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ABSTRACT

SYED A. A. RIZVI

COCRYSTALLIZATION AND FORMULATION STRATEGIES FOR LOW 

BIOAVAILABILITY DRUGS, CELL-LIPID INTERACTION STUDIES AND THE 

DEVELOPMENT OF A NANOPARTICULATE SYSTEM FOR IN VIVO IMAGING 

(Under the direction of Prof. MARTIN J. D’SOUZA, Ph.D.)

New drug candidates with low water solubility often emerge (about 40%) [1] 

from drug discovery programs and pose significant challenge to both medicinal chemists 

and formulation scientists. In general, if a hydrophobic drug candidate shows reasonable 

membrane permeability then the rate-limiting process for absorption usually is the drug 

dissolution rate. All new drug candidates bearing the aforementioned characteristic are 

collected as biopharmaceutical classification system (BCS) class II compounds [2]. For 

these compounds, the physical form and formulation tends to impart the greatest effect on 

bioavailability when administered orally in high doses. An alternative, yet powerful 

approach for enhancing the physical characteristics of drug compounds (solubility, 

dissolution and bioavailability) is the formation of cocrystals. Recently, cocrystallization 

has gained immense interest in the area of pharmaceutical sciences. Cocrystallization has 

been used to address the active pharmaceutical ingredient (API) problems such as 

polymorphism, hydrate formation, solid formulations, and poor water solubility.
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In the first chapter of this dissertation, importance of cocrystallization in 

pharmaceutical sciences and its various applications is reviewed. In the second chapter, 

the fundamental aspects of cocrystal formation and the effects of cocrystal components 

solubility in the solvents employed for reaction is discussed. A relationship based on 

solubility of API and conformer in a given solvent was developed, that can be used as 

indicate the favorable conditions for cocrystallization. In the third chapter, the synthesis 

and detailed characterization of new cocrystals of nitrofurantion is described. In the 

fourth chapter, the solid dosage formulation (direct compression tablets) of various high- 

solubility cocrystals of Carbamezepine (BCS II compound) is presented.

In the fifth chapter, the interactions between non-chromophoric small organic 

molecules and human cells (cancerous and normal epithelial) using Langmuir-Adam 

balance is discussed. This allowed the estimation of the affinity of the cells for various 

functionalized surfaces at continuously adjustable areas-per-functional group. Lastly, in 

chapter six, the development of biodegradable nanopartciles, loaded with Near Infrared 

(NIR) Dye for noninvasive in vivo imaging with potential to be used as a diagnostic tool 

is presented. We demonstrated effective and lasting contrast can be achieved using 

nanoencapsulated dye within nontoxic bovine serum albumin (BSA) matrix. In chapter 

seven, the overall conclusions from this work are summarized.
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

A large number (~40%) [1] of new chemical entities (NCE) synthesized both in 

academia and industry suffer major setback due to poor water solubility. This is due to 

the fact that the API needs to be in the solution in aqueous intestinal fluid that allows it’s 

partitioning across epithelial cell membrane (passive diffusion) [3]. For BCSII 

compounds, dissolution is the rate limiting step in their bioavailability. To improve their 

solubility and hence bioavailability, various strategies are in practice. Some of these 

methods are: salt formation (if ionizable functional groups present), inclusion complex 

formation, prodrugs and different solid forms [4]. Salt and prodrug formation is not 

always feasible as many drugs are acid or base labile and often large number of 

derivitizations is to be evaluated for a prodrug with desired behavior [5-6]. Inclusion 

complex formation (micelle or cyclodextrin) is highly dependent upon the size and shape 

of the molecule [7]. A rather inexpensive and comparatively simple method of tailoring 

physicochemical properties is the cocrystal formation. The field of cocrystallization 

rightly attained great deal of interest [8] as an alternative avenue to impart active 

pharmaceutical ingredients (APIs) with desired characteristics, such as altered dissolution 

rate and stability [9]. There are differences in the opinions as how to describe cocrystals, 

nonetheless, they can be conveniently used to describe a crystal containing two or more
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components in a uniform phase, such as, solvates, clathrates, or inclusion complexes [10]. 

Cocrystals contain self-assembly units based on supramolecular synthons. In the case of 

pharmaceutical cocrystals, at least one of the components must be an API, while the 

coformer must be pharmaceutically acceptable material or another API, although this is 

less common [11].

Crystal Engineering

Crystal engineering can be defined a process by which noncovalent interactions 

between the molecules can be altered to generate solid materials exhibiting desired 

properties [12-13]. In the beginning, crystal engineering was merely used as a tool to 

understand regioselectivity in solid-state molecular reactions (referred to as 

topochemistry), now it has become a widely adopted process for the production of novel 

materials for various purposes [4]. Successful crystal engineering like molecular 

chemistry, can be benefitted from the retrosynthetic methods using a disconnection 

approach (coined by Prof. E. J. Corey at the Harvard University), to break down large 

crystal structure into smaller subunits connected by a subunit (aka synthons) [15].

Cocrvstallization via Crystal Engineering

The cocrystal formation via crystal engineering approach requires a library of 

cocrystallizing agents or coformers [16]. A pharmaceutically acceptable, nontoxic 

coformer must be chosen to result in a pharmaceutically acceptable cocrystal. This limits



the coformer pool to those molecules that have been previously declared safe for human 

consumption. They can be selected from the collections, such as Generally Recognized 

As Safe (GRAS) by the U.S. Department of Health and Human Services and Everything 

Added to Food in the United States (EAFUS) [17-19].

i = y > Cocrystal 

API Guest

API Structure 1:1 API:guest Cocrystal

Figure 1. API, coformer and cocrystal (Image kindly provided by Dr. Scott Childs, 
Renovo Research, LLC).

Cocrvstal Design

A popular approach to cocrystal design is the consideration of pKa [20]. Generally, 

salts and cocrystals differ from each other by absence of proton transfer in co-crystals. It 

has been suggested that a pKa difference of minimum two units (between an acid and a 

base) is required to form a salt [21]. Also, it was noted for the system of acid and base



with similar pKa, the proton transfer in the solid state may not be predictable and 

existence o f a continuum has been suggested [22]. In cases, when it is not known whether 

the molecules in the new solid state are held together by hydrogen bonding or by 

electrostatic interactions (after the proton transfer), assigning a characteristic name 

(cocrystal or ionic solid) is not feasible.

acid-H + base acid" + base-H+

cocrystal salt

Ap Ka * 2

Figure 2. Cocrystals and salts reside at either end of a continuum of proton transfer 
(Image kindly provided by Dr. Scott Childs, Renovo Research, LLC).

Shape complementarily or the structural fit was observed to be the dominant 

factor in cocrystallisation of cis-itraconazole with a series of 1,4-dicarboxylic acids [20]. 

The cocrystallization could not take place between cis-itraconazole and maleic acid with 

Z regiochemistry about the C=C bond or from 1,3- or 1,5-dicarboxylic acids. Thus, 

geometrical requirements seem to be more important than acid-base strength match for 

successful a cocrystallization reaction.
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Similar to polymorph screening, making cocrystals is an empirical exercise. We 

can, however, increase the chances by choosing synthons (coformers) such that there is 

highly likely of complementary hydrogen bond formation. A useful list of supramolecular 

synthons with well known interaction patterns are listed in by Prof. Desiraju [19] and are 

shown in Figure 3. Etter et al., proposed the guidelines (summarized below) that can be 

followed to facilitate the design of cocrytals or any hydrogen bonded solid [23].

1. All good proton donors and acceptors are used in hydrogen bonding.

2. Six-membered ring intramolecular hydrogen bonds form in preference to 

intermolecular hydrogen bonds.

3. The best proton donor and acceptor remaining after intramolecular hydrogen- 

bond formation will form intermolecular hydrogen bonds to one another (but not 

all acceptors will necessarily interact with donors).
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Methods of Cocrvstal Synthesis

There are several techniques can be used to synthesize cocrystals. The oldest one 

of them is the evaporation of a solution containing stoichiometric amounts of API and 

coformer. Recently, many new and efficient alternatives have been developed including, 

mechanochemical methods of neat [24], liquid-assisted grinding (LAG) [25], thermal 

techniques [26-27] and the SonicSlurry method [28-29]. It was reported that the chances 

of cocrystals formation in solvent mediated reaction is higher if saturated conditions are 

maintained for both the components, otherwise no cocrystals or mixture of products will 

result [28].

Properties of the Cocrvstals

Cocrystallized materials are known to exhibit different physicochemical 

properties compared to API itself [30]. In the pharmaceutical industry, when 

cocrystallization reactions are planned, the following questions are usually posed (taken 

from [30] enclosed in quotation):

“Melting point: Does the thermal behavior (melting point) of a cocrystal change with 

respect to the individual components and can the melting points be estimated within a 

series of cocrystals?

Stability: Can physical and chemical stability be enhanced upon cocrystallization of an 

API?

Solubility: Can the solubility of an API be altered by modifying it into a cocrystal?

7



Dissolution: Are dissolution rates improved by cocrystalline compounds in comparison 

to the individual APIs?

Bioavailability: Can the bioavailability of an API be improved using cocrystals?”

It has been demonstrated that cocrystallized APIs can exhibit an enhanced 

dissolution rate for BCSII compounds, translates into higher bioavailability. McNamara 

et al.y prepared cocrystal of an API (2-[4-(4-chloro-2-fluorphenoxy)phenyl] pyrimidine- 

4-carboxamide) with glutaric acid. The Intrinsic dissolution of the compounds in the 

compressed disk form (both API and cocrystal) revealed cocrystal to be 18 times more 

soluble than the API. This cocrystal powder in capsule and the API when fed to the dogs 

at two dose levels (5 and 50 mg/kg), the cocrystal was found to be about 4 times more 

bioavailable than the API [31].

8



Powder Dissolution 
in water
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Figure 4. Intmsic dissolution rate comparison of the API and cocrystal [31] (Image 
kindly provided by Dr. Scott Childs, Renovo Research, LLC).
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Figure 5. In vivo bioavailaibility comparison of the API and cocrystal [31] (Image kindly 
provided by Dr. Scott Childs, Renovo Research, LLC).
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SPECIFIC AIMS

The objectives of this dissertation can be categorized as two-fold. First, we 

investigated the fundamental aspects affecting cocrystal formation, synthesis of new 

cocrystals of BCS II compounds, and their formulation strategies. Secondly, we 

investigated the cell-lipid Interactions using Langmuir-Adam balance and describe the 

development of a nanoaparticulate system (from a biodegradable polymer) for sensitive 

in vivo imaging using Near Infrared (NIR) dye as a contrast agent.

The specific aims are:

1. To assess the role of solvents in cocrystal formation and to quantitatively predict the 

outcome of cocrystallization experiments.

2. To synthesize new cocrystals of nitrofurantoin. Optimization of the process and 

detailed characterization of the new solids obtained.

3. Solid dosage formulation (direct compression tablets) studies of Carbamazepine 

cocrystals.

4. To optimize the experimental condition for evaluation of cell-lipid interactions using 

Langmuir-Adam balance. Study of various classes of small organic molecules with 

human skin derived normal and cancer cells.

5. To prepare and characterize NIR dye loaded nanoparticles to be sued as a diagnostic 

tool.

11



CHAPTER 2

QUALITATIVE VEIW OF THE ROLE OF THE SOLVENT IN 

MECHANOCHEMICAL AND SONOCHEMICAL COCRYSTAL FORMATION: A

SOLUBILITY BASED APPROCAH

Introduction

The vast majority o f chemical reactions occur in solution phase. The 

solvent serves to solvate the reactants, thereby facilitating collisions between the 

reactant(s), which is a priori for a chemical reaction to take place. They are also a 

means of temperature control; they absorb or provide the energy during exothermic 

and endothermic reactions, respectively [32]. Thus, selection of an appropriate 

solvent is of vital importance for any solution phase transformation. Given the 

importance of solvent effects in chemical processes, and the fact that majority of 

cocrystallization reactions are solvents mediated; we systematically investigated the 

effects of API and coformers solubility in various solvents and their effects on 

cocrystallization reactions.
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The process o f cocrystallization has recently gained immense interest as an 

approach to generate alternative solid form of the API [33-35]. Due to environmental 

impact of the organic solvents, green chemistry approach has also been sought for 

cocrystal generation, in particular mechanochemical methods of neat [36] and liquid- 

assisted grinding (LAG) [37], thermal techniques [38], such as Kofler hot-stage 

microscopy methods [39] and SonicSlurry method, which involves the processing of 

slurries o f cocrystal components using ultrasound [40].

We compared two very commonly used methods of cocrystal synthesis, liquid- 

assisted grinding and sonication method. The two approaches are similar in utilising a 

liquid phase (i.e. a solvent) as a means to mediate the transformation of solid reactant 

mixture into cocrystal. The two methods differ primarily in the amount o f liquid used 

to process a given amount of solid reactants. Consequently, we anticipated that the 

comparison of the two techniques could provide insight into the role of the liquid 

phase during cocrystal formation.

To begin with, we investigated the affects of the volume of added liquid (solvent) 

to a fixed amount of solid reactants. Our experimental approach is based on the 

assumption that the expected cocrystal will be the thermodynamically favored solid phase 

under conditions in which both reactants are saturated [41]. For a given amount of solid 

reactants, which are introduced in the ratio expected (generally 1 :1) to be present in the 

cocrystal, the cocrystal is expected to be the favored solid phase as long as the liquid 

phase is saturated with respect to the reactants.
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With the increase of solvent volume, the reactants will eventually become 

undersaturated and the cocrystal will no longer be the preferred product. The ratio of the 

volume of liquid phase to the amount solid phase present in each experiment is a central 

concept in this work and for simplicity we have defined this ratio as rj. Here, rj is the 

volume of solvent (pL) divided by the sample weight (mg). The sample weight 

represents the combination of all cocrystal reactants in the appropriate stoichiometric 

ratio.

_  volume o f  liquid (juL) 
weight o f  sample (mg)

In addition, we also considered the solubility of the cocrystal components in the 

solvent for the cocrystal reactions. By measuring the approximate solubilities of 

cocrystal components in a wide range of solvents, we were able to design experiments 

that would allow us to investigate the relationship between the solubilities of cocrystal 

components and rj. We wish to develop an algorithm that can be used to qualitatively 

predict the outcome of cocrystallization experiments at different jj values, if the solubility 

of components is known in the solvents used for the reaction. The practical value of such 

an approach would be the rapid identification of solution compositions that are more 

likely to yield a cocrystal in screening experiments. In that way, the cocrystal screening
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process would be significantly simplified and predicting the outcome of experiments 

would not require a three-component phase diagram [42].

Material and Methods

All reagents were purchased Aldrich (St. Louis, MO, USA) and used as 

received. During each experiment, we added a small amount o f the desired pure 

cocrystal prepared previously to facilitate the cocrystal growth. Two commonly 

employed cocrystalization methods, mechanochemical liquid-assisted grinding (LAG) 

and sonochemical (SonicSlurry) techniques were compared to prepare the cocrystals 

of theophylline (tp) and caffeine (ca) (APIs) with L-malic (L-ma) or L-tartaric acid 

(L-ta) (coformers), Figure 6 . Approximate solubilities of the APIs and conformers 

were also determined in commonly used organic solvent in high throughput fashion 

(±50%). The cocrystalization was evaluated in four solvents using LAG at i} = 0.25,

10 pL/mg, and in SonicSlurry experiments at tj = 2, 6 , 12 pL/mg.
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theophylline (tp) caffeine (caf)

HO
L-malic acid (L-ma) L-tartaric acid (L-ta)

Figure 6. Strucutres of theophylline and caffeine (APIs) and L-malic and L-tartaric acid 

(coformers).

Determination of Cocrvstal Components Solubilities (Approximated

The approximate solubilities of theophylline, caffeine, L-malic and L-tartaric 

acid in 23 solvents was determined using a high-throughput method (Table 1). We 

estimate the error range of the values to be ± 50% as during the experiments we did 

not allow conditions o f equilibrium. However, this error range is acceptable and 

useful for designing cocrystal screening experiments. Solvents chosen for the 

experiments represent a range of solvent polarity to take into account of maximum 

possible practical situations. A small measuring spatula was used to deliver a 

consistent amount (2-10 mg) of solid to one row (12 wells) in a deep well (1.1 mL



well volume) microplate. A multi-channel pipette was used to introduce solvents to 

an entire row in aliquots of 10 pL. The slurry in each well was mixed using several 1 

second pulses of ultrasound from a 1/8” probe at low power. All the experiments 

were conducted at room temperature (23 °C). We considered the solid to be 

“dissolved” if  a clear solution is observed under the microscope after sonication (akin 

to kinetic solubility).

Liquid-Assisted Grinding Screening (ti = 0.25.10 uL/me)

LAG experiments at tj = 10 pL/mg was performed using 200 mg samples of 

cocrystal component mixtures, placed in steel grinding jars o f 10 mL volume, along 

with two ceramic grinding balls. To the mixture was added either 50 pL (for rj = 0.25 

pL/mg) or 2 mL (for rj = 10 pL/mg) of appropriate liquid. The jar mouth was closed 

with push-fit lid, securely placed on the shaker and was then shaken on the Retsch 

MM200 mixer mill for 20 minutes at the operating frequency of 30 Hz.
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Solvent
L-ta L-ma tp ca
(mg/mL) (mg/mL) (mg/mL) (mg/mL)

methanol (MeOH) 170 410 5 10

ethyl alcohol (EtOH) 72 221 3 6

dimethyl formamide 167 450 40 23
tetrahydrofuran 56 215 4 15
p-dioxane 78 137 6 15
sec-butyl alcohol 17 85 3 5
propionitrile 6 38 1 21

n-butanol 16 75 2 3
2 -propanol 27 113 3 3
acetone (ACE) 31 171 1 12

methyl ethyl ketone (MEK) 15 95 2 8

t-butyl alcohol (TBA) 17 116 6 3
cyclohexanone 18 58 4 5
acetonitrile (ACN) 13 54 < 2 21

ethyl acetate 9 31 4 7
diethyl ketone < 2 43 < 2 7
nitromethane (NME) < 2 < 2 < 2 45
trifluoroethanol (TFE) < 2 21 6 8 450
diisopropyl ether < 2 < 2 < 2 < 2

fluorobenzene < 2 < 2 < 2 15
chloroform (CHL) < 2 < 2 5 135
dichloromethane < 2 < 2 < 2 65
benzene < 2 < 2 < 2 < 2

Table 1: Approximate solubility values for the four cocrystal reactants used in this study.
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Raman Spectroscopy

Raman data were used to quickly identify the formation of new solid form during 

SonicSlurry experiments. Raman spectra were collected with a Chromex Sentinel 

dispersive Raman unit equipped with a 785 nm, 70 mW excitation laser and a TE cooled 

CCD (1024 x 256 pixels, < O.le -/pixel/sec). A fiber-optically coupled filtering probe was 

used to collect data in a spectral range 2050 cm' 1 to 225 cm' 1 at a resolution of 4 cm'1. 

Each spectrum is a result of two or more co-added 20 second scans. The unit has 

continuous automatic calibration using an internal standard. The data were collected by 

SentinelSoft data acquisition software and processed in GRAMS/AI V.7.

Results and Discussion

The approximate solubilities for the two APIs and coformers are shown in 

Table 1. We used this date to design experiments to seek information if  one of the two 

components has similar or notably different solubility, how will that affect 

corystalizarion? The selected solvent in which theophylline and L-malic acid have 

similar solubilities, were 2,2,2-trifluoroethanol (TFE), nitromethane (NME), 

methanol (MeOH) and acetone (ACE). In case of cocrystallisation of theophylline 

with L-tartaric acid, we could not identify any solvent wherein both components have 

comparable solubilities. Alternatively, a 1:1 mixture o f TFE and ethanol (EtOH) was 

selected for that purpose, in addition to solvents TFE, MeOH and ACE. For other 

API, cocrystallisation of caffeine with L-malic acid, we identified solvents,



chloroform (CHL), acetonitrile (ACN), EtOH and terf-butyl alcohol (TBA) serving 

the purpose, whereas for the system of caffeine and L-tartaric acid the solvents were 

TFE, ACN, CHL and MeOH.

SonicSlurry experiments LAG experiments

/? = 2 nlVmg” i7- 6 |iL/mg" 7 = 12 jiUmg“ 17 -  0.25 uL/mg" ^ - lO p L /m g "

Saturation (%)b Saturation (%)b Saturation (%)b Saturation (%)b Saturation (%)b

Cociystal Solvent Result API C.F.1' Result API C.F.'' Result API C.F* Result API C.F.1' Result API C.F.''

(caf)'(L-ma) CHL CC 100 100 cc + L-ma 93 100 L-ma 47 100 cc 100 100 L-ma 44 100
ACN cc+caf 100 100 caf 100 100 caf 100 64 cc 100 100 caf 100 76
EtOH caf 100 74 caf 100 25 caf 100 12 cc 100 100 caf 100 19
TBA caf 100 74 caf 100 25 caf 100 12 cc 100 100 caf 100 35

(caQ(L-ta) TFE cc + L-ta 89 100 L-ta 30 100 L-ta 15 100 cc 100 100 L-ta 12 100
ACN CC 100 100 cc 100 100 cc 100 100 cc 100 100 cc 100 100
CHL CC 100 100 cc + L-ta 89 100 cc + L-ta 44 100 cc 100 100 L-ta 41 100

MeOH cc + caf 100 100 cc + caf 100 59 caf 100 29 cc 100 100 caf 100 25

(tp)(L-ma) TFE CC 100 100 cc 85 100 cc + L-ma 43 100 cc 100 100 liquid 84 100
NME CC 100 100 cc 100 100 cc 100 100 cc 100 100 cc + L-mt 100 100

MeOH tp 100 57 tp 100 19 tp 100 10 cc 100 100 tp 100 10
ACE cc + tp 100 100 tp 100 56 tp 100 28 cc 100 100 Tp 100 25

(tp)2(L-ta) TFE/EtOH CC 100 100 cc + tp 100 100 cc + tp 100 100 cc 100 100 tp 100c 81c
TFE CC 100 100 cc+ L-ta 81 100 L-ta 41 100 cc 100 100 L-ta 100 100

MeOH tp 100 100 »P 100 57 »P 100 28 cc 100 100 tp 100 18
ACE cc 100 100 cc 100 100 cc 100 100 cc 100 100 tp 100 97

aGiven by eqn (1). bThe ratio between the maximum attainable concentration of a cocrystal 
component in a given system and its solubility in the corresponding solvent. “Based on the 
average of solubilities of tp in TFE and EtOH (-36 mg/mL) and the average of the solubilities 
of L-ta in the same solvents (~ 37 mg/mL). dCocrystal former.

Table 2: Results from liquid assisted grinding (LAG) and SonicSlurry experiments (API 
= caffeine or theophylline, C.F. = cocrystal former).
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With the approximate solubility values at our disposal, we designed 

experiments that allowed us to investigate the relationship between the solubilities of 

cocrystal components and rj. These experiments can be used to rapidly identify solute- 

solvent combination that is more likely to yield a cocrystal in screening experiments. 

This would significantly ease the cocrystal screening process as the outcome of the 

experiment could be predicted and cumbersome three-component phase diagram [42] 

will not be needed.

The findings o f both LAG and SonicSlurry experiments are summarized in 

Table 2. It can be noted that cocrystal was observed in all LAG experiments at lower 

tj (0.25pL/mg). While, SonicSlurry experiments performed at higher rj values of 2, 6  

and 12 pL/mg provided three different outcomes: the pure cocrystal, a mixture o f the 

cocrystal with a cocrystal component, or a single cocrystal component (observe 

through Raman spectroscopy and Xray powder diffraction analysis). The LAG 

experiments at larger rj value (10 pL/mg) produced results consistent with the 

SonicSlurry experiments. Based on approximate solubility values (Table 1) o f the 

individual cocrystal components, the results indicates that the product obtained 

correlates with the saturation level o f the reactants, and is not method specific 

(SonicSlurry or LAG), but rather by the saturation levels achieved during reaction.

Considering Tables 1 and 2, it is evident that three different cases o f relative 

solubilities were seen: 1) the solubilities of the API and coformer are similar, 2) the
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API is more soluble than the coformer, and 3) the coformer is more soluble than the 

API. As discussed above, LAG at lower 7  values yielded cocrystals as in minute 

amount of solvent, the saturation condition was maintained and this is known to 

favour the formation of the cocrystal phase [43].

On the other hand, at low values of 7 , three different outcomes were noted for 

SonicSlurry experiments: the pure cocrystal, a mixture o f the cocrystal with a 

cocrystal component, or a single cocrystal component. As expected, formation of the 

cocrystal was more frequent at lower 7  values (2 pL/mg), whereas for higher values 

of 7  (12 pL/mg) the formation of a pure cocrystal component was predominant (Table 

2). A very important and potentially useful observation from Table 2 can be seen that 

the cocrystal was observed only when both API and coformer were saturated in the 

solvent used. If one of component is below saturation, mixture o f products or only 

the least soluble component was typically observed. Consider for example, the 

cocrystalization of caffeine (21 mg/mL) with L-malic acid (54 mg/mL) in acetonitrile; 

based on the solubility (Table 1), both components were saturated and hence as 

expected, the cocrystal was observed, however the low solubility component 

(caffeine) was also noted.

These results can be explained by considering the Le Chatlier’s principle, 

which states that a system in equilibrium will react to a change in conditions by 

shifting the equilibrium to nullify the change. In order to exemplify, consider two 

components A and B, they must dissolve in order to form cocrystal AB. The
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equilibrium that governs the formation of cocrystal AB is based on the concentrations 

o f the reactants in solution. The results of our experiments suggest (Table 2) that 

when reactants A and B are saturated in a given solvent and are congruently soluble, 

the reaction product will be primarily the cocrystal AB. Now, if  the concentration of 

A (or B) falls below the saturation (by altering the solvent type or amount) the 

equilibrium will favour dissolution of AB to make up for lowered concentration of A 

(or B). This simultaneously will also increase the concentration of B (or A).

Now, consider a system in which the cocrystal components A and B have 

markedly different solubilities in a given solvent. We expect the composition o f the 

solid at equilibrium to change with increasing ij. The amount o f the lower solubility 

component in the solid should increase once the r\ value for the system has been 

exceeded. In non-congruently saturating systems [44], where one component is less 

soluble that the other, the composition of the solid obtained at equilibrium will 

depend on the amount of solvent used. If, for example, the value of r\ is exceeded 

relative to component A, then the excess solid A will dissolve, the concentration of A 

will be decreased below the saturation point, which, in turn, will cause a proportional 

amount of cocrystal AB to dissolve. Dissolution of AB will result in an additional 

amount of B in solution will result in an increase in the amount o f solid B present at 

equilibrium. The result will be a mixture o f cocrystal AB and component B.

In a situation where the two cocrystal components have similar and relatively 

low solubilities, an increase in ij would result in the congruent dissolution of both
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cocrystal components. As a result, the cocrystal components will both remain 

saturated over a broad range of rj values and the pure cocrystal should be the only 

solid product obtained. This is illustrated by the SonicSlurry and LAG experiments 

involving (caf) (L-ta) cocrystal in ACN, where the cocrystal is the only product 

formed in the rj range between 0.25 pL/mg and 12 pL/mg.

Figure 7. The formation of cocrystal AB is dependent on the concentration of the two 
cocrystal components, A and B in solution.

Conclusions

Our results indicate that lowering the volume of solvent used in a liquid-mediated 

cocrystallization reaction increases the propensity of cocrystal formation by increasing 

the potential of saturating of both components in the solvent phase. We describe r\ 

(pL/mg), the ratio of the volume of the liquid phase and the weights of cocrystal 

components, and the solubilities of cocrystal components, as suitable parameters for the

® solid

A

V

[A]solution +  l B  I s o  W o n  < ---------»  A B  solid
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design of cocrystallisation experiments as an alternative to constructing ternary phase 

diagrams.

Our results also indicated that for each system there is a range of rj values suitable 

for cocrystal synthesis. At very low r/ (~ 0.05 pL/mg) cocrystal formation is inefficient, 

presumably due to low reaction rates. Increasing rj leads to increasing amounts of reactant 

in the solid product. Beyond a certain r\ value, the cocrystal will no longer form.

The empirical understanding of cocrystallisation at different values of rj, along 

with approximate solubilities of cocrystal components in a given solvent, allows the rapid 

identification of conditions suitable for cocrystallisation. Finally, we propose “rj ” as a 

suitable parameter to empirically differentiate conditions that distinguish LAG from 

slurry sonication or slurrying [45].
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF NITROFURANTOIN (NF)

COCRYSTALS

Introduction

Nitrofurantoin is a synthetic antibiotic (pKa 7.2), belongs to BCSII family, and is 

mainly used to treat urinary tract infections [46]. Nitrofurantoin after oral administration, 

is actively excreted in the urine and due to low concentrations in the blood, nitrofurantoin 

is not useful for systemic infections [47]. In this study we investigated the generation of 

new solid phase (cocrystals) of nitrofurantoin to explore the possible alternatives with 

improved pharmaceutical properties.

Cocrystallization has immerged as an excellent tool to overcome solubility 

problems associated with BCS II compounds. Cocrystallization is a process by which 

coformers are inserted in between the molecules of API and held together by hydrogen 

bonds. Cocrystallized materials are known to exhibit superior pharmaceutical 

characteristics, including, enhanced solubility [48-49], stability [50-51] and mechanical 

properties [52], to name a few. We initiated the cocrystal screening by using high 

throughput process, developed in house. This resulted in generation of new solids 

(cocrystals) observed by Raman spectroscopy and confirmed by Xray powder diffraction
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(XRPD) analysis. Scaleup of these positively identified cocrystals allowed for physical 

characterization of the pure cocrystal phases.

Materials and Methods

Chemicals used for the synthesis of cocrystals including nitrofurantoin (NF), 4- 

hydroxybenzoic acid (4-HBA), vanillic acid (VA), vanillin (V), citric acid (CA), L- 

proline, urea, nicotinamide and solvents used (reagent or HPLC grade) were obtained 

from Aldrich (St. Louis, MO, USA) and used as received.

Cocrvstal Screening

Parallel reactor LAG screening (initial high throughput)

Manual LAG screening (Scale up)

Reaction crystallization screening (Scale up)

No. Cocrystal

1 1:1 nitrofurantoin:citric acid

2  1:1 nitrofurantoin.urea

3 1:1 nitrofurantoin:4-hydroxybenzoic acid

4 1:1 nitrofurantoin:L-proline

5 1:1 nitrofurantoin:nicotinamide

6  1 :2  nitrofurantoin:vanillin

7 1:1 nitrofurantoin:vanillic acid

Table 3. Nitrofurantoin cocrystals and publication numbering for referring to the 
cocrystals in the text.
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Figure 8 . Molecular structures of API (nitrofuratoin) and guests, evaluated in this study.



Cocrvstal Scaleup

Scale up by Reaction Crystallization Method (single crystal sample)

A saturated solution of citric acid in triflouroethanol was generated at room 

temperature. 1 mL of the supernatant was taken into a clean vial and aliquots of 

nitrofurantoin were added, this solution was heated until clear and after cooling under tap 

water, subjected to pulses of ultrasound using a 1/8 ” ultrasonic probe at a frequency of 2 0  

kHz. The vial was closed and left at room temperature for 24 hours. The solid that formed 

was isolated by vacuum filtration and air dried.

Scaleup by Liquid Assisted Grinding (LAG)

Nitrofurantoin (100 mg) and vanillin (127.74 mg) were placed in an agate 

grinding jar of 2 mL volume with 2 agate grinding balls. 57 pL (for r\ = 0.25 pL/mg) of 

1:1 acetonitrile:hexaflouro-2-propanol was added to the mixture. The jar mouth was 

closed with push-fit lid, securely placed on the shaker and was then shaken on the 

Restech MM200 mixer mill for 30 minutes at the operating frequency of 60 Hz.

Raman Spectroscopy

Raman spectra were collected with a Chromex Sentinel dispersive Raman unit 

equipped with a 785 nm, 70 mW excitation laser and a TE cooled CCD (1024 x 256 

pixels, < O.le - /pixel/sec). A fiber-optically coupled filtering probe was used to collect 

data in a spectral range 2050 cm' 1 to 225 cm' 1 at a resolution of 4 cm'1. Each spectrum is
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a result of two or more co-added 20 second scans. The unit has continuous automatic 

calibration using an internal standard. The data were collected by SentinelSoft data 

acquisition software and processed in GRAMS/AI V.7.

Infrared Spectroscopy

IR spectra were obtained with a Mattson model Genesis IIFTIR spectrometer 

controlled by Winfirst software from Mattson instruments Inc. (Win.Lab.Instruments, 

Bagnolet, France).

Nuclear Magnetic Spectroscopy (NMR)

1H NMR spectra were acquired on a Varian INOVA 400 MHz instrument at 25 

°C, reported in ppm (<5) and referenced to DMSO-d6  peak (2.50 ppm). Typically, 

about20-30 mg of sample was dissolved in ~ 1 mL of DMSO-J6  peak in a glass vial. 

After the solute has been dissolved, it was then transferred o a NMR tube.

X-rav Powder Diffraction (XRPD)

High throughput screening data were collected on a Bruker D8 Advance 

diffractometer (Bruker AXS, Karlsruhe, Germany) in Bragg-Brentano geometry using a 

primary 40 mm Gdbel mirror producing a parallel beam. The beam was collimated using 

a custom collimator tube with a 1.1 mm diameter exit port. Cobalt K-a radiation,

A,=l .7889A, was used and the instrument was operated at 35 kV and 40 mA. Data was 

collected in reflection geometry with a Vantec PSD detector equipped with radial Soller



slits, and was configured with a 10° detector window. Data were collected between 8° 

and 40° 2-theta using a 0.05° step size and 0.5 seconds per step data collection rate. 

Samples were prepared on a flat aluminum plate in microplate format (4 mm diameter 

samples, 9 mm apart and ~0.5 mm thickness). The data was collected in an automated 

routine using the Bruker motorized XYZ stage accessory. A laser/video-microscope 

alignment system was used to position the samples. The data was processed using EVA 

(Bruker-AXS, Karlsruhe, Germany) and plots of the data were prepared in GRAMS/AI.

Elemental Analysis

Due to insufficient solubility of L-proline in DMSO-dd, we were unable to 

conclude coformer/API ratio from the NMR experiment. We instead sought elemental 

analysis information and it indicates the ratio of components to be 1:1. Elemental analysis 

experiment was performed by Galbraith Laboratories, Inc.

Calculated: C, 44.20%, H,4.28% , N, 19.82%
Found: C, 44.04%, H,3.96% , N, 19.50%

Differential Scanning Calorimetry (DSC)

Thermal analyses of the samples were performed on a Thermal Advantage DSC 

Q1000 V9.8 Build 296 (TA instruments-Waters, LLC) module which was calibrated for 

temperature and cell constants using indium and sapphire [53]. Samples (3-5 mg) were 

crimped in non-hermetic aluminium pans (30 ml) and scanned at a heating rate of 10-
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C/min in the range 25-300 °C under a continuously purged dry nitrogen atmosphere (flow 

rate 50 ml/min). The instrument was equipped with a refrigerated cooling system. The 

data were collected in triplicate for each sample and were analyzed using TA Instruments 

Universal Analysis 2000 V4.3A software.

Results and Discussion

The newly synthesized solids were characterized using various analytical 

techniques (Raman, IR, XRPD, NMR, DSC and elemental analysis) to ensure cocrystal 

formation, purity determination and the calculation of the ratio in which API and guest 

combined in a cocrystal.

Raman Spectroscopic Analysis

The Raman spectra of the seven cocrytals are compared with the coformers and 

nitrofurantoin in Figures 9-15. It can be noticed in these figures, cocrystal in all cases, 

contains spectral features of the single components, API and coformer, but with several 

peak shifts. Also, no traces of either of the components are present and suggestive o f the 

formation of a API:coformer cocrystalline phase and not a physical mixture [54],
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Figure 9. Raman spectrum of citric acid and nitrofurantoin cocrystal (1).
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Figure 10. Raman spectrum of urea and nitrofurantoin cocrystal (2).
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Figure 11. Raman spectrum of 4-hydroxybenzoic acid and nitrofurantoin cocrystal (3).

35



2. File (middle>= G148 8 3. File (bottom) -  NFPRLSR 8I - File (top) -  A 17 8

1000 800 600 400 2001800 1600 1400 12002000
Arbitrary Y / Raman Shift (cm-1)

Figure 12. Raman spectrum of L-proline and nitrofurantoin cocrystal (4).
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Figure 13. Raman spectrum of nicotinamide and nitrofurantoin cocrystal (5).
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Figure 14. Raman spectrum of vanillin and nitrofurantoin cocrystal (6 ).
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Figure 15. Raman spectrum of vanillic acid and nitrofurantoin cocrystal (7).
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IR Spectroscopic Analysis

The IR spectra for cocrystals, nitrofurantoin and coformers are shown in Figures 

16-22. The IR spectrum can shed light on possible hydrogen bond interactions between 

the cocrystallizating components (API and the guests). The IR spectrum for 

nitrofurantoin shows absorbance peaks at 1338 and 1518 cm'1, corresponding to NO2 and 

amide N-H bend, respectively. We have noticed these peaks shifting, when NF is in a 

cocrystallized state with 4-hydroxybenzoic acid, vanillin and vanillic acid. While, for 

cocrystals of NF with; citric acid, we see a peak shift of carboxylic group of citric acid, 

amide group of Urea, secondary amine group of L-Proline and amide group of 

nicotinamide. These shifts possibly indicating the participation of these functional groups 

in hydrogen bonding and cocrystal formation. However, unless this could be confirmed 

from single crystal Xray analysis, these observations may not be accurate.
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Figure 16. IR spectrum of citric acid and nitrofurantoin cocrystal (1).
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Figure 17. IR spectrum of urea and nitrofurantoin cocrystal (2).

42



2. File (middle)= G335 3. File (bottom) -  NF4HBASR1. File ( to p )-A 1 7
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Figure 18. IR spectrum of 4-hydroxybenzoic acid and nitrofurantoin cocrystal (3).
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Figure 19. IR spectrum of L-proline and nitrofurantoin cocrystal (4).
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Figure 20. IR spectrum of nicotinamide and nitrofurantoin cocrystal (5).
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Figure 21. IR spectrum of vanillin and nitrofurantoin cocrystal (6 ).
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Figure 22. IR spectrum of vanillic acid and nitrofurantoin cocrystal (7).
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Nuclear Magnetic Resonance (NMR) Spectroscopic Analysis

The ‘H-NMR spectra of the cocrystals comparing them with their constituting 

coformers and nitrofuratoin are shown in Figures 23-28. The ID 'H-NMR spectra of 

cocrystals confirm the physical association of the cocrystal components as for both API 

and conformers, individual peaks can be seen in the NMR spectra of all of the cocrystals. 

In case of an actual chemical reaction between an API and a coformer, this would not 

have been the case. Also, if the cocrystal is pure, ID 1 H-NMR spectrum can serve to 

calculate the API:guest ratio comparing the integral values of a know API peak to that of 

a guest peak. The results are summarized in the Table 4.

Name of the coformers 4-Hydroxybenzoc Acid Vanillic Acid Vanilin Citric Acid L-proline Urea Nicotinamide
Nitrofurantoh (API) peak (ppm) 4.34 4.34 4.34 4.34 t 4.34 4.34
Peak integration 2.00 2.00 2.00 2.00 2.00 2.00
Actaul number of protons h  one API molecule 2.00 2.00 2.00 2.00 2.00 2.00
Coformer peak (Av in case of muttipiet) (ppm) 6.81 6.83 6.96 2.65 5.42 8.19
Peak integration 1.91 1.09 1.96 4.01 3.95 2.00
Actaul number of protons in one guest molecule 2.00 1.00 1.00 4.00 4.00 2.00
Ratio (Integrals of Guest/API) 1 to 1 1 to 1 2 to 1 1 to 1 1 to 1 1 to 1

Table 4: ’H-NMR analysis for conformer to API ratio determination.

tDue to insufficient solubility of L-proline in DMSO-ofd, we were unable obtain cocrystal 
NMR.
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CA
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5.0 4.0 3.0 2.0 1.07.0 6.09.0 S.010.0

Figure 2 3 .1 H-NMR spectrum of citric acid and nitrofurantoin cocrystal (1).
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Figure 2 4 .1 H-NMR spectrum of urea and nitrofurantoin cocrystal (2).
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Figure 25. 'H-NMR spectrum of 4-hydroxybenzoic acid and nitrofurantoin cocrystal (3).
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Figure 26. 'H-NMR spectrum of nicotinamide and nitrofurantoin cocrystal (5).
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Figure 27. NMR spectra of nitrofurantoin and vanillin cocrystal(6 ).
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Figure 28. NMR spectra of vanillic acid and nitrofurantoin cocrystal (7).
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Xrav Powder Diffraction (XRPD) Analysis

The XRPD, like Raman and IR spectroscopy, generates peak patterns of the solids 

analyzed, these patterns can be compared, in case of cocrystal and individual 

components, to look for new peak pattern expected for cocrystal and additional peaks 

belonging to either API or coformer present as impurity. In our studies, we noticed, 

although cocrystallized material seemed pure, however, in XRPD pattern, we could see 

either API or coformer still present. This observation necessitated using both Raman and 

XRPD in parallel for positive identification of the pure phase [55-57]. The diffractrogram 

of the seven pure cocrystals of nitrofurantoin and nitrofurantoin itself has been overlaid 

and presented in Figure 29.
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Figure 29. XRPD pattern of the seven cocrystals of nitrofurantoin and nitrofurantoin 
itself (for the legends, please refer to the material section).
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Differential Scanning Calorimetry (DSC) Analysis

Differential Scanning Calorimetry is also used to ensure cocrystal formation by 

comparing the endotherms of the pure cocrystals and the nitrofurantoin. Table 5 

summarizes the DSC melting points. As can be oticed from the table, all the corystals 

melt at temperatures, different from the API itself, thus indicating the formation of new 

phase (cocrystal) [58]. Figure 30 shows a representative endotherm of the 

nitrofurantoinxitric acid cocrystal.

'SB
I
*©
E

47.76%

g

25 75 125 175 225 275

I

E*°Up Temperature (°C)

Figure 30. DSC endotherm of the nitrofurantoinxitric acid cocrystal.
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nitrofurantoin (anhydrate) [58] 269.6 °C

nitrofurantoinxitric acid 184.4 UC
nitrofurantoin:urea 237.5 UC
nitrofurantoin:4-hydroxybenzoic acid 240.0 UC
nitrofurantoin:L-proline 188.4 °C
nitrofurantoin:nicotinamide 192.0 °C
nitrofurantoin :vanillin 130.2 UC
nitrofurantoimvanillic acid 203.1 °C

Table 5: The DSC melting points of the cocrystals and the nitrofurantoin.

Conclusions

The cocrystals of nitrofurantoin with seven pharmaceutically acceptable 

conformers were obtained and characterized in detail. The cocrytalization as an option for 

production of suitably altered physical properties of an API, can be further aided by 

employing crystal engineering strategies [59] to assist in the selection of APIxoformer 

combinations that are expected to form complementary intermolecular hydrogen bonds. 

We positively identified the synthesized cocrystals using, Raman, IR, NMR, XRPD and 

DSC techniques. Further, single crystal analysis and pharmaceutically relevant properties 

such as the dissolution rate and dynamic vapour sorption (DVS) of the synthesized 

cocrystal are planned and few of them are underway.
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CHAPTER 4

SOLID DOSAGE FORMULATION STUDIES OF CARBAMAZEPINE (CBZ)

COCRYSTALS

Introduction

Carbamazepine (CBZ), a dibenzazepine drug is an important anti-epileptic agent

(used to control seizures) that has been in use for over 30 years, is an example of a water-

insoluble drug that has a high dose requirement (> 2 0 0  mg/day) for therapeutic effect [60].

Carbamazepine poses multiple challenges for oral drug delivery, including a narrow

therapeutic window, autoinduction of metabolism and dissolution-limited bioavailability,

typical hall mark of BCS II drugs [61]. A fairly large number of cocrystals of

carbamazepine have been reported [62]. The aim of this study was to determine whether,

solubility advantage of cocrystals can be materialized into an actual solid dosage

formulation (e.g., direct compressed tablet). For this study we chose the cocrystals of

CBZ (III) with glutaric and succinic acids as their solubility have been calculated to be

117 and 5 times higher, respectively, compared to that of CBZ itself [63]. Due to higher

solubility of cocrystals, it was expected that cocrystallized drug may result in faster

and maximum bioavailability (C ^ ) .

Among several polymorphic forms, anhydrous form III (CBZ) and the di-hydrate

form (CBZ-D) are the most commonly studied. The CBZ form III is thermodynamically

59



the most stable form at room temperature and is used exclusively in commercial 

formulations. However, CBZ-D is the most stable form in aqueous solution. Due to 

aqueous stability of CBZ-D, all other polymorphs convert to the CBZ-D form in aqueous 

environment [64].

During early formulation development phase o f a drug, the dissolution 

experiments are aimed to develop a method to discover/establish the mechanism of in 

vitro drug release and solubilization. While, in the later phases, formulation development 

scientists look for in vitro-in vivo correlation (IVIVC), or other information and it is very 

important for poorly soluble compounds [65].

In the course of dissolution experiment, if physical form (amorphous or 

polymorph, and particle size) play an important role and is rate limiting, then the rate of 

dissolution is “intrinsic dissolution controlled”. This is the case for most poorly soluble 

compounds, especially for BCSII and it is very likely to establish an IVIVC for them 

[66]. Hence we used intrinsic dissolution experiments outcome as a predictor of 

formulation suitability for in vivo experiments.

We begin this project by evaluating several commercial pharmaceutical polymers 

to slow/inhibit the di-hydrate formation that occurs as soon as CBZ comes in contact with 

water and is known to be almost 10 times less soluble the CBZ itself [67]. The further 

progress of this project was to be dictated by the outcomes of the intrinsic dissolution 

experiments. If we could achieve the faster t„ax and bypass the di-hydrate formation 

issue, next step would be the evaluation of these formulations in a rat in vivo model.
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Figure 31. Molecular structure of carbamzezpipne.

Synthesis of Cocrvstals

The cocrystals evaluated in this study were previously synthesized by Childs et al 

[62]; the procedure described therein was followed and is briefly mentioned below.

Carbamazepine:succinic acid cocrvstal

Carbamazepine (9.481 g, form III) and succinic acid (2.361 g) were dissolved in a 

mixture of 300 mL ethanol and 150 mL ethyl acetate with several minutes of sonication, 

followed by heating until clear solution was obtained. This solution was allowed to 

evaporate slowly overnight. The resulting dried solids were crushed to uniform powder.

Carbamazepine:glutaric acid cocrvstal

Carbamazepine (4.719 g, form III) and glutaric acid (1.325 g) were dissolved in 

5o mL of acetonitrile with heating and sonication. The resulting solution allowed

61



standing at room temperature over night. The solids obtained were isolated by vacuum 

filtration, air dried and crushed to fine powder. Both cocrystals were characterized by 

Raman spectroscopy.

Preparation of CBZ Formulations

Various different formulations were prepared consisting of succinic acid and 

glutaric acid cocrystals of CBZ (CBZ-CC). The formulations consist of 71 % of either 

API (CBZ) or cocrystals (CBZ-CC), 23% of microcrystalline cellulose, 4% sodium 

carboxymethylcellulose, 1.3 % magnesium state and 0.7% aerosol. We replaced 

microcrystalline cellulose with equivalent or in many cases 50 % (w/w) with one of the 

following polymers: Plasdone® S-630 (ISP products), Plasdone® povidone (ISP 

products), polyvinyl pyrrolidine (PVP), Hydroxypropylmethyl cellulose (HPMC).

The formulations were mixed and grinded in a ceramic mortar and pestle for 5min. 

Tablets of 280 mg (for CBZ) or more for cocrystallized CBZ (200 mg equivalent of 

CBZ) were produced using Table-Top rotary tablet press (MINIPRESS - 1™, Globe 

Pharma) with 2.5 tons pressure.

Intrinsic Dissolution Rate Comparison

Intrinsic dissolution studies were performed using in-house built apparatuses with 

flow-through UV-Vis cell, shown in Figure 32. Disks of each cocrystals and CBZ were
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prepared by direct compression with other formulation components (Table 6 ). Intrinsic 

dissolution was performed on the disks in distilled water at room temperature (24 °C) 

using a 288 nm wavelength. A plot of the UV-Vis scan is shown in Figure 33. The 

intrinsic dissolution rate results indicate that the cocrystal material is less stable in water 

than the CBZ. These results are consistent with the Raman results displaying a form 

change (from CBZ to CBZ-D) upon dissolution of the CBZ and the cocrystal (Figure 34).

Component Amount per
Tablet
(mg)

Percent (%) w/w

CBZ or equivalent cocrystal 2 0 0  mg 71.43%

Microcrystalline cellulose 65 mg 23.21 %

Sodium
carboxymethylcellulose

10  mg 3.57 %

Magnesium stearate 3 mg 1.07%

Aerosil 2  mg 0.71%

Total amount 280 mg 1 0 0 .0  %

Table 6 : Experimental formulation for CBZ and CBZ cocrytstals 280 mg tablet.
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UV-vis unit 
with flow cellpump

Raman unit

Raman probe

Distance ~13mm 

Sample disc

Magnetic Stirrer

Figure 32. In house built, intrinsic dissolution device with flow through UV-Vis detection 
(Image kindly provided by Dr. Scott Childs, Renovo Research, LLC).
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Figure 33. Intrinsic dissolution curve for CBZ (III) and CBZ.glutaric acid cocrystal in 
water.
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Figure 34. Raman date for CBZ:glutaric acid dissolution in water. The spectrum was 
obtained every 20 seconds, the characteristic CBZ dihydrate peak growing on left, while 
CBZ-glutaric acid cocrystal getting smaller on the right.
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Results and Discussion

In this project, we used intrinsic dissolution of CBZ and its cocrystallized 

formulations as a means to predict the feasibility of in vivo evaluation. During the course 

of dissolution experiments, we noted, as soon as cocrystal of CBZ (either succinic or 

glutaric acids) comes in contact with the dissolution medium, it converts to stable di

hydrate form immediately. This conversion took place regardless of the dissolution 

medium and formulations. Also, CBZ once converted to di-hydrate form, coated the 

tablet as it is much less soluble than CBZ III, the dissolution curve obtained, essentially is 

the same as, if one is actually measuring the CBZ-D dissolution.

This can be seen in the dissolution profile of the glutaric acid CC (green) exhibits 

less solubility (instead of the expected), compared to CBZ tablet (red) (Figure 33).

Raman data (Figure 34) shows spectrum obtained every 20 seconds, the characteristic 

CBZ dihydrate peak growing on left, while CBZ-glutaric acid cocrystal getting smaller 

on the right and complete conversion occurs in about 2 min. Moreover, several different 

excipients (pharmaceutical polymers) were utilized to slow down the conversion of CBZ 

to CBZ-D, but in all cases, the immediate layer of the tablet exposed to water, converted 

to carbamezipine di-hydrate rapidly (seen by Raman spectroscopy) and results were 

similar as described above.
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Conclusions

This study shows, although solubility enhancement is necessary for BCS II drugs 

to improve bioavailability and can be achieved successfully through cocrystallization. 

However dissolution enhancement advantages could be nullified by solid form stability in 

aqueous medium. Due to well studied relationship between in vitro in-vivo data, the 

similar results were expected in case of in vivo evaluation and were not performed in this 

study.
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CHAPTER 5

A NEW METHOD FOR STUDYING CELL INTERACTIONS WITH LABEL-FREE

LIPIDS1

Introduction

It has been written that “life is a sticky business” [6 8 ]: substrate and enzyme; 

antigen and antibody; tRNA and mRNA; leukocyte and endothelial cell; bacteriophage 

and bacterium; sperm and egg.. .all such pairs stick to each other. Adhesion is obviously 

central to all of biology. This project deals with one particular form of adhesion, namely 

the binding of small molecules to cell surfaces. By a “small molecule” is meant an 

organic compound as opposed to a macromolecule such as a protein or nucleic acid. 

Actually, our focus was not so much upon various compounds as upon individual 

functionalities and their ability to bind non-specifically to cells. In the process of 

pursuing this problem, we developed a method for examining small molecule/cell 

adhesion that does not require fluorescent dyes, radio-ligands or other labeling. Label- 

free assays are advantageous because they avoid possible interference to the binding 

process from the label itself [69]. Our method also provides the cells with multiple 

functionalities at controllable distances from each other. Multi-valency is known to

Vtenger, F. M., Rizvi, S. A. A., Shi, Lei, Un-Published Work.
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greatly enhance binding to cells [70]. Although we have initiated the method using as 

simple systems as possible, the stage is set for more complex ligands at a later date.

Various experimental methods, cited cursorily, have been applied to cell 

adhesion. Gastric cancer cells that had adhered to collagen films were assayed 

spectrophotometrically after staining with crystal violet [71]. AFM tips bearing DNA or 

an antibody were used to capture live cells [72]. Inhibition of cell aggregation in the 

presence of a cyclic nonapeptide was determined by inverted phase microscopy [73]. A 

label-free microplate-based method for studying drug/cell interaction was carried out via 

photonic crystal optical biosensors [74]. Prostrate tumor targeting was accomplished with 

a prostate cancer-specific small molecule conjugated to near-infrared dyes [75]. 

Vancomycin-modified nanoparticles were prepared for magnetic confinement assays of 

bacteria [76], Lymphoma cells were screened with microarrays of immobilized peptides 

[77].

The number of active integrins on the cell surface of nine human cancer cell lines 

was counted by flow cytometry using a fluorescein-labeled integrin ligand [78]. 

Investigation of molecular interactions between a drug (paclitaxel, Taxol®) and a 

membrane model (DPPC, a phospholipid forming lipid vesicle bilayers) was examined by 

DSC [79]. NMR methods are now able to give detailed structural information about drugs 

that are constrained at membrane-embedded receptors [80]. A spinning-disc apparatus 

[81], time-lapse cinemicrography [82], and flow methods [83] have also proved useful. 

Theoretical models of nonspecific forces involved in cell adhesion are also available [84],

70



Stearic acid
HO'

Hexadecanol

Cholesterol HO'

Octadecyl amine

l-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphate
HO'

‘OH

HO.

HO"""

l-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholineh o '

n-Dodecyl p-D-glucopyranoside

x  ' o '  '0
f  V  *N»"0

o h  h n-Hexadecyl P-D-maltoside

0H  ^  H OH £

0H off H

Figure 35. Molecular structure of label-free compounds.
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To describe our method briefly (details being available in the Experimental 

section): Monolayers of eight label-free compounds, depicted in Figure. 35, were 

formed on the surface of water contained in a Langmuir balance. Since the compounds 

are amphiphilic but water-insoluble, their monolayers are stable (with the polar groups 

immersed in the water and the hydrophobic tails projecting into the air). Below the 

monolayer film, in the aqueous subphase, resided normal or cancer cells. By compressing 

the film with a moveable barrier, we were able to obtain pressure/area isotherms as 

affected by cell-binding to the “multi-valent” film. In this manner we could gauge the 

affinity of the cells for the various functionalized surfaces at continuously adjustable 

areas-per-functional group.

To our knowledge there is only one previous report of a related study. Owens, 

Gingell and Trommler prepared Langmuir-Blodgett films by depositing n-docosanol 

(C22-OH) on hydrophobicized glass [85]. Although amoebae moved freely on 

hydrophobicized glass, the amoebae showed little or no locomotion on the n-docosonol- 

coated glass. Hydrodynamic shearing was unable to remove amoeba from either surface. 

Thus, alcoholic groups, in a two-dimensional array, provide a surface that is strongly 

adhesive for cells.
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Figure 36. Kibron Micro TroughX (Langmuir-Adam balance).
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Drugs are typically viewed as existing in three states: free, specifically bound, and 

non-specifically bound. Interactions between cells and the compounds in Figure 35, 

would presumably be of the non-specific variety. Non-specific binding has been shown 

to be useful, for example, in predicting in vivo hepatic clearance [8 6 ]; in identifying 

effective positron emission tomography ligands [87]; and in benzodiazepine action 

independent of receptor binding phenomena [8 8 ]. A review is available of the potential 

role of nonspecific drug interactions with the membrane bilayer in the overall receptor- 

binding mechanism [89].

Although non-specific binding is a poorly understood biological phenomenon, 

one can reasonably imagine the following scenario: A drug encounters a cell and non- 

specifically binds to it. The drug, with its search-space now diminished beneficially from 

the three-dimensional external matrix to a two-dimensional cell exterior, can diffuse 

laterally across the cell surface. Eventually, the drug finds a specific receptor as is 

necessary for cell entry. Since non-specific binding may precede specific binding, 

investigating the fundamentals of the former is useful and interesting.
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Figure 37. From left to right, human skin cancer (CRL 7761) and Normal (CRL 7762) 
cells.
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Experimental

Nonmalignant skin cells (CRL-7761) and skin cancer cells (CRL-7762) were 

obtained from the American Type Culture Collection (ATCC, Manassas, VA). All cells 

were grown as monolayers and were kept in a 5% CO2 environment at 37°C. Cell 

cultures were maintained in Dulbecco's modified Eagle's medium (DMEM) with glucose 

(1 g/L), NaHCC>3 (3.7 g/L), L-glutamine (2 mM), nonessential amino acids (0.0815 g/L) 

and 10% fetal bovine serum (FBS). Antibiotic cocktail (Gibco, Invitrogen Corporation, 

Carlsbad, CA, USA), at a final concentration of 100 U/mL of penicillin, 100 Mg/mL of 

streptomycin and 0.25 #*g/mL of amphotericin B, was added to all cultures. Media was 

replaced every three days and cells were split at approximately 80% confluency, 

suspended in PBS and counted using hemocytometer.

Film Balance Studies

Experiments were performed using a Kibron Micro Trough X Langmuir film 

balance running Film ware software (V 3.57) for data anlysis. The film balance work was 

complete in a separate room dedicated for film balance studies. It was kept free of 

chemical synthesis, maintained dust free environment and any glassware utilized was 

bought new and used exclusively for this work. Prior to be employed, the glassware was 

washed with base bath (KOH/isopropanol/water) and rinsed with copious amounts of 

ultrapure (18 M G-cm) water and finally with 80% ethanol 20% ether solution.
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The probe was flamed through a Butane torch, after cooling; it was rubbed with 

ethanol soaked kimwipe (to ensure removal of burned solid residues), dried with 

compressed air duster and placed on the sensor head. The surface of the sub phase was 

aspirated with pipette to insure no contaminates were present on the surface as directed 

by instruction manual (accompanied with the Langmuir film balance). Exactly 20 pL of 

1.0 mm lipids in 9:1 chloroform:methanol or pure chloroform were spread onto the 

surface of the sub-phase using microsyringe. The lipids were applied in very small 

amounts (at least 10 points), keeping away from the barriers as well as the sensor probe. 

About 1800 seconds (30 minutes) were allowed for the chloroform to evaporate. After 30 

minutes, the barriers were then compressed at a rate of 4.0 A/molecule/min. For 

experiments including cells (cancer or normal), pressure/area isotherm of 50,000 cells 

were obtained and after relaxation of the barriers, lipids were applied as mentioned above 

nd experiment was performed after 30 min.

Results and Discussion

The input to the Langmuir surface balance software initially calls for the 

molecular weight, concentration, number of chains, and the volume of the sample 

solution deposited on the water surface. For stearic acid in chloroform, for example, this 

equated to MW = 284.5, 0.28 mg/mL, a single chain, and 20 pL sample, respectively. 

With these data in hand, the instrument can then display so-called pressure/area 

isotherms, i.e. the increasing pressure n (in milli-Newtons/meter, mN/m) as a function of
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the diminishing area/molecule (A2/mol) as the moveable barrier confines the film. The 

isotherm for stearate is shown in Figure 38. It is seen that the pressure is a constant zero 

while the stearate monolayer is in a “gaseous” state between 60 and 40 A2/mol. Further 

compression of the monolayer causes a steep rise in pressure until, at about 15 A2/mol, 

the monolayer collapses (i.e. the molecules pile up on one another), and the pressure 

levels off.
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Figure 38. Isotherms for stearic acid over phosphate buffer saline subphase with and 
without cells (both cancer and normal).
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Figure 38. Isotherms for stearic acid over phosphate buffer saline subphase with and 
without cells (both cancer and normal).
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Figure 39. Plot of surface pressure against number of cancer cells (CRL 7761) in the 
subphase.
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Figure 40. Corrected pressure/area Isotherms for stearic acid over phosphate buffer 
saline subphase with cells (both cancer and normal).
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Figure 41. Corrected pressure/area Isotherms for hexadecanol over phosphate buffer 
saline subphase with cells (both cancer and normal).
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Figure 42. Corrected pressure/area Isotherms for n-Hexadecyl P-D-maltoside over 
phosphate buffer saline subphase with cells (both cancer and normal).
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Figure 43. Corrected pressure/area Isotherms for n-dodecyl p-D-glucopyranoside over 
phosphate buffer saline subphase with cells (both cancer and normal).
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Figure 44. Corrected pressure/area Isotherms for cholesterol over phosphate buffer saline 
subphase with cells (both cancer and normal).
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Figure 45. Corrected pressure/area Isotherms for octadecyl amine over phosphate buffer 
saline subphase with cells (both cancer and normal).
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Figure 46. Corrected pressure/area Isotherms for l-palmitoyl-2-oleyl-sn-glycero-3- 
phospahe (POPA) over phosphate buffer saline subphase with cells (both cancer and 
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Figure 38, also shows a stearate-free isotherm for cancer cells (CRL 7761 human 

skin) after a constant 50,000 cells had been added to the subphase consisting of 20 mL 

phosphate buffer saline (PBS). The cells were no longer living because they had been 

taken from a live culture, centrifuged, washed with PBS buffer to remove all nutrients, 

re-suspended, and counted. Neither cell clumping nor dependence of the isotherms on 

cell age (freshly washed to two months old) was observed. Since the input data required 

by the surface balance software do not apply to cells, we always used the same 

parameters for the cells as we had for the particular adsorbent under scrutiny (stearate, in 

the present case). This is an important point because it means that absolute pressure and 

area values for the pure cells are not physically meaningful (an acceptable uncertainty 

because it is the change in the cell isotherms upon addition of an adsorbent, rather than 

the absolute cell values, that is the focus of our interest).

A plot of pressure vs. number of cells placed in the subphase (from 5,000 to 

50,000 cells) is linear (Figure 39). When the air/water interface above 50,000 cells was 

held at a fixed area, the corresponding pressure remained stable for at least an hour (data 

not shown). The cell isotherm in Figure 38, representing an unknown number of cells at 

the air/water interface, is seen to climb almost linearly as the cells are gathered into an 

ever-decreasing area. An absence of a “break” in the plot suggests strongly that although 

the cells are being pushed closer together they remain at the interface even when the 

applied pressure reaches 37 mN/m. A rough estimate of the cell area and the film area at
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50 A2/mol shows that, assuming 50,000 cells are entirely at the interface, the cells occupy 

less than 1% of the total available surface. Since the actual number of interfacial cells is 

no doubt less than 50,000, the 1% occupancy estimate is a maximum value. This implies 

that, owing to their mass, the cells strongly affect the pressure sensor of the surface 

balance, thus giving measurable pressure values despite their low density and coverage.

When a stearate film was formed on the cell-bearing subphase, a stearate/cell 

isotherm was generated that resided a full 12 mN/m above that of the cell-only isotherm 

in the 60-40 A2/mol region where the stearate, by itself, makes no contribution to the 

pressure (Figure 38). In other words, cell-plus-lipid created more pressure than did the 

individual cell and lipid data added together. The remarkable pressure increase was 

common to all the adsorbents in Figure 35. Consider first the various ways in which the 

presence of stearate among the cells at the air/water interface might affect the isotherms:

(1) If the interfacial cells adsorb stearate molecules at a 60-40 A2/mol surface 

area (where stearate provides no pressure), then stearate addition to the interface should 

have little or no affect upon the cell isotherms in this region. Neither stearate nor any 

other of the adsorbents displayed this behavior.

(2) Stearate molecules might conceivably eject cells from the interface, thereby 

causing a decrease in the 5-19 mN/m pressure evident in the 60-40 A2/mol region for the 

pure cells. Such behavior was never observed with stearate or with any of the other 

adsorbents in Figure 35.
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(3) The surface pressure might increase upon forming the mixed film if the cells 

physically restrict the area available to the added stearate. In other words, by virtue of 

their surface-occupancy area, the cells might decrease the film area similar to when the 

mobile barrier of the film balance is shifted to smaller areas. If this mechanism alone 

were operative, then the observed 12 mN/m pressure increase on going from cell-to- 

mixed-film would, for example, correspond to a decrease in available area from 50 

A2/mol to about 25 A2/mol. But the rationale must be discounted because, as already 

mentioned, the density of cells at the interface is far too low to invoke a mechanism 

based on a high cell-occupancy of the interface.

(4) Attraction of cells onto the interface by stearate is another effect that would 

cause the film pressure to increase when stearate is placed upon a cellular subphase. 

Raising the film pressure by 12 mN/m at 50 A2/mol would require the stearate to almost 

double the interfacial cell population. This conclusion derives from horizontal tie-line 

joining the mixed isotherm at 50 A2/mol with the cell isotherm. If the pressure increases 

that are observed with the mixed films at 50 A2 originate from an increased interfacial 

cell population, then the attraction to the interface cannot be electrostatic in nature. This 

follows from the fact that anionic stearate, cationic octadecylammonium, and nonionic 

hexadecanol all display similar pressure increases (11,20, and 15 mN/m, respectively). 

One cannot exclude, however, an apolar patch on the cell surface that binds 

hydrophobically to the hydrocarbon-tail region of the lipid-covered interface.
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Unfortunately, there is disagreement on whether cells preferably bind to 

hydrophilic or hydrophobic surfaces [90-91] (the uncertainty compounded by the fact 

that the preference is no doubt cell-dependent). In any case, we are unable to exclude the 

possibility that the pressure increases observed with all the mixed cell/lipid interfaces 

arise from attraction of the cells onto the interfaces.

(5) A final possibility must be considered. The surface area available to the cells at 50 

mN/m might be reduced by the presence of stearate molecules lying among the cells even 

though the stearate supplies no pressure on its own. Consequently, the pressure sensor of 

the Langmuir trough records an increased collision rate with the cells.

1) Area per cancer cell (CRL 7761)

~ 150 p m x 10 pm = 150x 104 A x 1 0 x 104 A =  1.5x 1 0 11 A

2) Total area for 50,000 cancer cells

= 1.5 x 10“ A x 50,000 = 7.5 x 1015 A

3) Area of film balance at 50 A2/molecule

The total number of lipids: 1 x 10'3 mole/L x 20 pL = 1 x 10' 3 mole/L x 2 0 x l 0 ' 6 L = 2 x  

10' 8 mole = 2 x 10‘8 mole x 6.02 x 1023 molecule/mole = 1.204 x 1016 molecules 

Total area: 50 A2/molecule x 1.204 x 1 0 16 molecules = 6.02 x 1017 A2

4) Area of surface available per cancer cell 

= 6 .0 2  x 1 0 17 A2 + 50,000 = 1.204 x 1 0 13 A2

5) Percent area occupied by 50,000 cells over total available area

(1.5 x 1 0 11 A / l .204 x 1 0 13 A2) x 100  = 1.25%

92



“Corrected” pressure/area isotherms of the eight lipid/cell mixtures, from which 

the contributions of individual lipid and cell isotherms have been subtracted, are shown in 

Figures 40-47. All eight adsorbents manifest a positive pressure in the high area region. 

Except for cholesterol, there are no substantial differences among the adsorbents, 

consistent with either attraction of cells to the hydrophobic portion of the interfaces or 

with generally diminished area availability for the cells. Cholesterol is special because it 

is a facial amphiphile that covers the interface more effectively, thereby allowing for 

either greater cell attachment or a reduced freedom for the cells to move about.

All adsorbents in Figure 35 have “corrected” isotherms [A2/chain Vs A7r(7iceu+iipid - 

TCceii)] that, rather strikingly, drop into a negative pressure region below 40 A2/mol. The 

simplest explanation is that the lipids either adsorb onto or absorb into the cells’ outer 

membranes. In so doing, the cells cause a pressure reduction because their movement at 

the interface is no longer impaired.

Owning to the fact that cancer cell behavior is usually dictated by the oddities at 

the cell surface. Cancer cells often express unusual carbohydrates associated with cell 

surface glycoproteins and glycolipids [92-93]. It has also been noted that cancer cell size, 

compared to normal cells from the same tissue, varies among the cells types. Usually, the 

cell size does not vary significantly, however in some cases the cancer cell can grow as 

large as up to 5 times that of normal cell [94].
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We are interested in comparing the quantitative measure of differences in 

interaction of small organic molecules with cancer cells (CRL 7762, basal cell 

carcinoma) and normal cells (CRL-7761, normal human basal cells). We chose this cell 

line pair as they were isolated from the same human donor originated form the same 

tissue. Thus eliminating the possible interference from varied cell physiology (isolated 

from different tissues) and among humans.

All the experimental conditions were kept similar for evaluating normal cell-lipid 

interactions as were for cancer cell studies. As mentioned above, if we assume 

mechanism (5) to be correct, we expected to see similar trends; however some differences 

could be expected.

Similar to what we noticed at 50 A2/chain (for cancer cells), the pressure increase 

for the eight lipids investigated with normal cells are (values presented as cancer 

cell/normal cells for comparison): Stearate (13/15 mN/m); Ci6-OH (16/13 mN/m); Ci6- 

Maltose (33/30 mN/m); Ci2-Glucose (16/15 mN/m); Cholesterol (31/32 mN/m); Cis- 

NH3+ (20/15 mN/m); POPA (25/23 mN/m); POPC (25/31 mN/m). There does not seem 

to have any significant difference between the pressures noted for cancer and normal 

cells. This could be result of the size similarity and non-specific interaction of the lipid 

with the cells.

However, careful analysis of the pressure differences between the cells and lipid 

monolayer when suspended above the cell containing sub-phase, defined as A, revealed 

following trends with decreasing A2/chain. For POPA and POPC, the A first increases,
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attains maxima and then decreases. This can be realized by considering the fact that both 

POPA and POPC are the cell membrane constituent and at high pressure (low A2/chain), 

these phospholipids were forced to penetrate in the cell membrane.

For stearate and C16-OH, the A slowly increases, attains maxima and then 

slightly decreases. Akin to POPA and POPC, both Ci6-Maltose and Co-Glucose 

displayed similar trend, i.e., the A first increases, attains maxima and then decreases. 

However, Ci6-Maltose (36 mN/m) showing little more than double the difference (at 

maxima) compared to Co-Glucose (16 mN/m). That could possibly be explained by the 

larger head group of the disaccharide (maltose) and hence less area available for the lipid 

at the interface. Unusual tends were noticed with Cis-NH3+ and Cholesterol.

Conclusions

A method was developed to gauge the affinity of the cells for the various 

functionalized surfaces at continuously adjustable areas-per-functional group. We 

compared the binding of the lipids with human derived pair of normal and cancer cell 

lines (obtained for the same donor). It was noted that the extent of interactions between 

cells and the lipids were specific to the type of lipid head group while the cell type had 

negligible effects.
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CHAPTER 6

DEVELOPMENT OF A BOVINE SERUM ALBUMIN BASED 

NANOPARTICULATE SYSTEM, LOADED WITH NEAR INFRERED DYE (NIR)

FOR IN VIVO IMAGING*

(*Ms. Lakshmi Prasanna Kolluru contributed equally in this project) 

Introduction

Cancer is a major public health problem in the United States and many other parts

of the world. Currently, one in four deaths in US is due to cancer. It is a disease in which,

tumor cells differ from their normal progenitors by genetic alterations that affect growth-

regulatory genes. It has been recognized that malignant transformation occurs through

successive mutations in specific cellular genes, leading to the activation of oncogenes and

inactivation of tumor suppressor genes [95]. Evaluating the most recent data on cancer

incidence, mortality and survival based on incidence data from the National Cancer

Institute, Centers for Disease Control and Prevention, and the North American

Association of Central Cancer Registries and mortality data from the National Center for

Health Statistics, the American Cancer Society estimated 1479,350 number of new

cancer cases and 562,340 deaths in the United States in the year 2009 [96-97]. Tumor

cells often metastasize to lymph nodes and bone. Complications from metastasis are the
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most common cause of cancer mortality. Thus, there is an ever increasing need for early 

detection (preferably non invasive) of the cancer development [98].

In pharmaceutics, ~90% of all medicines, the active ingredient is in the form of 

solid particles. With the development in nanotechnology, it is now possible to produce 

drug nanoparticles that can be utilized in a variety of innovative ways. For example, in 

2005, the U.S. Food and Drug Administration approved intravenously administered 

albumin nanoparticles (~130 nm) loaded with paclitaxel (AbraxaneTM) for cancer 

therapy. Because of the comparable size of the components in the human cells, 

nanoparticles are of great interest in drug delivery [99].

Specific delivery of intravenously administered drugs to solid tumors can be 

significantly enhanced by considering the factors involved in increased vascular 

permeability of tumors. Endemic to the tumorigenic process is angiogenesis, which leads 

to a high vascular density. Compared to normal tissue, tumor vasculature is leaky, 

exhibiting a discontinuous endothelial cell lining, which creates transvascular pores, 

permitting the entry of macromolecules and particles that normally have very limited 

access otherwise. Furthermore, a wide variety of permeability enhancing factors is 

elaborated by tumor cells, including bradykinin, nitric oxide, prostaglandins, vascular 

endothelial growth factor (VEGF) and cytokines such as tumor necrosis factor. These all 

act to increase the permeability of tumor vasculature. Additionally, matrix 

metalloproteinases (collagenases) effect disintegration of the matrix tissue surrounding



blood vessels, increasing its apparent leaky nature [100]. Because lymphatic drainage is 

impaired as well, this collection of effects selectively concentrates macromolecules larger 

than 40 kDa and particles less than about 300 nm in tumors [101-102]. Such entities are 

able to permeate through the vascular defects, but cannot subsequently re-equilibrate with 

systemic concentrations, as can smaller diffusible molecules, because they are dependent 

upon lymphatic drainage. This phenomenon of tumor circulation was first elaborated by 

Maeda et al. [103] as the enhanced permeability and retention (EPR) effect. It is worth 

noting that BSA molecules could be passively trapped at the tumor site and contributes to 

the probe enrichment. It is also known that tumor accumulation with albumin carriers is 

facilitated through binding to a cell surface, 60 kDa glycoprotein receptor (albondin), as 

well as binding to SPARC (secreted protein acid and rich in cysteine) in a variety o f 

cancers [104-106].

Non-invasive optical imaging is now a widely accepted technology that allows 

researchers to follow number of biological processes in vivo, such as, the progression of 

disease, pharmacokinetics of drug and vaccine trafficking to name a few. Optical imaging 

is especially helpful to oncologist for detection of solid tumors and evaluation of the 

success of a treatment regimen. Currently, the three major types of probes used in optical 

imaging are bioluminescent system, fluorescent systems and infrared non-toxic organic 

dyes. Bioluminescence imaging requires engineering of cell lines or transgenic animals 

that carry the appropriate gene for production of luciferase. Fluorescent in vivo imaging
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systems were developed for imaging in the visible region of the spectrum, however due 

to auto fluorescence of melanin, lipids and proteins such as albumin [107-110], these 

compounds cause tissue auto fluorescence in the visible spectral range up to 

approximately 700 nm and very low tissue penetration capability [111-112].

Near Infrared non-toxic synthetic organic dyes on the other hand have high 

quantum efficiency and because the absorption coefficient of tissue is considerably 

smaller in the near infrared region (700 nm-900 nm), light can penetrate more deeply into 

the tissues [109,113] with little or no interference when used for in-vivo imaging and are 

thus gaining unprecedented popularity. To enhance the targeting efficiency of 

nanoparticles to specific cells or tissues, specific ligands are often conjugated to the 

surface of nanoparticles for active targeting. Among several coupled homing systems, 

ligand-coupled nanoparticles were regarded as a very attractive drug-targeting system as 

they were highly specific to target cells and able to accommodate drugs [114]. Due to 

high tumor vasculature and the lack of lymphatic drainage, nanoparticles can be 

entrapped in most solid tumors [115]. When the biopolymer carrier is engrafted with 

particular ligands such as epithelial growth factor (EGF) [116], it can be employed for 

more specific recognition and interaction with cancer cells because of the over expression 

of EGF receptor (EGFR) on human tumors.

In this study, we evaluated bovine serum albumin based nanoparticles 

incorporating NIR dye for in vivo imaging that can be later be sued for tumor monitoring
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and vaccine trafficking. For the preparation of nanoparticles, we coacervated BSA 

solution, including dye with anti solvent (acetone). The resulting nanoparticles were then 

cross-linked with glutaraldehyde (GA) to impart sustainability and excess GA was 

neutralized according to weel establish protocol form our group [117]. If these 

nanoparticles are used for tumor monitoring, the albumin itself will act as targeting 

moiety as it is known that tumor accumulation with albumin carriers is facilitated through 

binding to albondin, as well as secreted protein acid and rich in cysteine [118-119].

In future, more similar formulations can be prepared, that will expand and 

evaluate several targeting agents such as epidermal growth factor (EGF), RGD (Arg-Gly- 

Asp) a tri-peptide and 2-deoxy-D-glucose (2-DG) that are also over expressed in tumors 

[120]. For imparting stealth properties to the nanoparticles for prolonged circulation, 

water soluble polyethylene glycol (PEG) can also be added. Once the in vivo tumor 

imaging and growth monitoring is optimized, this study can further be extended for 

delivery of anti-tumor drugs (adriamycin, doxorubicin), alongside with imaging.
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Materials and Methods

Bovine serum albumin (BSA; Fraction V, DNAase, RNAase, and Protease-free), 

reagent grade ethanol and acetone and glutaraldehyde (25% in water) were obtained from 

Fisher Scientific (Norcross, GA). NaCl was obtained from Sigma-Aldrich (St. Louis, 

MO, USA).

Nanosphere Preparation

It has been suggested that the size of a solid particle should not exceed 200 nm for 

long-circulation [121]. With respect to surface charge, small neutral particles have a 

longer circulation time, while positively charge particle are known to be more efficiently 

uptake by the cells [122]. However, negatively charge non cytotoxic nanoparticulate drug 

Abraxan™ is known to be effectively taken by the tumor cells, regardless of the charge 

of the particles, is proposed due to the binding to albondin, as well as secreted protein 

acid and rich in cysteine [118-119].

We prepared ~150-200 nm size bovine serum albumin (BSA) nanoparticles 

loaded with NIR dye for this study. Bovine serum albumin (BSA) is a naturally-occurring 

biomaterial that has been used as a matrix in NP preparations. Due to its proteinous 

nature, BSA NPs are naturally biodegradable and non-toxic [123-124], since they can be 

metabolized with natural mechanisms into harmless end products. BSA NPs can be easily
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prepared under mild conditions by simple coacervation, or desolvation process and their 

size distribution can be engineered by controlling the process parameter [125-127].

Smart BSA nanopartciles were prepared as follows [128]. A 20 mg/mL BSA 

solution is prepared in 10 mM NaCl solution at pH 9.3 in a glass vessel. After stirring for 

15 min, 10 pmol of NIR dye was added to this solution and stir for additional 15 min. 

This was followed by drop wise addition of acetone (acetone/BSA solution-2), and then 

stirring for 3 h at room temperature.

After acetone addition, 8% GA (120 pgGA/mgBSA) in water was rapidly added 

to induce particle crosslinking. The crosslinking process was performed under stirring of 

the suspension over 24 h. After overnight stirring, excess gluteraldehyde was neutralized 

with sodium bisulfite (0.006%) as published previously [117]. After a 2.0 h reaction time, 

the suspensions was freeze dried (lyophilization). The yield noted for several batches is 

about 75% (average).

102



SnOtttoiontyHmly

i

10000.1 10 100 10000

Sto(dm)

Otc«wl133tB5Aft>a

25.0 i

20.0 \ Mean Particle
o  15.0 - (1 Diameter -  130 nm
a>

«  10.0 - 
E

o  5.0 - 
> \

0.0- 1 VI i I i 1 I 1 1 .. !.....  1

0 100 200 300 400 500 600 700 800 900 1000

Particle Diameter (nm)

Figure 48. Size determination (-160 nm) of the nanospheres in normal phosphate buffer 
saline (PBS) compared to Abraxane™ [129].

103



ZMi Mufti Mkfefon

700000

I

100000

•200 ■100 0 100 200
ZtiiMimti(MO

1........... Moowl130tBSAtimntittfl|

Zeta Potential ■ -31 mV

-100 100

Figure 49. Zeta Potential determination (~ -31.2mv) of the BSA nanospheres in normal 
phosphate buffer saline (PBS) compared to Abraxane™ [129].
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Particle Size and Zeta Potential of NPs

Weighed approximately 0.5-1 mg nanospheres and suspended in 5 mL of PBS. 

The vial was vortexed and sonicated until uniform suspension, then the vial was placed in 

the laser particle counter. The mean particle size, polydispersity index and surface 

charge of nanoparticles were determined using a Malvern Zetasizer 3000HS at 25°C 

(Malvern Instruments Ltd., UK). An average of three measurements was recorded as 

particle size.

Cell Culture and Animals

Various tumor cell lines (prostate, breast, liver and lung) were purchased from 

American Type Culture Collection (ATCC, Manassas, VA) and maintained according to 

the specification from ATCC. The mice, 4-6 weeks old weighing approximately 15-20 g 

were be obtained from Harlan Laboratories. All mice were housed in a temperature and 

humidity controlled environment with a 12 hour light and dark cycle and were offered 

food and water ad libitum. Animal care and experimentation were conducted according 

to the protocol approved by the Institutional Animal Care and Use Committee (IACUC).

Induction of Tumor in Mice

To induce solid tumor in mice, 2 x 106 tumor cells were suspended in RPMI-1640 

media and implanted to the site desired for tumor induction.
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In vivo NIR Imagine

The mice were divided into two groups of two mice each. Mice in the first group 

were injected with NIR dye loaded NS intravenously with 5 mgNS/ml. Mice in the 

second group were be injected intravenously with dye solution in PBS. Images were 

acquired (LiCor Odyssey infrared imaging system) immediately after injection and after 

every 24 hrs post injection for a total period of four days.

Figure 50. NIR image, showing mouse injected with the NS formulation suspended in 
PBS after 24 hrs of injection.
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Figure 51. NIR image of the mice injected with saline (left) and with NIR dye loaded 
BSA (right, also suspended in PBS) after 30 min of injection.
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Results and Discussion

Figure 50 shows a mouse injected with BSA NS loaded with NIR dye (right). 

This image was taken 24 hrs after tail vein injection and demonstrates dye loaded NS 

retained in the system and was not completely cleared form the system. Some dye 

retained in the tail due to possible IP injection while attempting to locate the vein). It was 

not surprising to see the mouse liver illuminating as shown in Figure 50. The largest 

number of macrophages in the body are found in the liver about, 25 billion of them, also 

reffreed to as Kuppfer cells in a human liver [130]. The Kuppfer cells are known to be 

responsible for the clearance of nanoparticles circulating in the blood [131-134].

Figure 51 depicts the image of a tumor bearing mouse injected with NIR dye 

loaded NS (right) and merely the PBS (left). As was the case with Abraxane [135], much 

of these nanoparticles before getting “arrested” in the liver (lightly illuminated), were 

retained in the tumor, most likely by the mechanism presented in Figure 52.

Conclusions

We have successfully synthesized and performed preliminary characterization of 

bovine serum albumin based nanoparticles loaded with an NIR dye suitable for in vivo 

imaging. These nanoparticles after one IV injection were found to be preferentially 

retained at the tumor site. This system will further be optimized for better targeting 

(targeting ligang), prolong circulation (addition of PEG or derivative) and drug delivery, 

which will be utilized for efficacious and simultaneous tumor monitoring and treatment.
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CHAPTER 7

SUMMARY AND CONCLUSION

In this dissertation, we evaluated the fundamentals of cocrystallization and 

utilization of these cocrystallized drugs for actual formulations. Our results indicated that 

lowering the volume of solvent used in a liquid-mediated cocrystallization reaction 

enhances the propensity of cocrystal formation by increasing the potential of saturating of 

both components in the solvent phase. We described r\ (pL/mg), the ratio of the weight of 

cocrystal components and the volume of the liquid phase, and the solubilities of cocrystal 

components, as suitable parameters for the design of cocrystallization experiments as an 

alternative to constructing ternary phase diagrams. The empirical understanding of 

cocrystallization at different values of rj, along with approximate solubilities of cocrystal 

components in a given solvent, permits on to rapidly identify conditions suitable for 

cocrystallisation.

We synthesized the new cocrystals of nitrofurantoin with seven pharmaceutically 

acceptable coformers and characterized them in detail. Our initial high throughput 

screening yielded new cocrystals, confirmed from Raman spectroscopy and Xray powder 

diffraction analysis. After preparing them on larger scale, we thoroughly identified the 

synthesized cocrystals using, Raman, IR, NMR, XRPD and DSC techniques. NMR 

analysis indiciated the APLcoformer ratio along with elemental analysis. Further, single 

crystal analysis and pharmaceutically relevant properties evaluation have been planned.
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After evaluating favorable conditions for cocrystallization and the synthesis of 

new cocrystals, the next logical step was to asses them in actual formulation similar to the 

commercially available products. To this date, there is no cocrystallized medicine 

available in the market. This study showed, although solubility enhancement is 

achievable through cocrystallization, however this advantage could be and this case, was 

nullified by the solid form stability in aqueous medium. The cocrystallized drug rapidly 

converted into more stable di-hydrate form that is about ten times less soluble them the 

parent drug. For the dissolution studies, we used intrinsic dissolution as a predictor for in 

vivo evaluation due to well know in vitro in-vivo correlation for BCSII drugs.

We also developed a method to evaluate the affinity of the cells for the various 

functionalized surfaces at continuously adjustable areas-per-functional group. We 

compared the binding of the lipids with human derived pair of normal and cancer cell 

lines (obtained for the same donor). It was noted that the extent of interactions between 

cells and the lipids were specific to the type of lipid head group while the cell type had 

negligible effects.

Lastly, we synthesized and performed preliminary characterization of bovine 

serum albumin based nanoparticles (size < 200 nm) loaded with an NIR dye suitable for 

in vivo imaging. These particles exhibited retention in the tumor similar to that of 

Abraxan™ and hence bear great potential to be utilized as a successful tumor monitoring 

and drug delivery system.
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