49mmol) of dimethyl aminopyridine (DMAP) were added and 

the flask was purged with argon gas (sol-C).  

Now, 2631.4 mg (12.76 mmol) of dicyclohexyl carbodiimide (DCC) was dissolved 

in 10 ml of dried DCM and this solution was added to sol-C drop-wise for 5 minutes. The 
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flask was purged with argon gas again. After that the reaction was continued at room 

temperature for 24 hours.  

Step-2: Extraction of valproic acid-linker conjugate. After 24 hours, the VPA-

linker conjugate was extracted from the reaction mixture. The reaction generated urea 

which was precipitated in the reaction mixture. This urea was filtered out from the 

reaction mixture by using conventional paper filter. Then, the reaction mixture was 

evaporated in a rotary evaporator under high vacuum at 55 °C for about 15-20 minutes 

and the reaction mixture was concentrated to a small amount of oily liquid (about 5 ml). 

About 10 ml of dried DCM was added to dissolve the oily liquid and transferred it into a 

separatory funnel. 10 ml of 5% NaHSO4 solution was added to the funnel and the funnel 

was shaken vigorously for 5 to 10 minutes to have unreacted DMAP dissolved in the 

aqueous layer. The upper aqueous layer was removed and discarded.  

The wash with 5% NaHSO4 solution was repeated one time to ensure complete 

removal of DMAP from the reaction mixture. Now, 10 ml of 5% NaHCO3 solution was 

added to the funnel and funnel was also shaken vigorously for 5 to 10 minutes to 

remove excess acid from the reaction mixture. The upper aqueous layer was also 

removed and discarded. The washing step with 5% NaHCO3 solution was repeated one 

more time for completeness. At the end of the extraction, the organic phase (with some 

precipitated conjugates) was collected in a conical flask and 80 ml of DCM was added 

to dissolve the precipitated conjugate completely. Then, 5 g of dry MgSO4 was added 

and was allowed to stand for 30 minutes to remove water from the organic solvent. After 

that, the salt was filtered out completely with a conventional paper filter and the organic 
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liquid was transferred in a rotary evaporator and dried under high vacuum at 50 °C to 

complete dryness for about 3-4 hours. 

Step-3: Synthesis of the valproic acid-linker-dextran conjugate. The extracted 

valproic acid-linker conjugate was dissolved in THF in an argon atmosphere in a conical 

flask. Then the appropriate amount of carbonyldiimidazole (CDI) was added to it for the 

activation of the conjugate (the number of millimoles of CDI necessary for the activation 

was calculated by multiplying the number of millimoles of valproic acid-linker conjugate 

with 1.1). This solution was then stirred for 27 hours at room temperature. Afterwards 

the solvent was evaporated in a rotary evaporator at 50 °C under reduced pressure 

yielding viscous oil. This product was used without further purification.  

For each conjugate about 1.5 g of freeze-dried Dextran (MW 70k, or, 10k) was 

dissolved in 10 ml of dried DMSO and 1 g of molecular sieves 3Å was added to this 

solution in an argon atmosphere. Activated valproic acid-linker conjugate was also 

dissolved in 10 ml of dried DMSO and was added to dextran solution under argon 

atmosphere. At last dimethylaminopyridine (DMAP) was added to the flask as 

nucleophilic catalyst to induce coupling of activated conjugate to dextran in an argon 

atmosphere. The number of millimoles of DMAP needed was calculated by multiplying 

the number of millimoles of valproic acid-linker conjugate with 1.5. The flask was then 

placed on a magnetic stirrer and kept on running at 50 °C for 4 days. 

Step-4: Extraction of the valproic acid-linker-dextran conjugate. Ethyl acetate 

was used to precipitate valproic acid-linker-dextran conjugate. 5 ml of the reaction 

medium was transferred into 4 centrifugal tubes and to each tube 25 ml of organic 

solvent was added to precipitate the conjugate. The mixtures were then centrifuged at 
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8000 rpm for 10 minutes. After that the supernatant was discarded and the conjugate 

was dissolved in 6 ml of DMSO with the help of a homogenizer. 

Afterwards the conjugate was precipitated again by adding 25 ml of organic 

solvent and then, centrifuged. These steps were repeated 3 more times. Finally, 15 ml 

of methanol was added to each tube to disperse the conjugate and all the dispersion 

was transferred into a round bottom flask and dried in a rotary evaporator for 15 hours 

to remove all the organic solvents. The overall synthetic scheme is described in Figure 

3-1. 

Characterization of The Conjugates by NMR Spectroscopy 

The 1H-NMR study was performed in AMRIS (Advanced Magnetic Resonance 

Imaging and Spectroscopy) facility at McKnight Brain Institute in the University of 

Florida. Two different Bruker Avance Consoles were used to obtain the spectra: Bruker 

Avance II 600 Console with 5 mm TXI CryoProbe sample-head and Magnex 14.1 T/54 

mm AS Magnet, operating at 600 MHz and Bruker Avance 500 Console with 5 mm BBO 

Probe and Magnex 11.75 T/54 mm Magnet, operating at 500 MHz. The sample tube 

size was 5 mm. 

All of the chemical shifts are reported in parts per million (ppm) with 

tetramethylsilane as an internal standard. The three synthesized conjugates were 

analyzed at a temperature of 37°C. Furthermore the structures of two intermediate 

conjugates and the two linkers were determined to confirm the synthesis of the 

conjugates and to facilitate interpretations of all the spectra. Conjugates VPA-HXD-D70 

and VPA-HXD-D10; the two intermediate conjugates VPA-HXD and VPA-TEG; and the 

linkers HXD and TEG were characterized by Bruker Avance II 600 Console. Only the 
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conjugate VPA-TEG-D10 was characterized by Bruker Avance 500 Console. DMSO-D6 

(99.9%) was used as solvent to dissolve the products.  

Aqueous Solubility of The Conjugates 

The conjugate needed to be dissolved in aqueous phosphate buffer solutions to 

conduct hydrolysis study in presence of different enzyme solutions. However, all of the 

synthesized conjugates appeared to be insoluble in aqueous solutions, which made it 

difficult to carry out any further study. Thus, several solubilizing tests were performed 

with various organic solvents, surfactants or other organic compounds that might 

enhance their solubility. These approaches are summarized in the Table 3-1.The details 

of all the solubilizing tests are attached in the appendices A and B. 

Degree of Substitution of The Conjugates 

Degree of substitution (DS%) is defined as the drug content in mg per 100 mg of 

the dextran conjugate expressed as percentage. Basic hydrolysis method was used to 

determine degree of substitution of the conjugates. Since the conjugates synthesized 

with spacer are completely insoluble in aqueous buffer solutions, the degree of 

substitution of the conjugates were determined by 1H-NMR spectroscopy in DMSO-D6. 

The degree of substitution of the conjugates can be calculated by using the following 

equation (143): 

                         
  (   )   

  (          )    
 

A (VPA) is the area of the integrated peaks of the protons of valproic acid and A 

(anomeric H) is the area of the anomeric proton of the dextran monomeric unit. These 

two areas needed to be normalized in the equation. That’s why area of the protons of 



 

64 

the valproic acid was divided by 15 and the area of the anomeric proton needed to be 

divided by 1.  

Results and Discussion 

Spectral Analysis 

Analysis of 1H NMR spectra of VPA-HXD. The Figure 3-2 and Figure 3-4 

showed 1H-NMR spectra of valproic acid (A), 1,6-hexanediol (B) and valproic acid-

hexanediol (VPA-HXD) (C). The 1H-NMR spectrum showed the bands for the protons of 

valproic acid appeared in between δ= 0.8 and 2.3. There was also one band present 

around δ= 12 from the carboxylic acid group, which was present prominently in the 

spectrum of valproic acid. Three peaks appeared at δ= 1.25, δ= 1.41 and δ= 3.38 

belonged to the methylene protons of hexanediol. The peak for two hydroxyl protons 

appeared at δ= 4.25.  

The conjugate VPA-HXD had the peak for six methyl protons of valproic acid 

appeared at δ= 0.83. All the methylene protons of valproic acid and eight methylene 

protons of hexanediol appeared in between δ= 1.2 and 1.6. The methine proton of 

valproic acid appeared around δ= 2.3. The peak for four methylene protons of 

hexanediol appeared at δ= 3.38 and at δ= 4.0 and the peak for one hydroxyl proton at 

δ= 4.25. The band at δ= 2.5 was present in all the spectra due to partially deuterated 

DMSO (e.g. DMSO-d5). The peaks at or around δ= 3.3 due to the presence of water in 

the conjugate. The peak for carboxyl proton from valproic acid was not present in the 

spectrum of VPA-HXD, which indicated the formation of ester bond between valproic 

acid and hexanediol.  

The fact that there were bands for both valproic acid and hexanediol present in the 

spectra of VPA-HXD and the absence of the carboxyl proton from valproic acid at or 
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around δ= 12 provided strong indication for the formation of the conjugate between 

valproic acid and hexanediol. 

Analysis of 1H NMR spectra of VPA-HXD-D70 conjugate. The Figure 3-3 

showed 1H-NMR spectra of valproic acid-hexanediol (VPA-HXD) (A), dextran (B) and 

valproic acid-hexanediol-dextran conjugate (VPA-HXD-D70) (C). The 1H-NMR spectrum 

of dextran showed chemical shift between δ= 3.1 and 5.0 ppm, these broad bands 

belonged to the protons of anhydroglucose unit (AGU) and protons of the hydroxyl 

groups of the dextran molecules (144), except for the band at δ= 3.3. This band at δ= 

3.3 belonged to the protons of the water molecules that were present in the dextran 

samples.  

The conjugate VPA-HXD had the peak for six methyl protons of valproic acid 

appeared at δ= 0.83. All the methylene protons of valproic acid and eight methylene 

protons of hexanediol appeared in between δ= 1.2 and 1.6. The methine proton of 

valproic acid appeared around δ= 2.3. The peak for four methylene protons of 

hexanediol appeared at δ= 3.38 and at δ= 4.0 and the peak for one hydroxyl proton at 

δ= 4.25. The band at δ= 2.5 was present in all the spectra due to partially deuterated 

DMSO (e.g. DMSO-d5). The peaks at or around δ= 3.3 due to the presence of water in 

the conjugate. The peak for carboxyl proton from valproic acid was not present in the 

spectrum of VPA-HXD. 

In the spectrum of VPA-HXD-D70, the peak from six methyl protons from valproic 

acid appeared at δ= 0.83. All the methylene protons of valproic acid and eight 

methylene protons of hexanediol appeared in between δ= 1.2 and 1.6. The methine 

proton of valproic acid usually appeared around δ= 2.3 was found to merged with the 
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peak from DMSO-D5 at δ= 2.5. Peaks appeared in between δ= 3 and 4 were due to ring 

protons of AGU of dextran molecules (except for the anomeric proton), methylene 

protons at C6 of AGU and from the four methylene protons of hexanediol. These peaks 

were overlapping with each other. The peaks from three hydroxyl protons and one 

anomeric proton of AGU of dextran molecules appeared in between δ= 4 and 5. The 

presence of hydroxyl proton from VPA-HXD conjugate at δ= 4.25 could not be identified, 

which indicated strongly the formation of carbonic ester bond between hexanediol and 

the dextran molecules and this also indicated the formation of the conjugate VPA-HXD-

D70. 

Analysis of 1H NMR spectra of VPA-HXD-D10 conjugate. The Figure 3-5 

showed 1H-NMR spectra of valproic acid-hexanediol (VPA-HXD) (A), dextran (B) and 

valproic acid-hexanediol-dextran conjugate (VPA-HXD-D10) (C). The 1H-NMR spectrum 

of dextran showed chemical shift between δ= 3.1 and 5.0 ppm, these broad bands 

belonged to the protons of anhydroglucose unit (AGU) and protons of the hydroxyl 

groups of the dextran molecules, except for the band at δ= 3.3. This band at δ= 3.3 

belonged to the protons of the water molecules that were present in the dextran 

samples. 

The conjugate VPA-HXD had the peak for six methyl protons of valproic acid 

appeared at δ= 0.83. All the methylene protons of valproic acid and eight methylene 

protons of hexanediol appeared in between δ= 1.2 and 1.6. The methine proton of 

valproic acid appeared around δ= 2.3. The peak for four methylene protons of 

hexanediol appeared at δ= 3.38 and at δ= 4.0 and the peak for one hydroxyl proton at 

δ= 4.25. The band at δ= 2.5 was present in all the spectra due to partially deuterated 
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DMSO (e.g. DMSO-d5). The peaks at or around δ= 3.3 due to the presence of water in 

the conjugate. The peak for carboxyl proton from valproic acid was not present in the 

spectrum of VPA-HXD. 

In the spectrum of VPA-HXD-D10, the peak from six methyl protons from valproic 

acid appeared at δ= 0.83. All the methylene protons of valproic acid and eight 

methylene protons of hexanediol appeared in between δ= 1.2 and 1.6. The methine 

proton of valproic acid usually appeared around δ= 2.3 was found to merged with the 

large peak from DMSO-D5 at δ= 2.5. Peaks appeared in between δ= 3 and 4 were due 

to ring protons of AGU of dextran molecules (except for the anomeric proton), 

methylene protons at C6 of AGU and from the four methylene protons of hexanediol. 

These peaks were not very sharp and overshadowed by the huge peak at δ= 3.3 

presumably from the water present in the conjugate. 

The peaks from three hydroxyl protons and one anomeric proton of AGU of 

dextran molecules appeared in between δ= 4 and 5. The presence or absence of 

hydroxyl proton from VPA-HXD conjugate at or around δ= 4.25 could not be identified, 

because the peaks from three hydroxyl protons and one anomeric proton of AGU of 

dextran molecules appeared in between δ= 4 and 5 and these peaks were not sharp 

and very hard to separate one from the other. There were also three peaks present at 

the spectrum of VPA-HXD-D10, these were at δ= 7.00, δ= 7.65 and δ= 12. These peaks 

were presumably from the protons of imidazole, which were present with the conjugates 

as impurity. The fact that there were bands for both valproic acid and dextran present in 

the spectra and the fact that valproic acid could not be conjugated to the dextran in this 
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case without hexanediol conjugated to the dextran, provided indication for the formation 

of the conjugate VPA-HXD-D10. 

Analysis of 1H NMR spectra of VPA-TEG. The Figure 3-6 showed 1H-NMR 

spectra of valproic acid (A), triethylene glycol (B) and valproic acid-triethylene glycol 

(VPA-TEG) (C). The 1H-NMR spectrum showed the bands for the protons of valproic 

acid appeared in between δ= 0.8 and 2.3. There was also one band present around δ= 

12 from the carboxylic acid group, which was present prominently in the spectrum of 

valproic acid. Three peaks appeared in between δ= 3.4 to δ= 3.6 belonged to the 

methylene protons of triethylene glycol. The hydroxyl proton appeared at δ= 4.5. 

The conjugate VPA-TEG had all the methyl, methylene and methine protons 

appeared in between δ= 0.8 and 2.3. It also had peaks for methylene protons of 

triethylene glycol appeared in between δ= 3.4 to δ= 3.6 and hydroxyl proton at δ= 4.5. 

The band at δ= 2.5 was present in all the spectra due to partially deuterated DMSO 

(e.g. DMSO-d5). The peak at δ= 3.3 due to the presence of water in the conjugate. The 

peak for carboxyl proton from valproic acid was not present in the spectrum of VPA-

TEG, which indicated the formation of ester bond between valproic acid and triethylene 

glycol. 

The fact that there were bands for both valproic acid and triethylene glycol present 

in the spectra of VPA-TEG and the absence of the carboxyl proton from valproic acid at 

or around δ= 12 provided strong indication for the formation of the conjugate between 

valproic acid and triethylene glycol. 

Analysis of 1H NMR spectra of VPA-TEG-D10 conjugate. The Figure 3-7 

showed 1H-NMR spectra of valproic acid-triethylene glycol (VPA-TEG) (A), dextran (B) 
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and valproic acid-triethylene glycol-dextran conjugate (VPA-TEG-D10) (C). The 1H-NMR 

spectrum of dextran showed chemical shift between δ= 3.1 and 5.0 ppm, these broad 

bands belonged to the protons of anhydroglucose unit (AGU) and protons of the 

hydroxyl groups of the dextran molecules, except for the band at δ= 3.3. This band at 

δ= 3.3 belonged to the protons of the water molecules that were present in the dextran 

samples. 

The bands for the protons of VPA-TEG conjugate appeared in between δ= 0.8 and 

2.3 (protons from valproic acid) and in between δ= 3.4 and 3.6 (protons from triethylene 

glycol) and at δ= 4.5 (hydroxyl proton from triethylene glycol). The band at δ= 2.5 was 

present in all the spectra and represented part of the DMSO used as solvent which was 

not deuterated completely (e.g. DMSO-d5). 

In the spectrum of VPA-TEG-D10, protons from valproic acid appeared in between 

δ= 0.8 and 2.3. Peaks appeared in between δ= 3 and 4 were due to ring protons of 

AGU of dextran molecules (except for the anomeric proton), methylene protons at C6 of 

AGU and all the methylene protons of triethylene glycol. These peaks were overlapping 

with each other. The presence of a small peak at δ= 4.5 could be due to hydroxyl proton 

from VPA-TEG indicated that there might be some VPA-TEG present in the sample 

which might not have conjugated to the dextran molecules and remained physically 

mixed with the final conjugate VPA-TEG-D10. The fact that there were bands for both 

valproic acid and dextran present in the spectra and the fact that valproic acid could not 

be conjugated to the dextran in this case without triethylene glycol conjugated to the 

dextran, provided indication for the formation of the conjugate VPA-TEG-D10. 
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Solubility Analysis 

The conjugate VPA-HXD-D70 was found to be insoluble in aqueous buffer 

solutions. So, no further study could be done with this conjugate. Subsequently, 

conjugates VPA-HXD-D10 and VPA-TEG-D10 were synthesized using lower molecule 

of dextran (10 kD) and a more polar linker triethylene glycol compared to 1,6-

hexanediol. The two conjugates did not result in any improvement in aqueous solubility 

and also posed the same problem. It has been hypothesized that incorporation of 

hydrophobic drug or drugs with limited water solubility like valproic acid into the dextran 

chain might result in intra-molecular and inter-molecular hydrophobic interaction and 

ultimately result in a very compact coil structure of the conjugate molecules, leading to 

water insolubility (145). So, several solubilization approaches were taken to dissolve 

these conjugates in aqueous media (Table 3-1). The details of these tests have been 

described in the Appendix A and Appendix B.  

All the conjugates were soluble in DMSO and resulted in clear solutions. Upon 

addition of a very small amount of aqueous buffer to these solutions resulted in the 

precipitation of the conjugates. Use of (2-hydroxypropyl)-β-cyclodextrin and PEG-300 

failed to solubilize these conjugates. Only one approach was successful in solubilizing 

these conjugates. Dissolving the conjugate in DMSO followed by the addition of Tween 

80 seemed to hold the conjugate in solution upon addition of aqueous buffer solutions.  

Several attempts were made to conduct hydrolysis studies with these conjugate 

solutions in presence of porcine liver esterase. Tween 80 itself was an ester and was 

also being hydrolyzed by the enzyme simultaneously, with the conjugates, which made 

the analysis of the active drug content extremely difficult. Several extraction attempts 

were made to extract active drug from this mixture after hydrolysis and proved to be 
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inconsistent. So, different approaches were taken to synthesize new conjugates to 

improve the aqueous solubility so that additional studies could be carried out with 

relative ease. 

Degree of Substitution 

The degree of substitution of the two conjugates synthesized, VPA-HXD-D70 and 

VPA-HXD-D10, were determined by using 1H-NMR spectra of the conjugates. The 

degree of substitution of the conjugate VPA-TEG-D10 could not be determined with 

reasonable certainty and hence omitted. The values of the degree of substitution of the 

conjugates were presented in Table 3-2. The values of the degree of substitution of the 

conjugates VPA-HXD-D70 and VPA-HXD-D10 were 0.19 and 0.20 respectively. 

Conclusion 

The synthesis of the three different conjugates –VPA-HXD-D70, VPA-HXD-D10 

and VPA-TEG-D10, using different linkers has been achieved. However, the insolubility 

of these conjugates in aqueous buffer solutions made it very difficult to conduct any 

further experiment. 

Several solubilizing approaches were tried to dissolve these conjugates in 

aqueous buffers. Using DMSO and Tween 80 to solubilize these conjugates found to be 

successful. Although use of Tween 80 complicated the analysis of drug content even 

more in the hydrolysis media.  

This study helped us to understand the physico-chemical properties of these types 

of conjugates and directed us towards the synthesis of the new types of conjugates with 

better aqueous solubility. By reducing the molecular weights of dextran used in the 

conjugate from 70 kD to 10 kD did not improve the aqueous solubility of the conjugate. 

By changing from hexanediol to a more polar linker triethylene glycol, did not improve 
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the solubility either. So, reducing the molecular weights of the dextrans even further to 

synthesize the new conjugates can be tried to improve the solubility of the conjugates. 
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Table 3-1. Different solubilization approaches 

Solubilizing agents  Example 

Organic solvents  DMSO 
1-Butanol 
DMF 
Ethyl acetate 

Surfactants  Tween-80 
PEG-300 

Cyclodextrins  (2-hydroxypropyl)-β-
cyclodextrin 

Aqueous media  0.01M phosphate buffer 
Distilled water 

   

 
 
Table 3-2. Degree of substitution (DS) of conjugates VPA-HXD-D70, VPA-HXD-D10 

and VPA-TEG-D10 from NMR study. 

Conjugate code Dextran Mw Linker DS from NMR study 
(mole fraction) 

VPA-HXD-D70 70 kD 1,6-Hexanediol 0.19 
VPA-HXD-D10 10 kD 1,6-Hexanediol 0.20 
VPA-TEG-D10 10 kD Triethylene glycol Not detected 
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Figure 3-1.  Design of the synthesis of valproic acid-linker-dextran conjugate. 
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Figure 3-2.  1H-NMR spectra of VPA (A), HXD (B) and VPA-HXD (C). 

 

 
Figure 3-3.  1H-NMR spectra of VPA-HXD (A), Dextran (B) and VPA-HXD-D70 (C). 
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Figure 3-4.  1H-NMR spectra of VPA (A), HXD (B) and VPA-HXD (C). 

 

 
Figure 3-5.  1H-NMR spectra of VPA-HXD (A), Dextran (B) and VPA-HXD-D10 (C). 
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Figure 3-6.  1H-NMR spectra of VPA (A), TEG (B) and VPA-TEG (C). 

 

 
Figure 3-7.  1H-NMR spectra of VPA-TEG (A), Dextran (B) and VPA-TEG-D10 (C). 
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CHAPTER 4 
SYNTHESIS OF VALPROIC ACID-LINKER-DEXTRAN CONJUGATES: 

OVERCOMING THE SOLUBILITY ISSUE 

 Introduction 

The conjugates synthesized using hexanediol or triethylene glycol as a linker and 

using dextran with Mw either 70 kD or 10 kD resulted in conjugates which are practically 

insoluble in water or aqueous buffer. Valproic acid is a branched, short-chain fatty acid. 

Conjugation of valproic acid to dextran through non-polar linker 1,6-hexanediol, or 

through triethylene glycol resulted in a hydrophobic interaction between the conjugate 

molecules, which in turn resulted in a compact coil structure of the conjugate. This 

interaction might have made these conjugates practically insoluble in aqueous buffer. 

Various solubilizing approaches were taken to dissolve these conjugates in 

aqueous buffer. None of the approaches was successful, except for the simultaneous 

use of organic solvent DMSO and the non-ionic surfactant Tween 80. But, this 

combination imposed additional difficulties in the analysis of the active drug during in 

vitro hydrolysis studies. Also, use of DMSO and Tween 80 to dissolve these conjugates 

would complicate future animal studies even further. Dextrans with 70 kD or 10 kD were 

selected in earlier studies as macromolecular carrier. But, insolubility made these 

conjugates unsuitable for any further use.  

Considering all of these, dextran with Mw 1 kD was chosen to be the carrier to see 

if the newly synthesized conjugates will have some degrees of aqueous solubility so 

that further studies can be carried out. About the spacer arm, relatively more polar 

triethylene glycol was chosen over 1,6-hexanediol to improve the aqueous solubility of 

the final conjugate. Pentaethylene glycol was chosen as an alternative to triethylene 
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glycol, which will lengthen the distance between valproic acid and dextran even further, 

and thus may aid more in the enzymatic hydrolysis of the conjugates. 

So, the aims of this study were to synthesize valproic acid conjugated to dextran 1 

kD using either triethylene glycol or pentaethylene glycol as a linker, characterize the 

conjugates with NMR spectroscopy, study degree of substitution and solubility of the 

conjugates, study in vitro hydrolysis of the conjugates in presence of rat brain fraction 

and porcine liver esterase and study the toxicity of the conjugate on viable cells. 

Materials and Methods 

Chemicals and Instruments 

Dextran T1 (Mw 1 kD) was purchased from Pharmacosmos (Holbaek, Denmark). 

N,N’-dicyclohexylcarbodiimide (DCC), dimethylaminopyridine (DMAP), dimethyl 

sulfoxide (DMSO) anhydrous (99.9+%) were obtained from Sigma Aldrich (St. Louis, 

MO). Valproic acid (2-propylpentanoic acid) was purchased from MP Biomedicals 

(Solon, OH). 1,1’-Carbonyldiimidazole (CDI) was purchased from Acros Organics (part 

of Thermo Fisher Scientific, New Jersey, US). Potassium phosphate monobasic, 

potassium phosphate dibasic, sodium phosphate dibasic, sodium hydrogen sulfate, 

triethylene glycol, pentaethylene glycol, tetrahydrofuran, tert-butyl methyl ether and 

molecular sieves (3Å) were all purchased from Sigma Aldrich (St. Louis, MO).  

Isopropyl alcohol (2-propanol, HPLC grade), acetonitrile (HPLC grade), ethyl 

acetate (HPLC grade), dichloromethane (HPLC grade) and methanol (HPLC grade) 

were obtained from Fisher Scientific (Pittsburgh, PA). Hydrochloric acid (2N), ortho-

phosphoric acid (85%), magnesium sulfate, sodium bicarbonate, sodium carbonate, and 

sodium hydroxide were all purchased from Fisher Scientific (Pittsburgh, PA). Dimethyl 

sulfoxide-d6 (99.96 atom % D) was purchased from Sigma Aldrich (St. Louis, MO). All 
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the buffers used in the experiments were freshly prepared. Enzyme porcine liver 

esterase (PLE) was purchased from Sigma Aldrich (St. Louis, MO). Rat brain fraction 

(RBF) was prepared from rat brain according to the procedure described below and 

frozen at – 80 °C before use. 

Preparation of rat brain fraction (S9 fraction) (146, 147) – The S9 fraction of rat 

brain was used in hydrolysis studies of the conjugates, because it contained both 

cytosolic and microsomal enzyme fractions (148). The fraction from the rat brain was 

prepared according to the following procedure. Rat brain (2.2 g) was collected from a 

male Sprague-Dawley rat weighing in between 300-350 grams according to the protocol 

approved by IACUC (Institutional Animal Care and Use Committee). The brain was 

added to 11 ml of 1X PBS solution pH 7.4 in a polypropylene centrifuge tube. During the 

transfer of the brain from a different facility (lab), the tube was kept on ice in an ice-

cooler. Then, the brain was homogenized with the help of a homogenizer (Power Gen 

125) for about 15 minutes keeping the tube immersed into ice. The tube was centrifuged 

at approximately 9000 g for about 17 minutes. 500 µl aliquot of the clear supernatant 

was collected into several Eppendorf tubes. After that these tubes were stored in the 

freezer at – 80 °C. 

HEK-293 cells were obtained from ATCC. The Dulbecco’s modified Eagle’s 

medium was purchased from Cellgro (Manassas, VA). Dimethyl sulfoxide (DMSO) was 

purchased from Fisher Scientific (Pittsburgh, PA). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was purchased from Calbiochem (EMD Chemicals Inc., 

Gibbstown, NJ). 
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The HPLC instrument used was from Waters (Milford, MA) and equipped with 

Waters 717 Plus Autosampler, Waters 2587 Dual λ Absorbance Detector and Waters 

1525 Binary HPLC Pump. NMR spectra were obtained with a Bruker, Avance II 600 

Spectrometer with 5 mm TXI CryoProbe samplehead, operating at 600 MHz. Ultrasonic 

bath (FS110H) and homogenizer (Power Gen 125) used were from Fisher Scientific 

(Pittsburgh, PA). Centrifuge (Eppendorf Centrifuge 5415D) was from Eppendorf 

(Hauppauge, NY). Another centrifuge (Sorvall Legend RT) was from Thermo Scientific 

(part of Thermo Fisher Scientific, Pittsburgh, PA). Rotary evaporators (Rotavapor 

RE121 and Büchi 461 water bath) were from Büchi (Switzerland). Magnetic stirrer (Bell 

Stir Multi Stir 9) was from Bellco Glass (Vineland, NJ). The incubator used for the in 

vitro hydrolysis study was a CO2 water-jacketed incubator (NU-2600) from Nuaire 

(Plymouth, MN). The microplate reader (MRXTM model) used in MTT study was from 

Dynex Technologies (Chantilly, VA). 

Synthesis of The Conjugates 

Two types of conjugates were synthesized using two different linkers. One was 

valproic acid conjugated to dextran (Mw 1kD) via triethylene glycol linker and the other 

was valproic acid conjugated to dextran (Mw 1kD) via pentaethylene glycol linker. The 

overall synthetic procedures for the both conjugates were presented in Figure 4-1 and 

Figure 4-2. These two procedures were mostly the same (described earlier in Chapter 

3) with minor difference in the extraction procedure. Total synthetic procedure is broken 

down into four steps. Step-1: synthesis of valproic acid-linker conjugate, step-2: 

extraction of the valproic acid-linker conjugate, step-3: synthesis of valproic acid-linker-

dextran conjugate, and step-4: extraction of the valproic acid-linker-dextran conjugate. 

These steps are described as follows. 
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Stpe-1: Synthesis of valproic acid-linker conjugate. About 46.43 mmol of the 

linker (6.196 ml for triethylene glycol and 9.814 ml for pentaethylene glycol) was added 

to 20 ml dried acetonitrile in a conical flask and dissolved it with the help of magnetic 

stirrer (sol-A). Then, 20 ml dried dicholoromethane (DCM) (dried over molecular sieves) 

was taken in a 125 ml conical flask and sol-A was added slowly to DCM in this flask 

while shaking (sol-B). Now, 1848 µL (1664 mg, or, 11.6 mmol) of valproic acid, 432.2 

mg (3.49mmol) of dimethyl aminopyridine (DMAP) were added and the flask was 

purged with argon gas (sol-C).  

Now, 2631.4 mg (12.76 mmol) of dicyclohexyl carbodiimide (DCC) was dissolved 

in 10 ml of dried DCM and this solution was added to sol-C drop-wise for 5 minutes. The 

flask was purged with argon gas again. After that the reaction was continued at room 

temperature for 24 hours.  

Step-2: Extraction of valproic acid-linker conjugate. After 24 hours, the VPA-

linker conjugate was extracted from the reaction mixture. The reaction generated urea 

which was precipitated in the reaction mixture. This urea was filtered out from the 

reaction mixture by using conventional paper filter. Then, the reaction mixture was 

evaporated in a rotary evaporator under high vacuum at 55 °C for about 15-20 minutes 

and the reaction mixture was concentrated to a small amount of oily liquid (about 5 ml). 

About 10 ml of dried DCM was added to dissolve the oily liquid and transferred it into a 

separatory funnel. 10 ml of 5% NaHSO4 solution was added to the funnel and the funnel 

was shaken vigorously for 5 to 10 minutes to have unreacted DMAP dissolved in the 

aqueous layer. The upper aqueous layer was removed and discarded.  
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The wash with 5% NaHSO4 solution was repeated one time to ensure complete 

removal of DMAP from the reaction mixture. Now, 10 ml of 5% NaHCO3 solution was 

added to the funnel and funnel was also shaken vigorously for 5 to 10 minutes to 

remove excess acid from the reaction mixture. The upper aqueous layer was also 

removed and discarded. The wash with 5% NaHCO3 solution was repeated one more 

time for the completeness. At the end of extraction, the organic phase (with some 

precipitated conjugates) was collected in a conical flask and 80 ml of DCM was added 

to dissolve the precipitated conjugate completely. Then, 5 g of dry MgSO4 was added 

and was allowed to stand for 30 minutes to remove water from the organic solvent. After 

that, the salt was filtered out completely with a conventional paper filter and the organic 

liquid was transferred in a rotary evaporator and dried under high vacuum at 50 °C to 

complete dryness for about 3-4 hours. 

Step-3: Synthesis of the valproic acid-linker-dextran conjugate. The extracted 

valproic acid-linker conjugate was dissolved in THF in an argon atmosphere in a conical 

flask. Then the appropriate amount of carbonyldiimidazole (CDI) was added to it for the 

activation of the conjugate (the number of millimoles of CDI necessary for the activation 

was calculated by multiplying the number of millimoles of valproic acid-linker conjugate 

with 1.1). This solution was then stirred for 27 hours at room temperature. 

Afterwards the solvent was evaporated in a rotary evaporator at 50 °C under 

reduced pressure yielding viscous oil. This product was used without further purification. 

For each conjugate about 1.5 g of freeze-dried Dextran (MW 1k) was dissolved in 10 ml 

of dried DMSO and 1 g of molecular sieves 3Å was added to this solution in an argon 
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atmosphere. Activated valproic acid-linker conjugate was also dissolved in 10 ml of 

dried DMSO and was added to dextran solution under argon atmosphere. 

At last dimethylaminopyridine (DMAP) was added to the flask as nucleophilic 

catalyst for the coupling of activated conjugate to dextran in an argon atmosphere. The 

number of millimoles of DMAP needed was calculated by multiplying the number of 

millimoles of valproic acid-linker conjugate with 1.5. The flask was then placed on a 

magnetic stirrer and kept on running at 50 °C for 4 days. 

Step-4: Extraction of the valproic acid-linker-dextran conjugate. Two different 

organic solvents were used to extract the two different conjugates. Ethyl acetate was 

used to precipitate valproic acid-triethylene glycol-dextran conjugate and t-butyl methyl 

ether was used to precipitate valproic acid-pentaethylene glycol-dextran conjugate. 5 ml 

of the reaction medium was transferred into 4 centrifugal tubes and to each tube 25 ml 

of organic solvent was added to precipitate the conjugate. The mixtures were then 

centrifuged at 8000 rpm for 10 minutes. After that the supernatant was discarded and 

the conjugate was dissolved in 6 ml of DMSO with the help of a homogenizer. 

Afterwards the conjugate was again precipitated by adding 25 ml of organic 

solvent and centrifuged. These steps were repeated 3 more times. Finally, 15 ml of 

methanol was added to each tube to disperse the conjugate and all the dispersion was 

transferred into a round bottom flask and dried in a rotary evaporator for 15 hours to 

remove all the organic solvents. The two synthetic schemes are described in Figure 4-1 

and Figure 4-2. 

Characterization of The Conjugates by NMR Spectroscopy 

1H-NMR spectra were obtained with a Bruker Avance II 600 Spectrometer with 5 

mm TXI CryoProbe sample head and Magnex 14.1 T/54 mm AS Magnet, operating at 
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600 MHz. The sample tube size was 5 mm. The concentrations of the samples were 20 

mg/0.7 ml for valproic acid, 20 mg/0.7 ml for both triethylene glycol and pentaethylene 

glycol, 37 mg/0.7 ml for dextran (Mw 1k), 30 mg/0.7 ml for VPA-TEG conjugate, 23 

mg/0.7 ml for VPA-PEG conjugate, 35 mg/0.7 ml for VPA-TEG-D1 conjugate and 34 

mg/0.7 ml for VPA-PEG-D1 conjugate. DMSO-d6 (99.96%) was used as a solvent for 

the samples. All of the chemical shifts are reported in parts per million (ppm) with 

tetramethylsilane as an internal standard. All the samples were measured at 37°C. 

Degree of Substitution of The Conjugates 

Degree of substitution (DS%) is defined as the drug content in mg per 100 mg of 

the dextran conjugate expressed as percentage. To determine degree of substitution, 

10-15 mg of the conjugate was dissolved in 10 ml of NaOH solution (0.5 N). The 

solution was kept in the refrigerator for complete hydrolysis and samples were collected 

at different time points for the next 48 hours. For the sample collection, 500 µl of the 

solution was collected into 1 ml HPLC vials and 500 µl of HCl solution (0.5 N) was 

added to the vials to neutralize the base. All the experiments were done in triplicate. 

The released valproic acid was analyzed by established HPLC method. Then to 

calculate the degree of substitution, the total amount of drug per conjugate sample had 

to be calculated using the equation below. 

                      [  ]    
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Then the percentage of degree of substitution (DS%) was calculated according to 

the following equation- 
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Aqueous Solubility of The Conjugates 

To determine the aqueous solubility of the conjugates at room temperature, 

approximately 70 mg of VPA-TEG-D1 conjugate was added to 1.5 ml of double distilled 

water. For the conjugate VPA-PEG-D1, approximately 20 mg was added to 1.5 ml of 

double distilled water. The mixtures were then sonicated in a bath sonicator for 60 

minutes to dissolve as much conjugate as possible. After that the mixtures were 

centrifuged for 10 minutes at 13,200 rpm to precipitate the un-dissolved conjugates.  

Then, 1ml of the supernatant was added to 10 ml of NaOH solution (0.5 N) and the 

solution was kept in the refrigerator for 72 hours to perform complete hydrolysis. At 

different time points, 500 µl of each sample was collected into 1 ml HPLC vials and 500 

µl of HCl solution (0.5 N) was added to each vial to neutralize the base. All the 

experiments were done in triplicate. The collected samples were stored in the 

refrigerator before being analyzed by HPLC. Then to calculate the solubility of the 

conjugate (mg/ml), the total amount of drug per conjugate sample dissolved in 1 ml of 

water had to be calculated using the equation below.  

                     [  ]    
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Then the actual solubility of the conjugate (mg/ml) was calculated according to the 

following equation- 

                            [
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In vitro Hydrolysis Study with Porcine Liver Esterase (PLE) 

A certain amount of conjugate (approximately 80 mg for VPA-TEG-D1 conjugate 

and 16 mg for VPA-PEG-D1 conjugate) was weighed in glass vials. 5 ml of preheated 

PBS solution was added to each glass vial to dissolve the conjugate in buffer solution. 
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Glass vials were placed in the incubator at 37 °C and keep the magnetic stirrer running 

at 100 rpm. After that, 1 ml of porcine liver esterase (10 U/ml) was added to each glass 

vial. All the experiments were done in triplicate. 

Similar experiments were done in parallel with both conjugates using PBS only 

(without the addition of porcine liver esterase). These served as negative controls. 500 

µl of the reaction solution from each glass vial was removed periodically and collected 

into eppendorf tubes already containing 500 µl of acetonitrile to stop the enzyme-

catalyzed hydrolysis of the conjugate (149, 150). 500 µl of fresh PBS solution was 

added back to each vial after each sample collection to replenish the volume. 

These tubes were then centrifuged at 13,200 rpm for 5 minutes. After that 800 µl 

of supernatant was collected from each tube in 1 ml HPLC glass vials and kept in the 

refrigerator before being analyzed by HPLC. Time intervals for sample collection were 

at 5 minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes and 30 minutes. Addition 

of PBS solution after each sample collection diluted both the enzymes and the substrate 

conjugate present in the hydrolysis media. This dilution factor was considered when 

calculating the concentration of VPA released in the media at different time intervals. 

In vitro Hydrolysis Study with Rat Brain Fraction (RBF) 

A certain amount of conjugate (approximately 80 mg for VPA-TEG-D1 conjugate 

and 16 mg for VPA-PEG-D1 conjugate) was weighed in glass vials. 5 ml of preheated 

(37 °C) PBS solution was added to each glass vial to dissolve the conjugate in buffer 

solution. Glass vials were placed in the incubator at 37 °C with the magnetic stirrer 

running at 100 rpm. Subsequently, 1 ml of rat brain fraction was added to each glass 

vial. All the experiments were done in triplicate. 
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Similar experiments were done in parallel with both conjugates using PBS only 

(without the addition of rat brain fraction). These served as negative controls. 500 µl of 

the reaction solution from each glass vial was removed periodically and collected into 

eppendorf tubes already containing 500 µl of acetonitrile. 500 µl of fresh PBS solution 

was added back to each vial after each sample collection to replenish the volume. 

These tubes were then centrifuged at 13,200 rpm for 5 minutes. After that 800 µl 

of supernatant was collected from each tube in 1 ml HPLC glass vials and kept in the 

refrigerator before being analyzed by HPLC. Time intervals for sample collection were 

at 17 hours, 24 hours, 41 hours, 48 hours, 65 hours and 72 hours. Addition of PBS 

solution after each sample collection diluted both the enzymes and the substrate 

conjugate present in the hydrolysis media. This dilution factor was considered when 

calculating the concentration of VPA released in the media at different time intervals. 

Cytotoxicity Test 

The MTT assay was performed to test the cytotoxicity of the conjugate VPA-PEG-

D1 at three different concentrations. 0.05x106 HEK cells (Human Embryonic Kidney 

cells) were seeded to each well of a 24 well-plate in DMEM for 24 hours. After 24 hours, 

the medium was removed and replaced with DMEM containing the conjugate VPA-

TEG-D1 at the following concentrations- 17.33 mg/ml, 3.47 mg/ml and 0.69 mg/ml. The 

medium DMEM containing no conjugate was also added as a control. After incubation 

for 24 hours, the medium was replaced with DMEM medium and 20 µl of filtered MTT 

solution (5 mg/ml in 1X PBS) was added to each well and incubated at 37ºC for 4 hours. 

After that medium was removed and 200 µl of DMSO was added to each well and 

incubated at 37 ºC for 5 minutes. Then, 200 µl solution from each well from each plate 

was transferred to a 96 well-plate and absorbance was measured by a plate reader at a 
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wavelength of 550 nm. The percent cell viability was calculated according to the 

following equation- 

               (            )   
                    

                     
      

The experiment was repeated the same way adding two more controls in addition 

to the medium control. The concentrations of the conjugate were reduced for this 

experiment. The two new controls were valproic acid and dextran. The following 

concentrations were used for the conjugate VPA-TEG-D1- 4 mg/ml, 1mg/ml and 0.25 

mg/ml. The concentrations of valproic acid were used as follows- 0.27 mg/ml, 0.068 

mg/ml and 0.017 mg/ml. The following concentrations were used for dextran- 3.301 

mg/ml, 0.825 mg/ml and 0.206 mg/ml. The medium DMEM containing no conjugate was 

also added as a control. 

Statistical Analysis 

Statistical significance of the difference in the percent cell viability between each 

concentration of the conjugate VPA-TEG-D1, valproic acid and dextran was tested 

using one-way ANOVA followed by Tukey’s multiple comparison test. P-value <0.05 

was considered significant. 

Results and Discussion 

Synthesis of Dextran-linker-Valproic Acid Conjugates and Spectral Analysis 

The dextran-linker-valproic acid conjugates were synthesized according to the 

procedures mentioned in several papers for other compounds with slight modifications 

(151). Two types of conjugates were synthesized by using two different linkers. 

Conjugate VPA-TEG-D1 was synthesized using triethylene glycol as a linker and VPA-
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PEG-D1 was synthesized using pentaethylene glycol as a linker. Dextrans with an 

average molecular weight of 1 kD were used in the synthesis of both conjugates. 

Initially, valproic acid-linker conjugate was synthesized using 

dicyclohexylcarbodiimide as a coupling agent in the presence of dimethylaminopyridine. 

Dicyclohexylcarbodiimide gives quantitative esterification even in the presence of 

moisture. Then, this conjugate was extracted from the reaction media using the 

extraction procedure described in Chapter 3. The yield% of extraction for VPA-TEG was 

49.31% whereas the same yield% for VPA-PEG was 93.71%. The reason behind the 

low yield% of VPA-TEG could be explained in terms of solubility. Triethylene glycol is 

100% soluble in water and the resulting conjugate VPA-TEG was likely to be more 

soluble in aqueous media than the conjugate VPA-PEG. Because of that, significant 

amount of VPA-TEG was lost during the multiple washing steps during the extraction, 

which resulted in a lower extraction yield% of VPA-TEG. 

The valproic acid-linker conjugates were then activated using carbonyldiimidazole 

in the solvent tetrahydrofuran and then subsequently coupled to dextran in DMSO in the 

presence of dimethylaminopyridine. Finally, the conjugate VPA-TEG-D1 was 

precipitated using ethyl acetate. The VPA-PEG-D1 conjugate was not precipitated upon 

addition of ethyl acetate, methanol, acetonitrile or dichloromethane. The conjugate was 

precipitated at last upon addition of tert-butyl-methyl ether. The conjugation yield was 

92.99% for VPA-TEG-D1 and 49.20% for VPA-PEG-D1. 

Analysis of 1H NMR spectra of VPA-TEG. The Figure 4-3 showed 1H-NMR 

spectra of valproic acid (A), triethylene glycol (B) and valproic acid-triethylene glycol 

(VPA-TEG) (C). The 1H-NMR spectrum showed the bands for the protons of valproic 
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acid appeared between δ= 0.8 and 2.3. A carboxylic acid proton band was present 

around δ= 12. This band was prominently present in the spectrum of valproic acid. 

Three peaks appeared between δ= 3.4 to δ= 3.6, belonging to the methylene protons of 

triethylene glycol. The hydroxyl proton appeared at δ= 4.5. 

The conjugate VPA-TEG had all the methyl, methylene and methine protons of 

valproic acid appearing between δ= 0.8 and 2.3. It also showed peaks for methylene 

protons of triethylene glycol appearing between δ= 3.4 to δ= 4.2 and hydroxyl proton at 

δ= 4.5. The band at δ= 2.5 was present in all the spectra due to partially deuterated 

DMSO (e.g. DMSO-d5). The peak at δ= 3.3 was due to the presence of water in the 

conjugate. The peak for the carboxyl proton from valproic acid was not present in the 

spectrum of VPA-TEG, which indicated the formation of an ester bond between valproic 

acid and triethylene glycol. 

The fact that there were bands for both valproic acid (except for the carboxyl 

proton) and triethylene glycol present in the spectra of VPA-TEG and the absence of the 

carboxyl proton from valproic acid at or around δ= 12 provided strong indication for the 

formation of the conjugate between valproic acid and triethylene glycol. 

Analysis of 1H NMR spectra of VPA-TEG-D1 conjugate. The Figure 4-4 showed 

1H-NMR spectra of valproic acid-triethylene glycol (VPA-TEG) (A), dextran (B) and 

valproic acid-triethylene glycol-dextran conjugate (VPA-TEG-D1) (C). The 1H-NMR 

spectrum of dextran showed chemical shift between δ= 3.1 and 5.0 ppm, these broad 

bands belonged to the protons of anhydroglucose unit (AGU) and protons of the 

hydroxyl groups of the dextran molecules, except for the band at δ= 3.3. This band at 
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δ= 3.3 belonged to the protons of the water molecules that were present in the dextran 

samples. 

The bands for the protons of VPA-TEG conjugate appeared between δ= 0.8 and 

2.3 (protons from valproic acid) and between δ= 3.4 and 4.2 (protons from triethylene 

glycol) and at δ= 4.5 (hydroxyl proton from triethylene glycol). The band at δ= 2.5 was 

present in all the spectra and represented part of the DMSO used as solvent which was 

not deuterated completely (e.g. DMSO-d5). 

In the spectrum of VPA-TEG-D1, protons from valproic acid appeared between δ= 

0.8 and 2.3. Peaks present between δ= 3 and 4 were due to ring protons of 

anhydroglucose unit (AGU) of dextran molecules (except for the anomeric proton), 

methylene protons at C6 of AGU and all the methylene protons of triethylene glycol. 

These peaks were overlapping with each other. The presence or absence of hydroxyl 

proton from triethylene glycol at δ= 4.5 could not be identified, because the peaks from 

three hydroxyl protons and one anomeric proton of AGU of dextran molecules appeared 

in between δ= 4 and 5. 

The fact that there were bands for both valproic acid and dextran present in the 

spectra and the fact that valproic acid could not be conjugated to the dextran in this 

case without triethylene glycol conjugated to the dextran, provided indication for the 

formation of the conjugate VPA-TEG-D1. 

Analysis of 1H NMR spectra of VPA-PEG. The Figure 4-5 showed 1H-NMR 

spectra of valproic acid (A), pentaethylene glycol (B) and valproic acid-pentaethylene 

glycol (VPA-PEG) (C). The 1H-NMR spectrum showed the bands for the protons of 

valproic acid appeared between δ= 0.8 and 2.3. There was also one band present 
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around δ= 12 from the carboxylic acid group, which was present prominently in the 

spectrum of valproic acid. Three peaks appeared in between δ= 3.4 to δ= 3.6 belonged 

to the methylene protons of pentaethylene glycol. The hydroxyl proton appeared at δ= 

4.5. 

The conjugate VPA-PEG had all the methyl, methylene and methine protons 

(protons of valproic acid) appeared in between δ= 0.8 and 2.3. It also had peaks for 

methylene protons of pentaethylene glycol appeared in between δ= 3.4 to δ= 4.2 and 

hydroxyl proton at δ= 4.5. The band at δ= 2.5 was present in all the spectra due to 

partially deuterated DMSO (e.g. DMSO-d5). The peak at δ= 3.3 due to the presence of 

water in the conjugate. The peak for carboxyl proton from valproic acid was not present 

in the spectrum of VPA-PEG, which indicated the formation of ester bond between 

valproic acid and pentaethylene glycol. 

The fact that there were bands for both valproic acid and pentaethylene glycol 

present in the spectra of VPA-PEG and the absence of the carboxyl proton from 

valproic acid at or around δ= 12 provided strong indication for the formation of the 

conjugate between valproic acid and pentaethylene glycol. 

Analysis of 1H NMR spectra of VPA-PEG-D1 conjugate. The Figure 4-6 showed 

1H-NMR spectra of valproic acid-pentaethylene glycol (VPA-PEG) (A), dextran (B) and 

valproic acid-pentaethylene glycol-dextran conjugate (VPA-PEG-D1) (C). The 1H-NMR 

spectrum of dextran showed chemical shift between δ= 3.1 and 5.0 ppm, these broad 

bands belonged to the protons of anhydroglucose unit (AGU) and protons of the 

hydroxyl groups of the dextran molecules, except for the band at δ= 3.3. This band at 
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δ= 3.3 belonged to the protons of the water molecules that were present in the dextran 

samples. 

The bands for the protons of VPA-PEG conjugate appeared in between δ= 0.8 and 

2.3 (protons from valproic acid) and in between δ= 3.4 and 4.2 (protons from 

pentaethylene glycol) and at δ= 4.5 (hydroxyl proton from pentaethylene glycol). The 

band at δ= 2.5 was present in all the spectra and represented part of the DMSO used 

as solvent which was not deuterated completely (e.g. DMSO-d5).  

In the spectrum of VPA-PEG-D1, protons from valproic acid appeared in between 

δ= 0.8 and 2.3. Peaks appeared in between δ= 3 and 4 were due to ring protons of 

AGU of dextran molecules (except for the anomeric proton), methylene protons at C6 of 

AGU and all the methylene protons of pentaethylene glycol. These peaks were 

overlapping with each other. The presence or absence of hydroxyl proton from 

pentaethylene glycol at δ= 4.5 could not be identified, because the peaks from three 

hydroxyl protons and one anomeric proton of AGU of dextran molecules appeared in 

between δ= 4 and 5. 

The fact that there were bands for both valproic acid and dextran present in the 

spectra and the fact that valproic acid could not be conjugated to the dextran in this 

case without pentaethylene glycol conjugated to the dextran, provided indication for the 

formation of the conjugate VPA-PEG-D1. 

Degree of Substitution and Solubility of The Conjugates 

The synthesized conjugate VPA-TEG-D1 had a degree of substitution (DS%) of 

1.15 ± 0.02 and VPA-PEG-D1 had a degree of substitution of 6.91 ± 0.14 (Table 4-1). 

The degree of substitution of the conjugate VPA-TEG-D1 was quite low compared to 

that of the conjugate VPA-PEG-D1 (Figure 4-7). The degree of substitution of the 
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conjugate VPA-PEG-D1 was quite comparable to the values of the degree of 

substitution of other dextran conjugates found in several other studies (77, 95, 102).  

Solubility is one of the most essential physicochemical properties that should be 

considered in selecting a potential drug candidate and should be examined as early as 

possible in the process of drug discovery. If the drug is not soluble under physiological 

conditions, development of the formulation of the drug and conduct any future study 

would be very difficult. The solubility issue will also cause severe problems concerning 

absorption, permeability and bioavailability. 

Earlier attempts for the synthesis of valproic acid-linker-dextran conjugates faced 

with this solubility issue. By reducing the molecular weights of dextran and using more 

polar linker molecules resulted in conjugates VPA-TEG-D1 and VPA-PEG-D1 which are 

soluble in physiological pH and temperature. Aqueous solubility of the conjugates VPA-

TEG-D1 and VPA-PEG-D1 at room temperature was 36.80 ± 0.55 mg/ml and 4.96 ± 

0.05 mg/ml respectively (Table 4-2). Like valproic acid-dextran conjugates synthesized 

before, the solubility was also found to be in inverse proportion with degree of 

substitution % of the conjugates. The conjugate with higher degree of substitution % 

had less aqueous solubility, so was the case with conjugates VPA-TEG-D1 and VPA-

PEG-D1.  

The low degree of substitution % of VPA-TEG-D1 conjugate may certainly limit the 

possibility of using this conjugate as a potential candidate for a conjugate formulation. 

But, the conjugate VPA-PEG-D1 with a degree of substitution % of 6.906 could be a 

potential candidate for such a formulation. In animal models, drug levels of valproic acid 
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needed to achieve antiepileptic activity was in micrograms level. The valproic acid level 

needed for antiepileptogenic activity is yet to be determined. 

However, several studies used the antiepileptic dosage of valproic acid to study 

antiepileptogenic property of valproic acid (65, 66). In fact, it could be the same as, 

lower or higher than that needed to provide antiepileptic activity. Moreover, there are no 

clearance studies available (in animals or human) for these conjugates either in the 

systemic circulation or in the brain. So, the degree of substitution % of the conjugate 

VPA-PEG-D1 may or may not be enough depending on the clearance of the conjugate 

in the system of interest. But, the degree of substitution % of the conjugate can certainly 

be improved by optimizing the synthetic procedure, if needed. So, the conjugate VPA-

PEG-D1 certainly holds the promise to be a candidate for a conjugate formulation. 

In vitro Hydrolysis Studies 

The hydrolysis of the conjugates VPA-TEG-D1 and VPA-PEG-D1 was investigated 

in aqueous phosphate buffer solution (pH 7.5) at 37 °C in presence of rat brain fraction 

and porcine liver esterase. Porcine liver esterase was chosen because it was highly 

purified, characterized and relatively stable (152-154). It also contained a group of 

isozymes with a broad range of substrate specificity (155). Rat brain fraction was 

chosen to evaluate the hydrolytic activity of rat brain esterases against our synthesized 

conjugates. Because, ultimately brain would be the target site of action for the 

synthesized conjugates. 

Both conjugates possessed two types of ester groups which were susceptible to 

hydrolytic cleavage. The two ester groups were carboxyl ester and carbonate ester 

type. Three different schemes were proposed for the hydrolysis of VPA-TEG-D1 and 

VPA-PEG-D1 conjugates, which were described in Figure 4-9 (scheme A), Figure 4-10 
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(scheme B), and Figure 4-11 (scheme C). The rate constants k1, k2, k3 and k4 were 

assumed to be pseudo-first-order rate constants for the depicted reactions, where both 

k1 and k3 appeared to be enzyme-catalyzed, k2 appeared to be pH-dependent and k4 

assumed to be either pH-dependent or enzyme-catalyzed. Letting kobs represent the 

overall first-order rate constant for the hydrolysis of the conjugates:  

                                                                                      (1) 

The time dependency of the three compounds in the reaction mixture (A, B and C 

in the Figure 4-9) could be represented by the following differential equations (156): 

  

  
     1      2    ……………………………………………(2) 

  

  
             ………………………………………………(3) 

  

  
             ………………………………………………(4) 

Also, the time dependency of the three compounds A, B and C in the Figure 4-10 

could be represented by the following differential equations: 

  

  
     1      2   ……………………………………………(5) 

  

  
             ………………………………………………(6) 

  

  
        (     )   ……………………………………….(7) 

Also, the time dependency of the three compounds A, B and C in the Figure 4-11 

could be represented by the following differential equations: 
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       …………………………………………………………(9) 

  

  
        (     )   ………………………………………(10) 
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All these hydrolysis models were used to fit the data obtained from the hydrolysis 

of VPA-TEG-D1 and VPA-PEG-D1 conjugates in different hydrolysis media. 

Hydrolysis of VPA-linker-Dextran conjugate in presence of Porcine Liver 

Esterase (PLE). The hydrolysis of the conjugates VPA-TEG-D1 and VPA-PEG-D1 was 

conducted in aqueous phosphate buffer solutions in presence of porcine liver esterase 

(PLE) and compared against the hydrolysis of the both conjugates in phosphate buffer 

solutions as a control. The hydrolysis was carried out at 37 °C to make the study 

relevant to physiological condition. The hydrolysis was carried out for only 30 minutes, 

because preliminary studies with PLE showed very rapid hydrolysis of the conjugates. 

Samples were collected at 5 minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes 

and 30 minutes intervals.  

General hydrolytic scheme of VPA-TEG-D1 conjugate and VPA-PEG-D1 

conjugate is described in Figure 4-9. Both conjugates appeared to be hydrolyzed by 

PLE at a very fast rate. In the control samples, the presence of low-molecular weight 

conjugates VPA-TEG and VPA-PEG was detected at a very small amount, which was 

actually physically mixed with the macromolecular conjugates. Presence of VPA was 

not detected at all in the control samples. This indicated that the hydrolysis pathway 

from A to C to B was not significant for both conjugates during the time course of 

hydrolysis. The both conjugates were mostly hydrolyzed according to the pathway from 

A to B by the enzymatic action of PLE. 

The data was fitted with linear regression accordingly for the both conjugates with 

a very high value of R2- 0.9750 for the conjugate VPA-TEG-D1 (Figure 4-13) and 

0.9724 for the conjugate VPA-PEG-D1 (Figure 4-14).The estimated kobs values and 



 

99 

corresponding half-lives (t1/2) for the hydrolysis of both conjugates were presented in the 

Table 4-3 and Table 4-5 respectively. The kobs and t1/2 values of the conjugate VPA-

TEG-D1 were 0.0381 min-1 and 18 minutes respectively, whereas kobs and t1/2 values of 

the conjugate VPA-PEG-D1 were 0.0334 min-1 and 21 minutes respectively.  

The both conjugates seemed to be very good substrates for the enzymes present 

in porcine liver. Valproic acid conjugated to dextran (10 kD) without any spacer did not 

get hydrolyzed in aqueous buffer solution in the presence of PLE (data not shown). So, 

the linkers used in the conjugates VPA-TEG-D1 and VPA-PEG-D1 might have provided 

the space that made ester bond between valproic acid and the linker accessible by the 

enzyme and made these conjugates good substrates for the enzymes present in PLE. 

In addition to that low molecular weight dextran (1 kD) used in the conjugates might 

have provided less steric hindrance to the enzyme activity. Studies also reported that 

PLE appeared to have a very wide range of substrate specificity, because it contained 

several isozymes of differing substrate specificity (154).  

 Hydrolysis of VPA-linker-Dextran conjugate in the presence of Rat Brain 

Fraction (RBF). The hydrolysis of the conjugates VPA-TEG-D1 and VPA-PEG-D1 was 

investigated in aqueous phosphate buffer solutions in presence of the S9 fraction of rat 

brain and compared against the hydrolysis of the both conjugates in phosphate buffer 

solutions as a control. The hydrolysis was carried out at physiological temperature of 37 

°C. Initially the hydrolysis was carried out for only 30 minutes assuming the hydrolysis 

would be very fast. No detectable extent of hydrolysis was observed. Then, duration of 

the study was lengthened to 3 days. Samples were collected at 17 hours, 24 hours, 41 

hours, 48 hours, 65 hours and 72 hours intervals. 
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The presence of VPA and VPA-TEG or VPA-PEG was detected in the hydrolysis 

media of both conjugates in presence of RBF, whereas only either VPA-TEG or VPA-

PEG was detected in the media of controls. Presence of VPA was not detected at all in 

the media of controls. This indicated that VPA was released in the media by the action 

of enzymes present in RBF following one of the two possible (from A to B, or C to B), or, 

both hydrolytic pathways (Figure 4-9, Figure 4-10 and Figure 4-11). The presence of 

VPA-TEG or VPA-PEG in the control samples indicated that the hydrolysis of VPA-

TEG-D1 or VPA-PEG-D1 conjugate to the corresponding low molecular weight 

conjugate (from A to C) was mostly chemical hydrolysis. 

Both conjugates seemed to be hydrolyzed by the esterase enzymes present in rat 

brain fraction, although at a very slow rate. To quantify the amount of VPA-PEG 

released in the hydrolysis media, standard curve was constructed for this low-molecular 

weight prodrug. To quantify the amount of VPA-TEG released in the hydrolysis media, 

the standard curve for VPA-PEG was used, because of insufficient quantity of VPA-TEG 

available to construct such a standard curve. The assumption was made that both 

compounds would have the same molar absorptivity. 

Three different hydrolysis models were fitted to the data obtained from the 

hydrolysis of both conjugates VPA-TEG-D1 and VPA-PEG-D1 in phosphate buffered 

saline solution in the presence of rat brain fraction at 37 °C. Fitting of the models was 

accomplished using Scientist ® 3.0 software. Model selection criteria and AIC (Akaike 

Information Criterion) were used to compare against the models. Based on these 

criteria, hydrolysis scheme described in Figure 4-10 seemed to be the most likely model 

to describe the hydrolysis of both conjugates in phosphate buffered solution in the 
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presence of rat brain fraction. Different rate constants were estimated by fitting the 

model to the hydrolysis data and presented in Table 4-4. 

After analyzing different rate constants, it appeared that hydrolysis pathway for 

both conjugates from C to B was mostly insignificant, which simplified the model 

described in Figure 4-10, leading to the model described in Figure 4-12. Both 

conjugates appeared to be hydrolyzed following the pathway from A to B and A to C. 

Conversion from A to C appeared to follow chemical hydrolysis, whereas conversion 

from A to B appeared to be catalyzed by enzyme action. 

We also assumed non-specific degradation of compound C (VPA-TEG or VPA-

PEG) via chemical or enzymatic pathway. Degradation via this pathway might have 

resulted in random chain scission of triethylene glycol or pentaethylene glycol chain 

(157) and generated different molecular weight fragments from VPA-TEG or VPA-PEG, 

which might not have detected by our analytical technique. 

The estimated kobs values and corresponding half-lives (t1/2) for the hydrolysis of 

both conjugates were presented in the Table 4-6. The kobs and t1/2 values of the 

conjugate VPA-TEG-D1 were 0.0247 hr-1 and 28 hr respectively, whereas kobs and t1/2 

values of the conjugate VPA-PEG-D1 were 0.0157 hr-1 and 44 hr respectively. 

Both conjugates did not seem to be very good substrates for the enzymes present 

in rat brain fraction. It also could be due to the low activity of esterase enzymes in the 

rat brain fraction (136, 146). The fraction prepared from the rat brain was crude and was 

not purified, characterized and quantified for the enzymes present. Although the activity 

of the rat brain fraction was tested using para-nitrophenyl acetate as a substrate. This 

substrate was hydrolyzed in rat brain fraction, although at a much slower rate. This 
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indicated the presence of esterase enzyme in rat brain fraction at a small quantity. Also, 

enzymes present in rat brain fraction could be highly substrate specific compared to the 

enzymes present in the liver.  

Cytotoxicity Test 

One treatment group of three different concentrations of the conjugate VPA-PEG-

D1 was tested against control (DMEM only). The concentrations were as follows- T1 = 

17.33mg/ml, T2 = 3.47 mg/ml and T3 = 0.69mg/ml. Figure 4-21 showed the effect of the 

conjugate on cell viability. Cytotoxic effect of the conjugate at three different 

concentrations were measured against control (=100% cell viability). Only sample T1 

showed very low cell viability (11.51 ± 0.63 %, P< 0.001) and seemed to cytotoxic. 

Sample T2 did not show any significant difference against control (P> 0.05), although 

sample T3 showed difference that was significant against control (P< 0.05). On the 

contrary, sample T3 did not show any significant difference against the sample T2 (P> 

0.05). Moreover, sample T1 showed significant difference against both samples T2 and 

T3 (P< 0.001). 

It could be concluded that both of the samples T2 and T3 were least likely to be 

cytotoxic. Sample T1 appeared to be cytotoxic or antiproliferative to the cell line. 

According to the literature dextran by itself did not appear to be cytotoxic (158).The 

apparent toxicity of the highest concentration of the conjugate could be due to the 

HDAC (histone deacetylase) inhibitory effect of valproic acid, released from the 

conjugate at higher concentration. Studies showed that valproic acid inhibited HDACs 

efficiently in multiple settings at therapeutically relevant levels (159). Valproic acid has 

also been shown to induce differentiation and cell death of neuroblastoma cells and this 

effect has been attributed to its possible HDACs inhibitory activity (160). Toxicity could 
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also result from the activity of the low molecular weight conjugate of valproic acid with 

the linker which might have released into the media from the macromolecular conjugate. 

In the repeat experiment, three different concentrations of the conjugate VPA-

PEG-D1 were tested against control (DMEM only). These concentrations were as 

follows- A1 = 4 mg/ml, A2 = 1 mg/ml and A3 = 0.25 mg/ml. Cytotoxicity of valproic acid 

and dextran was also tested at three different concentrations. Figure 4-22 showed the 

effect of the conjugate on cell viability. Cytotoxic effect of the conjugate at three different 

concentrations were measured against control (=100% cell viability). Sample A1 

showed very low cell viability (29.19 ± 1.31 %, P< 0.0001) and seemed to be cytotoxic. 

Sample A2 did not show any significant difference against control (P> 0.05). Sample A3 

showed significant difference against control (P< 0.005) and it appeared to have 

positive effect on the cell proliferation. The sample A1 showed significant difference 

against A2 (P< 0.001) and against A3 (P< 0.0001). Moreover, sample A2 showed 

significant difference against the sample A3 (P< 0.0001). 

It could be concluded that sample A1 appeared to be cytotoxic or antiproliferative 

to the cell line. Sample A2 did not appear to be cytotoxic to a significant extent in 

comparison to the control. On the contrary, sample A3 appeared to have positive effect 

on cell proliferation, or it might have increased the activity of mitochondrial 

oxidoreductase enzyme systems which might have resulted in increased conversion of 

MTT into formazan. It appeared from the study that conjugate VPA-PEG-D1 seemed to 

have concentration-dependent effect on cell viability, or on the activity of mitochondrial 

oxidoreductase enzyme systems. 
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Figure 4-23 showed the effect of valproic acid on cell viability. Three different 

concentrations of valproic acid were tested, which were as follows- B1 = 0.27 mg/ml, B2 

= 0.068 mg/ml and B3 = 0.0.017 mg/ml. These concentrations of valproic acid did not 

seem to have any effect on cell viability in comparison to the control. Figure 4-24 

showed the effect of dextran on cell viability at three different concentrations. These 

concentrations were as follows- C1 = 3.301 mg/ml, C2 = 0.825 mg/ml and C3 = 0.206 

mg/ml. The samples C1 and C2 did not seem to have any significant effect on cell 

viability in comparison to the control. On the contrary, the sample C3 seemed to have 

positive effect on cell proliferation in comparison to the control (P< 0.05). The effects of 

the samples C1 and C2 appeared to be significantly different compared to the effect of 

the sample C3 (C1 vs. C3, P< 0.005; C2 vs. C3, P< 0.05). It also appeared from the 

study that dextran seemed to have concentration-dependent effect (161) on cell 

viability, or on the activity of mitochondrial oxidoreductase enzyme systems. 

Based on the two studies, it can be concluded that the effect of the conjugate 

VPA-PEG-D1 seemed to have a concentration-dependent effect on cell viability. 

Although, it did not appear to be cytotoxic to the dividing cells at 3.47 mg/ml 

concentration in one study, but it appeared to be cytotoxic at a concentration of 4 mg/ml 

in another study. The conjugate appeared to exhibit a little toxicity at a concentration of 

0.69 mg/ml in one study, whereas exhibited positive effect on cell viability at 0.25 mg/ml 

in another study. So, the toxicity study with the conjugate needs to be repeated to 

resolve these apparent contradictory results between the two studies. This would also 

eliminate the possibility of any inadvertent experimental error that might have happened 

during these two experiments 
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Conclusion 

The aqueous solubility of the valproic acid-linker-dextran conjugates was shown to 

be improved by using lower molecular weight (1 kD) dextran and also by using polar 

linkers such as triethylene glycol and pentaethylene glycol. 

The two conjugates VPA-TEG-D1 and VPA-PEG-D1 appeared to be very good 

substrates for porcine liver esterases, but apparently poor substrates for the enzymes in 

rat brain fraction. Although used rat brain fraction was not purified to concentrate the 

enzymes and characterized for the types of enzymes present. However, the study 

offered a proof of principle that valproic acid-linker-dextran conjugates could be 

designed and synthesized in such a way which would provide enzyme-mediated 

cleavage of the conjugate to release the drug. Further investigation and optimization are 

however necessary. 

The conjugate VPA-PEG-D1 demonstrated a concentration-dependent toxic effect 

on the viability of human embryonic kidney cells. The results from the two studies 

appeared contradictory to some extent. The dosage of the conjugate VPA-PEG-D1 for a 

prospective animal study is yet to be determined. Clearance study of the conjugate 

needs to be conducted to determine such a dosage. Hence, the cytotoxicity study would 

be worth repeating to establish a toxicity level of the conjugate before conducting an 

animal experiment. 
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Table 4-1. Degree of substitution (DS%) of conjugates VPA-TEG-D1 and VPA-PEG-D1 
from hydrolysis study (mean ± sem), n=3). 

Conjugate code Dextran Mw Linker DS % from hydrolysis study 

VPA-TEG-D1 1 kD Triethylene glycol 1.15 ± 0.02 
VPA-PEG-D1 1 kD Pentaethylene glycol 6.91 ± 0.14 

 
 
Table 4-2. Aqueous solubility of the conjugates VPA-TEG-D1 and VPA-PEG-D1 at room 

temperature (mean ± sem, n=3). 

Conjugate code Dextran Mw Linker Solubility (mg/ml) 

VPA-TEG-D1 1 kD Triethylene glycol 36.80 ± 0.55 
VPA-PEG-D1 1 kD Pentaethylene glycol 4.96 ± 0.05 

 
 
Table 4-3. Rate constants for hydrolysis of VPA-TEG-D1 and VPA-PEG-D1 in aqueous 

phosphate buffer solution in presence of porcine liver esterase (PLE) at 37 °C 
(mean ± sem, n=3). 

Conjugate 
code 

k1 
(min-1) 

k2 
(min-1) 

k3 
(min-1) 

kobs (=k1+k2) 
(min-1) 

VPA-TEG-D1 0.0381 ± 0.0015 - - 0.0381 ± 0 .0015 
VPA-PEG-D1 0.0334 ± 0.0014 - - 0.0334 ± 0 .0014 

 
 
Table 4-4. Rate constants for hydrolysis of VPA-TEG-D1 and VPA-PEG-D1 in aqueous 

phosphate buffer solution in presence of rat brain fraction (RBF) at 37 °C 
(mean ± sem, n=3). 

Conjugate 
code 

k1 
(hr-1) 

k2 
(hr-1) 

k3 
(hr-1) 

k4 
(hr-1) 

VPA-TEG-D1 0.0025 ± 0.0005 0.0222 ± 0.0026 ~ 0 0.0301 ± 0 .0033 
VPA-PEG-D1 0.0029 ± 0.0009 0.0128 ± 0.0010 ~ 0 0.0149 ± 0 .0025 

  
 
Table 4-5. Half-lives (t1/2) for the hydrolysis of VPA-TEG-D1 and VPA-PEG-D1 in 

aqueous phosphate buffer solution in presence of porcine liver esterase 
(PLE) at 37 °C (mean ± sem, n=3). 

Conjugate code kobs (min-1) t1/2 (min) 

VPA-TEG-D1 0.0381 ± 0.0015 18 
VPA-PEG-D1 0.0334 ± 0.0014 21 

 
 
Table 4-6. Half-lives (t1/2) for the hydrolysis of VPA-TEG-D1 and VPA-PEG-D1 in 

aqueous phosphate buffer solution in presence of rat brain fraction (RBF) at 
37 °C (mean ± sem, n=3). 

Conjugate code kobs (hr-1) t1/2 (hr) 

VPA-TEG-D1 0.0247  28 
VPA-PEG-D1 0.0157 44 
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Figure 4-1.  Synthesis of valproic acid-triethylene glycol-dextran conjugate. 
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Figure 4-2.  Synthesis of valproic acid-pentaethylene glycol-dextran conjugate. 
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Figure 4-3.  1H-NMR spectra of VPA (A), TEG (B), and VPA-TEG (C). 

 

 
 

Figure 4-4.  1H-NMR spectra of VPA-TEG (A), Dextran (B) and VPA-TEG-D1 (C). 
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Figure 4-5.  1H-NMR spectra of VPA (A), PEG (B) and VPA-PEG (C). 

 

 
 

Figure 4-6.  1H-NMR spectra of VPA-PEG (A), Dextran (B) and VPA-PEG-D1 (C). 
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Figure 4-7.  Degree of substitution (DS%) of the conjugates VPA-TEG-D1 and VPA-

PEG-D1 (mean ± sem, n=3). 
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Figure 4-8.  Aqueous solubility of the conjugates VPA-TEG-D1 and VPA-PEG-D1 at 

room temperature (mean ± sem, n=3). 
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Figure 4-9.  Hydrolysis scheme of valproic acid-linker-dextran conjugate (scheme A). 

 
 

 
Figure 4-10.  Hydrolysis scheme of valproic acid-linker-dextran conjugate (scheme B). 
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Figure 4-11.  Hydrolysis scheme of valproic acid-linker-dextran conjugate (scheme C). 

 
 

 
Figure 4-12.  Hydrolysis scheme of valproic acid-linker-dextran conjugate. 
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Figure 4-13.  Hydrolysis of the conjugate VPA-TEG-D1 in PBS in the presence of 

porcine liver esterase (PLE) at 37 °C (mean ± sem, n=3). 

 

 
Figure 4-14.  Hydrolysis of the conjugate VPA-PEG-D1 in PBS in the presence of 

porcine liver esterase (PLE) at 37 °C (mean ± sem, n=3). 
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Figure 4-15.  Model fit for the hydrolysis of VPA-TEG-D1 conjugate according to 

hydrolysis scheme A. 

 

 
Figure 4-16.  Model fit for the hydrolysis of VPA-PEG-D1 conjugate according to 

hydrolysis scheme A. 
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Figure 4-17.  Model fit for the hydrolysis of VPA-TEG-D1 conjugate according to 

hydrolysis scheme B. 

 

 
Figure 4-18.  Model fit for the hydrolysis of VPA-PEG-D1 conjugate according to 

hydrolysis scheme B. 
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Figure 4-19.  Model fit for the hydrolysis of VPA-TEG-D1 conjugate according to 

hydrolysis scheme C. 

 

 
Figure 4-20.  Model fit for the hydrolysis of VPA-PEG-D1 conjugate according to 

hydrolysis scheme C. 
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Figure 4-21.  Effect of VPA-PEG-D1 conjugate on cell viability (T1 = 17.33 mg/ml, T2 = 

3.47 mg/ml, T3 = 0.69 mg/ml, mean ± sem, n = 4, * P<0.05, ** P<0.001). 
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Figure 4-22.  Effect of VPA-PEG-D1 conjugate on cell viability (A1 = 4 mg/ml, A2 = 1 

mg/ml, A3 = 0.25 mg/ml, mean ± sem, n = 6, * P<0.005, ** P<0.001 and *** 
P<0.0001). 
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Figure 4-23.  Effect of VPA on cell viability (B1 = 0.27 mg/ml, B2 = 0.068 mg/ml, B3 = 

0.017 mg/ml, mean ± sem, n = 6). 
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Figure 4-24.  Effect of dextran on cell viability (C1 = 3.301 mg/ml, C2 = 0.825 mg/ml, C3 

= 0.206 mg/ml, mean ± sem, n = 6, * P<0.05, and ** P<0.005). 
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CHAPTER 5 
SUMMARY OF RESULTS AND FUTURE WORK 

The central aims of this study were to synthesize valproic acid-dextran conjugate 

which would be able to deliver drug slowly over a prolonged period of time and also to 

synthesize valproic acid-dextran conjugate using a spacer to provide enzyme-mediated 

cleavage of the conjugate to deliver the drug at or near the site of action. Subsequent to 

these aims, the effects of pH, temperature, degree of substitution and solubility of the 

conjugates on the rates of hydrolysis of the conjugates were also studied. 

The valproic acid-dextran conjugates were synthesized using two different 

molecular weights of dextran (10 kD and 70 kD). The conjugates were characterized by 

FT-IR and NMR spectroscopy. The synthesized conjugates were shown to be 

hydrolyzed in vitro over approximately 2 months period at pH 7.5 and 37 °C. 

Temperature and pH were shown to affect the rates of hydrolysis of the conjugates 

in vitro. However, pH seemed to have a more pronounced effect than temperature on 

the rates of hydrolysis of the conjugates. 

Degree of substitution and solubility of the conjugates had a more pronounced 

effect on the rates of hydrolysis at higher pH of 10.22 at 37 °C and 47 °C than at pH 7.5. 

The conjugates of valproic acid with dextran connected through a spacer were 

also synthesized. Several initial conjugates resulted in insoluble conjugates. By using 

lower molecular weights of dextran and relatively more polar linker in the conjugates, 

the problem had been overcome. 

The two conjugates- VPA-TEG-D1 and VPA-PEG-D1 were synthesized using 

dextran (molecular weight 1 kD) and using triethylene glycol and pentaethylene glycol 

as a linker, which resulted in water-soluble conjugates. 
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The hydrolysis of the two conjugates was conducted in aqueous phosphate buffer 

solution in presence of rat brain fraction and porcine liver esterase at 37 °C. The two 

conjugates appeared to be very good substrates for porcine liver esterases, but 

apparently poor substrates for the enzymes in rat brain fraction. Although used rat brain 

fraction was not purified and characterized for the types of enzymes present. 

The synthesized valproic acid-dextran conjugates could be potential candidates for 

a sustained-release formulation of valproic acid. Also, hydrolysis studies with valproic 

acid-linker-dextran conjugates provided a proof of concept that such conjugates could 

be designed and synthesized to provide enzyme-mediated cleavage of the conjugate to 

deliver the drug at or near the site of action. 

In future, two areas of research with these types of conjugates would be worth 

pursuing. First, to show that valproic acid-dextran conjugates is effective in preventing 

the development of epilepsy, or at least, effective in treating epileptic seizures for an 

extended period of time. Second, once the efficacy has been demonstrated, new 

formulation of these conjugates can be developed for better ease of administration. 

Treatment Objective- Both types of conjugates can be tested in animal models of 

epilepsy by injecting via convection-enhanced delivery to see if these conjugates are 

able to deliver the drug for an extended period of time and be able to protect the 

neurons from death after an initial precipitating injury and ultimately prevent the 

development of spontaneous recurrent motor seizures. 

Formulation Objective- Nanoparticles can be made using dextran conjugates 

with or without linkers by o/w emulsion or solvent-diffusion methods (162, 163), or 

nanostructured lipid carrier with valproic acid (164). The size and surface properties of 
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these nanoparticles can then be optimized for longer circulation time in blood and 

increased permeability through the blood-brain barrier. Ultimately, the goal would be to 

test whether these nanoparticles made from valproic acid-dextran conjugates would be 

able to prevent neuronal death and ultimately prevent the development of spontaneous 

recurrent motor seizures by delivering the drug for a prolonged period of time. Even in 

the absence of a neuroprotective effect, developing nanoparticles made from these 

conjugates which will be able to treat acute epileptic seizures for an extended period of 

time would be a significant addition to the current epileptic treatment modalities.  
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APPENDIX A 
SOLUBILIZING TESTS FOR VPA-HXD-D70 AND VPA-HXD-D10 

 

Conjugate VPA-HXD-D70 

 Amount of 
conjugate 
(mg) 

Volume of 
DMSO 
(ml) 

Volume of 
buffer (pH 
7.4, 0.1 M) 
(ml) 

Method and observations 

Test 
1 

22.2 25 25 Conjugate was first dissolved in 5 ml 
DMSO and then 25 ml of phosphate 
buffer was added. Since it precipitated, 
20 more ml of DMSO was added  
not soluble 

Test 
2 

11.8 10  5 5 ml of buffer was added to the 
conjugate already dissolved in 10 ml of 
DMSO  precipitation 

 

Conjugate VPA-HXD-D10 

 Amount 
of 
conjugate 
(mg) 

Cyclodextrins 
(mg) 

Surfactants Volume of 
buffer (pH 
7.4, 0.1 
M) or 
dH2O  

Method and 
observations 

Test 
1 

10.5 (2-
hydroxypropyl)-β-
cyclodextrin: 
202.4 mg 

- dH2O: 10 
ml 

(2-hydroxypropyl)-β-
cyclodextrin and 
conjugate were 
added to dH2O  not 
soluble 

Test 
2 

10.1 - Tween 80: 
250 μl 

dH2O: 10 
ml 

Tween was first 
mixed with dH2O and 
then the conjugate 
was added  not 
soluble 
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APPENDIX B 
SOLUBILIZING TESTS FOR VPA-TEG-D10 

 

Conjugate VPA-TEG-D10 

 Amount 
of 
conjugate 
(mg) 

Volume 
of DMSO 
(ml) 

Surfactants Volume of 
buffer (pH 
8, 0.1 M) 
(ml) 

Method and observations 

Test 
1 

28.8 5  - 45 The conjugate was 
dissolved in DMSO and 
then buffer was added to 
this solution  precipitation 

Test 
2 

12.3 2.5  Tween 80: 
1 ml 

21.5 The conjugate was 
dissolved in DMSO. Then 
tween was mixed with it and 
finally buffer was added  
clear solution 

Test 
3 

5 2 Tween 80: 
2 ml 

16 For method see test 2  
clear solution 

Test 
4 

24.8 2  Tween 80: 
1 ml 

20 For method see test 2  
clear solution 

Test 
5 

21.3 1 Tween 80: 
200 μl 

19  For method see test 2  
cloudy solution 

Test 
6 

19.8 1 Tween 80: 
400 μl 

19  For method see test 2  
cloudy solution 

Test 
7 

20.4 1 Tween 80: 
600 μl 

19  For method see test 2  
clear solution 

Test 
8 

19.4 1 PEG 300: 1 
ml 

18  The conjugate was 
dissolved in DMSO. Then 
PEG was mixed with it and 
finally buffer was added  
precipitation 
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