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ABSTRACT 

SarCNU (NSC364432, l-(2-chloroethyl)-3-sarcosinamide-1-nitrosourea), is a new 

antitumor agent of the nitrosourea family. Solubilization studies have shown that 

SarCNU is soluble in a variety of solvents including water. However, it is highly unstable 

in aqueous solutions with a tgo (the time for 90% drug remaining) of 6 hrs in water. 

Therefore, the overall purpose of this project is to investigate the stabilization of this drug 

under various conditions. Two parental formulations are also proposed based on the 

result of the stabilization study. 

The stability of SarCNU at different pH, temperature, and pharmaceutically 

acceptable solvents were investigated by HPLC. The influences of light, pH (2.0, 3.0, 4.0, 

5.0, 6.0, 7.0, and 8.5) at O.OIM and 0. IM phosphate buffer, antioxidants (ascorbic acid 

and sodium bisulfite), and a chelating agent (disodium EDTA) at pH 2.0 and pH 6.0 were 

studied at room temperature. The stability of the drug was also determined in water, 

pharmaceutically acceptable solvents, and in different combinations of these solvents at 4 

different temperatures (25, 37, 50, and 60°C). The degradation of the drug, which was 

catalyzed not only by specific acid and base, but also by general acid and base, follows 

first-order kinetics. Antioxidants, EDTA, and light have no effect on the degradation rate, 

suggesting oxidation is not the main degradation pathway. The tgo in pure cosolvent was 

twenty-five to fifty times higher than that in water or semi-aqueous vehicles. 
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Three major degradation products were confirmed by GC-MS, NMR, and TLC. The 

degradation products suggest that the degradation of SarCNU involves hydrolysis of its 

amide group. 

The stability profile suggests that we can increase the shelf life of the drug by the use 

of a pure cosolvent. This approach can be used to store drug so that it can be diluted with 

aqueous solvent prior to injection with the aid of a double syringe. 

A freeze-dried formulation is also studied. Neat tertiary butyl alcohol (TBA), a low 

toxicity, high vapor pressure and low melting solvent, was determined to be an excellent 

medium for SarCNU. Lyophilization of SarCNU from pure TBA produces a uniform 

cake composed of needle-shaped crystals. Thermal analysis and gas chromatography 

indicate that the cake contains less than 0.001% residual solvent. The SarCNU cake can 

be readily reconstituted with either water or an aqueous solution of 40% propylene glycol 

and 10% ethanol. These reconstituted solutions are stable for 4 and 13 hours, 

respectively. 
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CHAPTER 1: INTRODUCTION 

BACKGROUND 

Gliomas are tumors that originate from glial cells, most often astrocytes. Gliomas are 

of two main types, high-grade and low grade. High-grade gliomas are inevitably fatal 

because they grow rapidly and can easily spread through the brain, with an average 

survival of 6-12 months following surgery (Walker, 1975). Treatment of malignant brain 

tumors by using chloroethylnitrosoureas (CENUs) combined with radiotherapy remains 

the foundation of glioma therapy. CENUs are primarily used for the treatment of CNS 

tumors due to their ability to readily cross the blood-brain barrier. 

The clinically available CENUs include ACNU (3-[(4-amino-2-methyl-5-

pyrimidinyl)methyl]-1-(2-chloroethyl)-l-nitrosourea hydrochloride), BCNU (l,3-bis(2-

chloroethyl)-l-nitrosourea), CCNU (l-(2-chloroethyl)-3-cyclohexyI-l-nitrosourea), and 

methyl CCNU (l-(2-chloroethyl)-3-(trans-4-methylcyclohexyl)-l-nitrosourea) (Table l-

1). All of these compounds enter cells via passive diffusion (Begleiter et al., 1977) and 

decompose intracellularly to form organic isocyanates which carbamoylate the epsilon 

amino groups of lysine, the hydroxyl groups of serine, and a-amino groups in proteins, 

but do not significantly attack RNA or DNA (Wheeler et al., 1975). At the same time, 

these compounds form chloroethyl diazohydroxide moieties which are alkylating agents 

that attack RNA, DNA, and protein (Ludlum and Tong, 1981). The chemical 

decomposition of CENU is shown in Figure 1-1. 
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One of the most effective chloroethylnitrosoureas for malignant gliomas, BCNU, was 

approved for clinical use in the mid 1960s (Walker et al., 1978). BCNU, however, results 

in dose limiting toxicity of delayed cumulative myelosuppression (Carter et al., 1972). In 

spite of its demonstrated activity in malignant gliomas, the combination of BCNU and 

radiotherapy is not clearly superior to radiotherapy alone (Walker, et al., 1980). 

Therefore, despite their broad antitumor activity, the clinical usefulness of CENUs 

has been limited by delayed onset cumulative myelosuppression and pulmonary toxicity 

(Teicher, 1997; Tew et al., 1996). Efforts to develop new analogues which cannot only 

eliminate the formation of isocyanates, but also keep the formation of chloroethyl 

diazohydroxide moiety having a better therapeutic index have continued to the present 

day. 

SarCNU (I-(2-chloroethyl)-3-sarcosinamide-l-nitrosourea), an investigational novel 

nitrosourea analogue is distinguished by incorporation of the amido derivative of the 

amino acid L-sarcosine into the molecule. It was recently selected for development as a 

clinical candidate by the National Cancer Institute on the premise that its unique 

physicochemical and pharmacological properties may prove therapeutically advantageous 

in the treatment of malignant glioma (Weiss and Issell, 1982). 

Unlike the other nitrosoureas presently in clinical use that enter cells by passive 

diffusion, the presence of the sarcosinamide functional group allows SarCNU to penetrate 

cells via the extraneuronal catecholamine uptakei transporter (Noe et al., 1993; Skalski et 

al., 1989, 1990). This facilitated uptake of SarCNU enables it to achieve higher 

intracellular concentrations than BCNU in human glioma cell lines, and contributes to its 
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enhanced cytotoxicity (Skalski et ai., 1990). Therefore, SarCNU is more efficacious 

against cultured human glioma cells and substantially less toxic to normal bone marrow 

tissue in vitro than BCNU (Panasci et al., 1985; Skalski et al., 1988). 

Another important structural feature of SarCNU that is unique to this class of agents 

is that the N-3 position of the molecule is blocked with a methyl group. This not only 

renders the drug more chemically stable, but also presumably precludes the formation of 

an organic isocyanate as a degradation product. The latter is thought to be responsible for 

the undesirable pulmonary toxicity observed during long term therapy with other CENUs 

as we have discussed before. 

DRUG DESCRIPTION 

Chemical Name: l-(2-chloroethyl)-3-sarcosinamide-l-nitrosourea 

Chemical Formula: C6HUCIN4O3 

Molecular Weight: 222.66 

Appearance: White powder, odorless 

Chemical Structure: 

O 

CI 

N CH3 O 
II 
o 



21 

Pharmacokinetics: 

Supko el al. (2001) determined the pharmacokinetics of SarCNU in mice. The plasma 

profiles of SarCNU were best described by first-order absorption without a lag time and 

biexponential decay. The half-life of the terminal disposition phase showed a mean value 

of 9.8±0.8 min for i.v. bolus administration, and 22.6±4.9 min for oral administration. 

Average values of the total plasma clearance and of the apparent volume of distribution 

were 47.3±8.7 ml/min per kg and 0.7±0.1 1/kg, respectively. The average systemic 

availability was 57.3±12.6% upon oral administration. The Cmax of SarCNU increased 

linearly with the dose given for both routes of administration. The AUC was also highly 

correlated with the dose. The systemically circulating drug in mice is almost entirely 

unbound to plasma proteins. 

AIMS OF THIS STUDY 

The aims of this research are to investigate the physiochemical properties and 

stability kinetics of SarCNU. Based on the preformulation studies of SarCNU, two 

possible parental formulations are proposed and investigated in detail. 



Table I-1. Structures of different CENUs 
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Figure l-l. The decomposition of GENU 
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2-chloroethyl diazohydroxide organic isocyanate 
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CI CHo—CHo^- + N2 + OH* 
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Nuclear Magnetic Resonance (NMR) 

The nuclear magnetic resonance of SarCNU was determined in solvents CDCI3 and 

DoO, respectively, by using Bruker DRX 600 (Bruker Corp., Billerica, MA). 

Melting Point Determination 

The melting point of SarCNU was determined by using a TA Instruments DSC 

(differential scanning calorimetry) 910 (New Castle, DE). Three to five mg samples were 

placed in sealed aluminum pans and an empty sealed aluminum pan was used as a 

reference. The heating rate of DSC was controlled at 10°C/min. 

Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) of SarCNU was conducted on 3-5 mg samples in 

open aluminum pans at a heating rate of 10°C/min using a TA Instruments TGA 951 

(New Castle, DE). 

Polarizing Microscope and Hot Stage 

The melting point of SarCNU was confirmed by using a Leica DMLP polarizing 

microscope (E. Licht Co., Denver, CO), and Mettler FP 80 central processor and Mettler 

FP 82 hot stage (Columbus, OH). 
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Solubility in Different Solvents 

The solubility of SarCNU in different solvents was determined by visual observation. 

Different amount of accurately weighed drug was dissolved in 0.5 ml of different 

solvents until the saturation was obtained. The total amount of drug dissolved in the 

solvent was recorded as the solubility. 

RESULTS AND DISCUSSION 

Ultraviolet Spectrum (UV) 

The UV spectrum of SarCNU in pure water is shown in Figure 2-1. The maximum 

absorbance of SarCNU is 238 nm. The lack of conjugation in the molecule is responsible 

for its weak ultraviolet absorbance. 

Nuclear Magnetic Resonance (NMR) 

The NMR graph obtained in CDCI3 is shown in Figure 2-2, and the NMR graph 

obtained in D2O is shown in Figure 2-3. Both Figures confirm that we have neat SarCNU 

compound. The lack of peaks with the chemical shift of 5.7 and 6.1 in Figure 2-3 is due 

to the exchange of two Hs with two Ds in the amide group. 
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Melting Point Determination 

A melting endothermic peak of SarCNU was observed in Figure 2-4. The melting 

point of SarCNU was determined to be 97°C, and immediate decomposition of the drug 

following melting can also be observed in Figure 2-4. The decomposition after melting 

was also confirmed by observation under a hot stage microscope. 

Thermogravimetric Analysis 

There is no weight loss observed until after 100°C (Figure 2-5). This indicates that no 

residual solvent is left in the drug. There is around 30% weight lost observed during the 

decomposition process as shown in Figure 2-5. The 30% weight loss is believed to be due 

to the formation of the gas during the degradation process. 

Solubility in Different Solvents 

The solubilities of SarCNU in different solvents as determined by visual observation 

are summarized in Table 2-1. The polarity of SarCNU ensures it having high solubility in 

a variety of pharmaceutically acceptable solvents. 

Prediction of the Ionization Constant and Octanol-Water Partition Coefficient 

SarCNU cannot be ionized in the pH range 2 to 10 due to the lack of an ionizable 

group in the molecule which can be seen from the structure. Due to the presence of 
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numbers of polar groups in the molecule, the calculated octanol-water partition 

coefficient calculated using CLOGP® software, is -0.64. 

CONCLUSIONS 

The physiochemical properties of SarCNU were determined in this study. The low 

melting point and polar structure of SarCNU make it very soluble in water and relatively 

soluble in other organic solvents as well. The drug decomposes after melting with 30% 

weight lost during the decomposition. The lack of an ionizable group in the molecule 

makes it unionizable in physiologically relevant media. 
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Table 2-1. Solubility of SarCNU in different solvents at 25°C 

Solvent Solubility 

(mg/ml) 

Water > 18 

Ethanol (EtOH) > 2 8  

Propylene Glycol (PG) > 13 

Propylene Glycol MonoCaprylique (Capmul PG) > 10 

Dimethyl Sulfoxide (DMSO) > 6 0  

Tertiary Butyl Alcohol (TBA) > 10 
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Figure 2-1. Ultraviolet spectrum of SarCNU 
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Figure 2-2. NMR of SarCNU in CDCI3 
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Figure 2-3. NMR of SarCNU in D2O 
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Figure 2-4. Melting point of SarCNU determined by differential scanning calorimeter 
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Figure 2-5. Thermogravimetric analysis of SarCNU 
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CHAPTER 3. STABILITY KINETICS OF SARCNU 

INTRODUCTION 

SarCNU is a chloroethylnitrosourea that is methylated in the N-3 position to make it 

more stable compared to the other nitrosoureas (Bosanquet, 1985). In spite of its being 

more stable than other nitrosoureas, it still degrades very rapidly in aqueous media. Its tgo 

in aqueous solution at room temperature is less than 6 h (Ni et al., 2001). 

The stability of SarCNU in several pharmaceutically acceptable solvents was 

investigated by high pressure liquid chromatography (HPLC) in this study. The influence 

of light, ionic strength, pH, buffer concentration, and the following excipients; benzyl 

alcohol, ascorbic acid, sodium bisulfite, and disodium EDTA was studied at room 

temperature. The purpose of this work is to elucidate the kinetics of degradation of this 

drug and to further provide information on various factors affecting stability. 

EXPERIMENTAL 

Materials 

SarCNU (NSC-364432) was provided by the Pharmaceutical Resources Branch, 

Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer 

Institute (Bethesda, MD). All other chemicals were analytical or HPLC assay grade were 
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purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). All reagents were 

used as received without further purification. 

pH Measurement 

All pH measurements were made at room temperature using a pH meter (Denver 

Instrument Model 225) (Arvada, CO) which was standardized with pH 2.00, 4.00, 7.00, 

and 10.00 buffer solutions (VWR Scientific Company, West Chester, PA). 

High Pressure Liquid Chromatographic Assay (HPLC) 

The gradient high pressure liquid chromatography assay of Peninsula Laboratories 

has been modified for SarCNU as described below: A Beckman System Gold (Beckman 

Instruments Inc., Fullerton, CA) equipped with a model no. 167 detector at 254 nm was 

used for HPLC analysis. The injection volume was 20 |il. Separations were achieved on a 

Restek Pinnacle ODS Amine column (5 U, 4.6 x 250 mm") (Restek Inc., Bellefonte, PA) 

at room temperature with a flow rate of 1.0 ml/min. The initial mobile phase was 9 parts 

of 1% acetic acid and 1 part acetonitrile. This was changed over a period of ten minutes 

to the final composition of 6 parts of 1% acetic acid and 4 parts of acetonitrile. Samples 

were prepared in methanol. The observed relative retention time of SarCNU was 9 min as 

shown in Figure 3-1. 
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Kinetic Measurements 

All kinetic studies were conducted at 25°C under ambient light except for the 

experiments where effects of temperature and light were considered. The stock solution 

in each studied solvent was 1 mg/ml. All stock solutions were sealed in glass ampoules. 

The reaction samples were withdrawn at suitable time intervals and diluted with methanol 

before they were immediately assayed by HPLC. 

Effect of pH 

The influence of pH on the solubility of SarCNU was examed by using 0.1 M 

phosphate buffer solutions at pH 2.0, 3.0, 4.0, 5.0, and 6.0, as well as using sodium 

borate/HCl buffer solution at pH 7.0 and glycine/NaOH buffer solution at pH 8.5. Both 

sodium borate/HCl and glycine/NaOH buffer solutions were selected instead of 

phosphate buffer at pH 7.0 and 8.5 since phosphate buffer precipitated on dilution with 

methanol. 

Effect of Light 

The effect of light on the degradation of SarCNU in aqueous solutions was studied at 

pH 2.0. 3.0, 4.0, 5.0, 6.0, 7.0, and 8.5 buffer solutions. The experiments were conducted 

in the same manner as previously described in the kinetic measurement, except for the 

storage of stock solutions which were tested in the absence of daylight to assess stability. 
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Effect of Ionic Strength 

The effect of the ionic strength on the stability of SarCNU was investigated by adding 

1% (w/v), or 0.17M NaCI to the 0.0 IM buffer solutions at pH 2.0,4.0,6.0, and 8.5. 

Effect of Buffer Concentration 

The influence of buffer concentration on the stability of SarCNU was performed by 

using 0,01, 0.05, and 0.1 M phosphate buffer solutions at pH 2.0 and glycine/NaOH 

buffer solutions at pH 8.5, while the ionic strength of solutions was not controlled. 

Effect of Additives 

The effects of antioxidants, ascorbic acid (AA) and sodium bisulfite (SB), as well as a 

chelating agent, disodium EDTA on the stability of SarCNU were determined in the 0.01 

M phosphate buffer solutions at pH 2.0 and 6.0 with and without 0.005% of AA, SB or 

disodium EDTA at 25°C. 

RESULTS AND DISCUSSION 

Degradation Kinetic Order and Degradation Rate Constant 

The degradation of SarCNU follows apparent first-order kinetics under all conditions 

as shown in Figures 3-2 through 3-9. The observed degradation rate constants were 

calculated from the slopes of the logarithm of the remaining drug concentration and time. 
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In C = In Co - kobs * t Eq. 3-1 

where Co and C are the initial and time-dependent concentrations of SarCNU, 

respectively. Values of kobs for SarCNU degradation at different pHs and buffer 

concentrations are listed in Table 3-1. 

pH-Rate Profile 

Figure 3-10 shows the pH-rate profiles for SarCNU at 25°C in the presence and 

absence of light. As seen in Figure 3-10, the degradation rate of SarCNU increases with 

decreasing pH below 4 and increasing pH above 6. The U-shaped pH-rate profiles of 

Figure 3-10 show that maximum stability is obtained in the 4 to 6 pH range, which is 

consistent with the literature report (Supko et al., 1996). The U-shaped pH rate profiles 

suggest that the degradation of SarCNU is catalyzed by specific acid (hydronium ion) and 

specific base (hydroxide ion) (Martin, 1993). 

The relationship between degradation of SarCNU and pH can be defined by the 

following degradation rate equation (Connors et al., 1986): 

Where [D], [H^], and [OH"] are the drug, hydronium ion, and hydroxide ion 

concentration, respectively; ki, ki, and ks are the microscopic rate constants; m and n are 

reflective of the order of the reaction with respect to hydronium and hydroxide ion. 

Equation 3-2 can be rearranged as: 

Rate = ki[D][ir]"+ k2[D] + ksCDlEOHT" Eq. 3-2 

Rate = kobs[D] Eq. 3-3 

where kobs = kiElT]" + k2 + kak^ClTT" Eq. 3-4 
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At low pH, the acid catalyzed term will be much larger than the other terms, so that 

Equation 3-4 can be rewritten as 

log kobs = log ki - npH Eq. 3-5 

On the contrary, at high pH, Equation 3-6 can be obtained due to excess of hydroxide 

ions in the solution, 

log kobs = log kskw + mpH Eq. 3-6 

Therefore, a plot of log kobs versus pH shows a log-linear relationship at low and high 

pH, as shown in Figure 3-10. 

When the concentrations of and OH' are low, or if the products ki[If*']" and 

k3[0H"]"' are small in value, only ki is important, and the reaction is said to be solvent 

catalyzed. Figure 3-10 shows the plateau over the pH region 4.0 to 6.0, indicating that 

solvent catalysis is the primary mode of reaction in this region. 

From the U-shape curve we can infer that the degradation of SarCNU is catalyzed 

specifically by the hydronium and hydroxide ion concentrations. But unfortunately, the 

t9o of SarCNU at the optimum pH is only 5 hours. 

Effect of Light 

The effect of light on the degradation of SarCNU was investigated within the pH 

range 2.0 to 8.5. The results shown in Figure 3-10 indicate that light has no significant 

effect on the degradation of SarCNU, suggesting that light oxidation is not a major 

degradation mechanism for SarCNU over the entire investigated pH range. 
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Effect of Ionic Strength 

The effect of ionic strength in the 2.0 to 8.5 pH range on the rate of degradation of 

SarCNU is shown in Table 3-2. We can conclude from the table that the ionic strength 

has no significant effect on the degradation constant of SarCNU. 

EfTect of Buffer Concentration 

At a given pH the contribution of the buffer to the degradation rate can be calculated 

from a series of measurements at constant pH, solvent composition, and ionic strength 

but with a different buffer concentration by using Equation 3-7, 

l^obs — ko + kbuf * Cbuf Ecj. 3-7 

According to the equation, the observed degradation rate constant, kobs plotted against 

the buffer concentration, Cbuf, yields a straight line with a slope (catalytic coefficient) 

equal to the contribution of the buffer-catalyzed reaction, kbuf. The intercept (ko) 

corresponds to the degradation rate constant in the absence of buffer species. 

The linear relationship between the buffer concentration and degradation rate constant 

of SarCNU at pH 2.0 and 8.5, which is shown in Figure 3-11, suggests that the 

degradation of SarCNU is catalyzed by buffer, i.e., general acid and base species. The 

buffer catalytic coefficient, kbuf, equals 0.8642 and 0.3955 at pH 2.0 and 8.5, respectively. 

The degradation rate constant of SarCNU in the absence of buffer species, ko, is equal to 

0.0329 and 0.0229 (1/h) at pH 2.0 and 8.5, respectively. The ionic strength was not 

controlled in this study because it has no significant effect on the degradation rate of 

SarCNU as discussed before. 
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Effect of Additives 

To further confirm that oxidation is not involved in the degradation of SarCNU, the 

effect of antioxidants AA and SB were investigated. Additionally, the effect of a 

chelating agent, disodium EDTA was studied due to its complexation with heavy metal 

ions which may catalyze the oxidative degradation of SarCNU. In all cases, additives 

have no effect on the stability of SarCNU which is shown in Table 3-3. 

CONCLUSIONS 

This study shows that the degradation of SarCNU follows pseudo-first-order kinetics. 

The degradation of SarCNU is catalyzed by H"^, OH", and buffer species, but oxidation is 

minimal. The maximum stability of SarCNU can be obtained at pH range 4 to 6 with a tgo 

around 5 hours. 



43 

Table 3-1. Observed apparent first order degradation rate constants of SarCNU under 

various conditions 

Buffer Cone. (M) PH Additives kobsd/h) 
0.01 2.0 None 0.0459 

l%NaCl 0.0400 
0.005% AA 0.0466 
0.005% SB 0.0428 
0.005% EDTA 0.0428 

4.0 None 0.0223 
l%NaCI 0.0211 

6.0 None 0.0219 
I%NaCl 0.0215 
0.005% AA 0.0200 
0.005% SB 0.0206 
0.005% EDTA 0.0226 

8.5 None 0.0263 
l%NaCi 0.0256 

0.05 2.0 None 0.0689 
8.5 None 0.0399 

0.10 2.0 No light 0.1091 
With light 0.1228 

3.0 No light 0.0334 
With light 0.0335 

4.0 No light 0.0223 
With light 0.0196 

5.0 No light 0.0194 
With light 0.0203 

6.0 No light 0.0214 
With light 0.0188 

7.0 No light 0.0225 
With light 0.0227 

8.5 No light 0.0621 
With light 0.0650 
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Table 3-2. Effect of ionic strength on the degradation rate constant of SarCNU at 

different pH values 

k(l/h) 

pH 2.0 pH 4.0 pH 6.0 pH 8.5 

0.01M phosphate buffer 0.0459 0.0223 0.0219 0.0263 

0.0 IM phosphate buffer + 1% 

(0.17M) NaCl 

0.0400 0.0211 0.0215 0.0256 
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Figure 3-1. Representative chromatography of SarCNU 
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Figure 3-2. Apparent first-order reaction of SarCNU in 0.1 M buffer solutions at 

pH values without light at 25°C 
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Figure 3-3. Apparent first-order reaction of SarCNU in 0.1 M buffer solutions at various 

pH values with light at 25°C 
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Figure 3-4. Apparent first-order reaction of SarCNU in 0.01 M buffer solutions at various 

pH values with light at 25°C 
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Figure 3-5. Apparent first-order reaction of SarCNU in 0.01 M buffer solutions with 1% 

NaCI at various pH values with light at 25°C 
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Figure 3-6. Apparent first-order reaction of SarCNU in pH 2.0 buffer solutions at various 

buffer concentrations with light at 25°C 
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Figure 3-7. Apparent first-order reaction of SarCNU in pH 8.5 buffer solutions at various 

buffer concentrations with light at 25°C 
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Figure 3-8. Apparent first-order reaction of SarCNU in 0.01 M pH 2.0 buffer solutions 

with additives without light at 25°C 
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Figure 3-9. Apparent first-order reaction of SarCNU in 0.01 M pH 6.0 buffer solutions 

with additives without light at 25°C 
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Figure 3-10. pH-rate profiles of SarCNU with/without light (O.IM phosphate buffer) 
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Figure 3-11. Effect of buffer concentration on the degradation rate constant of SarCNU at 

pH 2.0 and 8.5. 

0.16 n 

0.12 -

C. 0.08 -

0.04 -
o pH 2.0 

• pH 8.5 

0.05 0.1 0.15 0 

Buffer Cone. (M) 



57 

CHAPTER 4. DEGRADATION MECHANISM OF SARCNU IN 

WATER 

INTRODUCTION 

The degradation of SarCNU is unique in the class of GENU compounds because its 

N-3 position is blocked with a methyl group (Chapter 2). Therefore, the standard 

degradation mechanism of CENU compounds (Chapter 2) is not applicable to the 

degradation of SarCNU. 

Due to the lack of UV absorbance of the degradation products of SarCNU, HPLC-UV 

cannot be used to separate them. Therefore, GC-MS, NMR, and TLC were used in this 

study to investigate the degradation mechanism of SarCNU in water. 

EXPERIMENTAL 

Materials 

Deuterated water (D2O), at least 99% substituted, was purchased from Aldrich 

Chemical Company (Milwaukee, WI). All other chemicals were of analytical or HPLC 

assay grade and were purchased from Sigma-Aldrich Chemical Company (St. Louis, 

MO). All reagents were used as received without further purification. 



Gas Chromatography - Mass Spectroscopy (GC-MS) 

A gas chromatographic assay (GC) with electron impact (EI) mass spectrometry (MS) 

(Varian Saturn 2000 GC/MS) was used to detect the degradation product of SarCNU. The 

GC separations were carried out on a Hewlett Packard HP-5ms Polydimethyl Siloxane 

(5% phenyl) capillary column (30 m length, 0.25 mm ID, and 0.25 |j.m film thickness) 

with helium as the carrier gas at a flow rate of 1 ml/min. The injection port was kept at 

250°C. The column temperature was increased from 70°C to 3(X)°C at a rate of 20°C per 

minute after 1 minute at 70°C, and held at 3(X)°C for 5 minutes. An aliquot (Ijil) of 

sample was injected without any further treatment into the injection port. 

Nuclear Magnetic Resonance (NMR) 

The degradation process of SarCNU in D2O during the first 24 hours was investigated 

by recording a series of one dimensional (ID) proton NMR and two dimensional (2D) 

'H-'H correlation spectroscopy (COSY) experiments. The NMR spectra of ID proton 

experiments were collected every 10 minutes in the first hour followed by the collection 

of one 2D COSY and ID proton NMR spectra every 30 minutes for another 23 hours on 

a Bruker DRX 600 spectrometer (Bruker Corp., Billerica, MA). There were 8 scans of ID 

proton experiments for each time point. The phase-sensitive 2D COSY experiments were 

collected with 2048 complex points in the tz dimension and 200 real FIDs (free induction 

decays) in the t| dimension. The spectral width of proton was 7.7 kHz. The relaxation 
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delay was 2 seconds. The 2D COSY experiments were finished in half an hour with 4 

scan setting. 

After a month, the final degraded sample of SarCNU was subjected to 'H and '^C 

NMR. The proton-detected heteronuclear multiple quantum coherence (HMQC) 

and heteronuclear multiple bond coherence (HMBC) spectra were collected with GARP 

decoupling on the same Bruker DRX 600 spectrometer (Bruker Corp., Billerica, MA). 

The phase sensitive spectra were obtained with 2048 complex ti points and 256 real ti 

increments. The spectra width along CI3 dimension was 250 ppm and the scan setting 

was 32. The temperature was controlled at 20°C for all data acquisition. 

Thin Layer Chromatography (TLC) 

SarCNU was dissolved in water with a concentration of 1 mg/ml. The solution was 

settled at room temperature, and was evaporated by Nt after two weeks. After 

evaporation, 0.5 ml methanol was added to dissolve the residual. The residual solution 

with standard solutions of sarcosinamide and sarcosine was developed on an ascending 

silica gel IB2-F paper chromatogram (J. K. Baker Inc., Phillipsburg, NJ) by 4:6:3 (v/v) 

acetic acid—1-butanol—water and 10:2 (v/v) methanol—acetic acid, respectively. The 

paper chromatogram was sprayed with ninhydrin to visualize the spot. 
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RESULTS AND DISCUSSION 

Gas Chromatography - Mass Spectroscopy (GC-MS) 

The degradation products of SarCNU were separated and analyzed by GC/MS. Figure 

4-1 shows the GC graph. The major degradation peaks shown in GC are further analyzed 

by MS which are shown in Figures 4-2 through 4-4. The results show molecular ion 

peaks of 89 (Figure 4-2), 106 (Figure 4-3), and 150 (Figure 4-4), indicating the molecular 

weight of the possible degradation products. Based on the information of GC/MS, we can 

propose one of the major degradation product to be sarcosine, and the other two possible 

degradation products to be A ((2-chloroethyl) diazohydroxide), and B ((2-chloroethyl) 

diazocarboxylic acid). The structures of all the possible degradation products are shown 

below, 

Cl-CHo-CHo-N-COOH 
O N 
II II 

CH3-NH-CH2-C-OH C1-CH2-CH2-N=N0H O 

sarcosine A B 

The molecular weights of A and B are 108 and 152, respectively, instead of molecular 

ion peaks of 106 and 150 as shown in Figures 4-3 and 4-4. The formation of a M - 2 peak 

in the above figures is reasonable due to a loss of H2 by either fragmentation or 

thermolysis using electron impact ionization mode. Therefore, in order to confirm the 

proposed structure of each degradation product based on the molecular weight, they need 

to be evaluated in the light of fragmentation, distribution of isotopic peak, and the 

nitrogen rule. 
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Figure 4-2 shows the mass spectrum of one of the possible degradation products, 

sarcosine, which has a molecular weight of 89. According to the nitrogen rule, a 

compound having an odd number molecular weight should have an odd number of 

nitrogens in the structure, which is consistent with our proposed structure. Also, the loss 

of carboxylic group from sarcosine will form a fragment having a molecular weight of 

44, which can be seen as a fragment ion peak in Figure 4-2. 

As per the isotopic peak rule, for every single chlorine atom in the molecule, the ratio 

of the isotopic peak of M:M+2 should be 3:1. The peaks of 106 and 63 in Figure 4-3, as 

well as 150, 106, and 63 in Figure 4-4 are consistent with the isotopic peak rule, thereby 

confirming our proposed structures of A and B. Also, both the proposed structures are 

further verified by their fragment ion peaks of 63 and 44 in Figure 4-3, and 106, 63, and 

44 in Figure 4-4. 

Nuclear Magnetic Resonance (NMR) 

One of the major degradation products was further confirmed using NMR. Figures 4-

5 and 4-6 show the ID 'H and '^C NMR of SarCNU after degradation. Comparing the 

NMR of pure SarCNU as shown in Figure 2-3 in Chapter 2 with that of degraded 

SarCNU shown in Figure 4-5, we can see the presence of a number of major and minor 

peaks in the latter. Peak H-1 at 4.70 ppm in Figure 4-5 is the solvent peak. The other 

three major peaks are H-2 at 3.80 ppm, H-3 at 3.55 ppm, and H-4 at 2.65 ppm. We can 

assign peaks in Figure 4-6 as C-2 at 50 ppm, C-3 at 63 ppm, C-4 at 33 ppm, and C-5 at 

168 ppm. Based on the information of chemical shift, we can conclude that all of these 



62 

three protons are attached to electron withdrawing groups, such as nitrogen, oxygen, 

halogen, and carbonyl, etc. For C-5, it should be a carbonyl group due to the high 

chemical shift. Therefore, in order to get more information about the degradation 

products, the major degradation peaks need to be further investigated. 

Since proton NMR and carbon NMR alone do not provide enough information to 

elucidate the structure, the correlation spectrometry of proton and carbon as well as 

proton and proton were performed using HMQC, HMBC, and COSY. HMQC provides 

information on the directly attached proton-carbon coupling, whereas HMBC imparts 

information on the attached two and three bond proton-carbon coupling. Additionally, the 

confirmation of proton attachment in the structure is confirmed by COSY which gives 

information on the attached three bond proton-proton coupling signal. 

HMQC spectrum of degraded sample of SarCNU is shown in Figure 4-7. No coupling 

signal of proton and carbon is observed for the solvent peak, H-1, since the solvent used 

is D2O. All of the 'H — '^C connectivities can be seen from the coupling signals shown 

in Figure 4-7. It can be interpreted that H-2 and C-2, H-3 and C-3, as well as H-4 and C-4 

are bonded to each other. 

HMBC spectrum of degradation sample of SarCNU is shown in Figure 4-8. From 

HMBC, we can conclude that H-2 and C-4 are connected through two to three bonds, and 

H-2 is also attached with C-5, which is a carbonyl group through two to three bonds. 

Therefore, we can conclude that C-2, H-2, C-4, H-4, and C-5 are part of the same 

molecule. Since the integration of the proton peak of H-2 and H-4 are in the ratio 2:3, we 

can infer that H-2 has two protons and H-4 has three protons. 
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COSY spectrum of degradation sample of SarCNU is shown in Figure 4-9. From 

COSY, we can confirm that, protons H-2 and H-4 on C-2 and C-4 respectively are not 

connected with each other through 3 bonds because of absence of the coupling signal 

between H-2 and H-4. 

Based on the chemical shift, integration peak, and coupling information from HMQC, 

HMBC, and COSY, we can conclude that one of the major degradation products is 

sarcosine or sarcosinamide as shown in Figure 4-10. The chemical shifts of protons and 

carbons constituting sarcosine or sarcosinamide, are also shown in Figure 4-10. As it is 

attached with both -NH and -COOH groups, the proton in the -CHt is a little downfield 

as compared to the proton in the -CH3, which is only attached with the -NH group. From 

the structure, we can see that the proton H-2 of the methylene group is not only attached 

with carbon C-4 of the methyl group through 3 bonds, but it is also attached with C-5 of 

the carboxylic group through 2 bonds, which is deduced from HMBC. The groups of -

CH2 and -CH3 are not connected with each other through 3 bonds due to the presence of 

-NH group between C-2 and C-4. 

Due to the use of deuterium water (D2O) as the solvent, the proton in -NH and -

COOH, or -CONH2 groups are exchanged with the D from the solvent. Therefore, the 

peaks for these protons are not visible in the proton NMR, which are further confirmed 

by single peaks of H-2 and H-4. 

Due to the lack of coupling signal in HMBC, H-3 and C-3 cannot be elucidated in this 

study. 
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Thin Layer Chromatography (TLC) 

We can conclude from the NMR studies that both sarcosine and sarcosinamide are 

possible degradation products. GC/MS confirms that sarcosine is one of the degradation 

products. Therefore, sarcosinamide needs to be further confirmed. 

Figure 4-11 shows the thin layer chromatograms of the degradation product of 

SarCNU, along with the control sarcosine and sarcosinamide solutions. The same Rf for 

sarcosinamide and the degradation product of SarCNU confirmed that the spots represent 

the degradation product of SarCNU is the same compound with sarcosinamide. 

Possible Degradation Mechanism 

Based on our proposed degradation products, including sarcosine, sarcosinamide. A, 

and B, we can propose the possible degradation mechanisms for SarCNU in water. 

The hydrolysis of SarCNU can follow two routes, depending upon the bond that is 

hydrolyzed. The first route, as shown in Figure 4-12 appears to be most probable one. It 

occurs via nucleophilic addition of water to the diazocarbonyl group to give (2-

chloroethyl) diazohydroxide and N-carbamoyl sarcosine, which in turn, gives carbon 

dioxide and sarcosinamide. Sarcosinamide, on further hydrolysis, forms sarcosine and 

ammonia. This route is comparable to the mechanism proposed by Suami et al. (1982), 

except for the formation of sarcosine. 

The second route, as shown in Figure 4-13, which may be triggered by the acid 

condition generated by the formation of N-carbamoyl sarcosine in the first route, involves 

nucleophilic addition of water to the tertiary amino carbonyl group, thereby forming (2-



Figure 4-1. GC analysis of degradation products of SarCNU 
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Figure 4-2. MS analysis of degradation product of SarCNU for the peak at 3.796 minute 
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Figure 4-3. MS analysis of degradation product of SarCNU for the peak at 6.164 minute 

in GC 
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Figure 4-4. MS analysis of degradation product of SarCNU for the peak at 7.911 minute 

in GC 
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Figure 4-5 'H NMR of SarCNU after degradation 
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Figure 4-6. '^C NMR of SarCNU after degradation 
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Figure 4-7. HMQC of degradation of SarCNU 
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Figure 4-8. HMBC of degradation of SarCNU 
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Figure 4-9. COSY of degradation of SarCNU 
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Figure 4-10. Structure and chemical shift of sarcosine or sarcosinamide 
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Figure 4-11. TLC graph of the degradation product of SarCNU (D), sarcosine (I), and 

sarcosinamide (M and M') in (a) HAc—1-ButanoI—^Water system (b) MeOH—HAc 

system 
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Figure 4-12. The degradation mechanism of SarCNU in water: first route 
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Figure 4-13. The degradation mechanism of SarCNU in water: second route 
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Figure 4-14. UV spectra of (a) sarcosine and (b) sarcosinamide 
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CHAPTER 5. DEVELOPMENT OF A PARENTERAL 

FORMULATION OF SARCNU—CONCENTRATED SOLUTION 

INTRODUCTION 

Based on our preformulation studies of SarCNU, we can conclude that it is soluble in 

water and water-miscible organic solvents such as ethanol (EtOH), propylene glycol 

(PG), dimethyl sulfoxide (DMSO), as well as Capmul PG. However, the high instability 

of SarCNU prevents its formulation in an aqueous or semi-aqueous vehicle. Since freeze-

dried formulation is inherently expensive, it is not a first choice for formulation. 

Therefore, a liquid formulation of SarCNU is investigated in this study. 

EXPERIMENTAL 

Materials 

Capmul PG-8, a propylene glycol monoester of medium chain fatty acids, was 

obtained from Abitec Corp. (Janesville, WI). All other chemicals which were analytical 

or HPLC assay grade were purchased from Sigma-Aldrich Chemical Company (St. 

Louis, MO). All reagents were used as received without further purification. 
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Stability Studies 

Stock solutions of I mg/ml were prepared in different pure cosolvents (EtOH, PG, 

Capmul PG, and DMSO) and two combinations of solvents (WPE, 40% PG : 10% EtOH 

: 50% water and PE, 80% PG : 20% EtOH). All stock solutions were sealed in glass 

ampoules. The reaction samples were withdrawn at suitable time intervals and diluted 

with methanol before they were immediately assayed by HPLC which was described in 

Chapter 3. 

Effect of Additives 

The effects of the ionic strength and anti-microbial agent on the stability of SarCNU 

were investigated by using 1% (0.17M) NaCl and 0.75% benzyl alcohol (Nema et al., 

1997) at 37°C, respectively. 

Effect of Temperature 

The temperature effect on the degradation rate of SarCNU was conducted for all the 

samples at four different temperatures (25°, 37°, 50°, and 60°C). Temperature was 

maintained by using a Precision Microprocessor Controlled 280 series water bath (Jouan 

Inc., Winchester, VA). 
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Double Syringe 

Figure 5-1 shows a double syringe, which is proposed for administering a drug with a 

very short shelf life in water. It consists of two syringes that are connected to a single 

needle. One syringe contains the aqueous diluent, while the other contains the drug 

concentrate. The drug concentrate can be a buffered solution at low pH, a drug 

concentrate containing a high concentration of surfactant or complexing agent, or a semi-

aqueous or non-aqueous solution in which the drug has desired stability. The drug is 

stored as a concentrate and mixed with the aqueous diluent immediately prior to 

injection. The mixing ratio of concentrate and diluent is controlled by the radii of the 

syringes. 

RESULTS AND DISCUSSIONS 

Degradation Kinetic order and Degradation Rate Constant 

The degradation of SarCNU follows apparent first-order kinetics in different solvent 

and different temperatures as shown in Figures 5-2 through 5-6. The observed 

degradation rate constants were calculated from the slopes of the linear relationship 

between the logarithm of the remaining drug concentration and time. Values of kobs for 

SarCNU degradation in different solvents and different temperatures are listed in Table 5-

1. 
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Effect of Additive 

Table 5-2 indicates that ionic strength and benzyl alcohol, which is often used as anti

microbial agent in parenteral formulations (Nema el al., 1997), have no significant effect 

on the stability of SarCNU. 

Stability Study of SarCNU in Different Solvents 

The stability of SarCNU was investigated over the temperature range of 25° to 60°C 

in water, DMSO, EtOH, PC, Capmul PG, an 80% PG : 20% EtOH mixture (PE), and in a 

semi-aqueous vehicle (WPE) containing 50% water : 40% PG ; 10% EtOH. This vehicle 

(WPE) is used in a number of marketed products, including: digoxin, phenytoin, 

pentobarbital, and diazepam (Sweetana and Akers, 1996). 

In Figure 5-7, the observed rate constants in water, WPE, EtOH, PG, PE, Capmul PG, 

and DMSO are plotted vs. temperature according to the Arrhenius equation (Connors et 

al., 1986; Carstensen, 1995), 

In kobs = In A - Ea/(RT) Eq. 5-1 

in which kobs is the observed degradation rate constant, A is a constant known as the 

Arrhenius factor, Ea is the activation energy, R is the gas constant (1.987 cal/(K*mole)) 

and T is the absolute temperature. Table 5-1 shows the Arrhenius equation and Ea values. 

The activation energy is in the range of 23.8-26.3 kcal/mole except for DMSO, which is 

consistent with Ea values of hydrolysis degradation of other drugs (Connors et al., 1986). 

Table 5-3 shows that SarCNU degrades very quickly in water and WPE. Its tgo values 

at room temperature in these vehicles are only 0.25 and 0.50 days, respectively. The too is 
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only 9 days in WPE, even at 4°C. Therefore, a reasonable shelf life cannot likely be 

reached when SarCNU is formulated in an aqueous vehicle. 

Table 5-3 also shows the degradation rate constant and tgo of SarCNU in each solvent 

at 25°, 4°, and -4°C. The greatest stability was observed with Capmul PG. Table 5-3 also 

shows that both Capmul PG and EtOH formulations can be stored at -4°C for over 2 

years. 

Dynamics of the Cosolvent Effect on SarCNU Degradation 

Water is an active participant in many chemical degradation processes because of its 

role as a medium for the movement of molecules, as an environment fostering 

conformational changes, and as a reactant for hydrolysis (Martin, 1993). Therefore, many 

degradation reactions of drugs can be either suppressed or completely eliminated by 

simply removing water. 

Cosolvents can not only increase the solubility of drugs, but also increase their 

stability (Yalkowsky, 1993, 1999). The addition of cosolvent reduces the collision 

probability between a water molecule and a drug molecule which is necessary for 

hydrolysis. Also, decreasing the polarity of the reaction medium by the addition of 

cosolvent will not favor the formation of the charged species. It will stabilize a solute 

against any reaction that produces charged products or proceeds through a charged 

transition state (Yalkowsky, 1999, Zhao and Yalkowsky, 2001). Therefore, it can be said 

that if the degradation products are more polar than the reactants, they are accelated by 

solvents of high polarity or retarded by low polarity solvent. 
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Based on our preformulation study, we known that hydrolysis is the major 

degradation pathway for SarCNU in aqueous solutions. At the same time, the major 

degradation product, sarcosine is more polar than SarCNU. Therefore, the order of 

stabilization by these vehicles is Capmul PG > EtOH > PE > PG > WPE > water as 

shown in Figure 5-7, which is in agreement with the decreasing polarities of these 

vehicles (Etman et al., 1999). 

Figure 5-7 also shows that there is no significant difference in the slopes for the 

different solvents, suggesting the similar degradation mechanism of SarCNU in all 

solvents. 

Double Syringe 

We can increase the shelf life of SarCNU by stabilizing the drug in Capmul PG and 

EtOH. This approach can be used to store the drug so that it can be diluted with aqueous 

solvent prior to injection with the aid of a double syringe. EtOH was chosen as a solvent 

to formulate SarCNU as EtOH mixes spontaneously with water to form a homogeneous 

solution. 

The solubilities of SarCNU in different solvents as determined by visual observation 

are summarized in Chapter 1. The high aqueous solubility of SarCNU ensures that 

precipitation will not occur when the formulation is diluted with aqueous solvent prior to 

injection. 
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CONCLUSIONS 

This study shows that the stability of SarCNU can be increased by simply reducing 

water in the formulation vehicle. The stability of SarCNU increases with decreasing 

polarity in the solvent. EtOH is a potential vehicle to formulate SarCNU. The formulation 

can be stored at -4°C over two years. Before the drug is delivered to a patient, it can be 

mixed with water in any ratio through a double syringe. 



Table 5-1. Observed apparent first-order degradation rate constants of SarCNU under 

various conditions 

Solvent Temp. (°C) kobsCl/h) Arrhenius Eq. Ea (kcal/mole) 

l%Naa 37 0.0847 N/A N/A 

0.75% Benzyl 

Alcohol 

37 0.0791 N/A N/A 

DMSO 25 0.0039 Inkobs ~ 

-12280/T+35.49 

21.76 DMSO 

37 0.0151 

Inkobs ~ 

-12280/T+35.49 

21.76 DMSO 

50 0.0924 

Inkobs ~ 

-12280/T+35.49 

21.76 DMSO 

60 0.1527 

Inkobs ~ 

-12280/T+35.49 

21.76 

Water 25 0.0173 Inkobs ~ 

-12000/T+36.10 

23.83 Water 

37 0.0807 

Inkobs ~ 

-12000/T+36.10 

23.83 Water 

50 0.3850 

Inkobs ~ 

-12000/T+36.10 

23.83 

WPE 4 0.0005 N/A N/A WPE 

25 0.0086 

N/A N/A 



Table 5-1 (Cont.). Observed apparent first-order degradation rate constants of SarCNU 

under various conditions 

Solvent Temp. (°C) kobs(l/h) Arrhenius Eq. Ea (kcal/mole) 

PG 25 0.0015 Inkobs = 

-12910/T+36.83 

25.66 PG 

37 0.0091 

Inkobs = 

-12910/T+36.83 

25.66 PG 

50 0.0529 

Inkobs = 

-12910/T+36.83 

25.66 PG 

60 0.1331 

Inkobs = 

-12910/T+36.83 

25.66 

PE 25 0.0012 Inkoijs — 

-12550/T+35.39 

24.94 PE 

37 0.0067 

Inkoijs — 

-12550/T+35.39 

24.94 PE 

50 0.0391 

Inkoijs — 

-12550/T+35.39 

24.94 PE 

60 0.0921 

Inkoijs — 

-12550/T+35.39 

24.94 

EtOH 25 0.0006 Inkobs ~ 

-12780/T+35.40 

25.39 EtOH 

37 0.0031 

Inkobs ~ 

-12780/T+35.40 

25.39 EtOH 

50 0.0184 

Inkobs ~ 

-12780/T+35.40 

25.39 EtOH 

60 0.0507 

Inkobs ~ 

-12780/T+35.40 

25.39 

Capmul PG 25 0.0004 lnkot)5 — 

-12810/T+34.95 

24.52 Capmul PG 

37 0.0035 

lnkot)5 — 

-12810/T+34.95 

24.52 Capmul PG 

50 0.0076 

lnkot)5 — 

-12810/T+34.95 

24.52 Capmul PG 

60 0.0316 

lnkot)5 — 

-12810/T+34.95 

24.52 



Table 5-2. Effect of ionic strength and benzyl alcohol on the degradation rate constant of 

SarCNU at 37°C 

k( l /h )  

Water 0.0807 

1% NaCl solution 0.0847 

0.75% Benzyl Alcohol 0.0791 



Figure 5-1. Double syringe 
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Figure 5-2. Apparent first-order reaction of SarCNU in 1% NaCl, 0.75% benzyl alcohol, 

and water at 37°C 
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Figure 5-3. Apparent first-order reaction of SarCNU in different solvent at 25°C 
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Figure 5-4. Apparent first-order reaction of SarCNU in different solvent at 37°C 
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Figure 5-5. Apparent first-order reaction of SarCNU in different solvent at 50°C 
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Figure 5-6. Apparent first-order reaction of SarCNU in different solvent at 60°C 
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Figure 5-7. Arrhenius plots for the apparent first order rate constant of SarCNU in 

different solvents 
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CHAPTER 6. DEVELOPMENT OF A PARENTERAL 

FORMULATION OF SARCNU—FREEZE DRIED FORM 

INTRODUCTION 

Generally a product is freeze-dried if it is not stable in aqueous media. Although 

inherently expensive in terms of manufacturing costs, freeze-drying is often the 

processing method of choice for the production of an unstable parenteral product. 

However, freeze-drying is commonly restricted to drugs that are soluble and stable in an 

aqueous medium for at least the time required for dissolution, filtration, filling, and 

freezing of the product. 

Although cosolvents and buffers are often added to the aqueous solution to improve 

the solubility and/or stability of a drug in water, they usually can not be used for freeze-

drying. When a drug is freeze-dried in an aqueous cosolvent, both freezing and drying are 

often incomplete. The semi-frozen system makes the product dry more slowly by the 

simultaneous sublimation of ice and the evaporation of the liquid residue (Seager et al., 

1985). The resultant dried product is often very dense and difficult to reconstitute 

(Tesconi et al., 1999). Furthermore, the residual solvent can reduce product stability 

(Pikal and Dellerman, 1989). 

When a drug is freeze-dried in a buffer solution, fluctuations in pH and buffer 

concentrations can affect the stability of the drug (Pikal, 1999). The concentration of 

buffer in solution increases during the initial stage of freezing, as pure ice forms. Also, if 
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the concentration of the buffer exceeds its own intrinsic solubility in water, the buffer 

species may precipitate causing large pH fluctuations. The resulting high buffer 

concentration and pH change can accelerate the degradation of the drug (Pikal, 1999). 

Based on our preformulation studies of SarCNU, we know the too of SarCNU in water 

at 25°C is only 6 hours. Since SarCNU is too unstable to be freeze-dried from aqueous 

solutions, alternate freeze-drying vehicles will be investigated in this study. 

EXPERIMENTAL 

Materials 

Tertiary butyl alcohol (TBA) purchased from J. T. Baker Inc. (Phillipsburg, NJ) was 

at least 99.9% pure. All other chemicals which were analytical or high pressure liquid 

chromatographic assay (HPLC) grade were purchased from Sigma-Aldrich Chemical 

Company (St. Louis, MO). All reagents were used as received without further 

purification. 

Stability of Potential Freeze-Drying Vehicles 

The concentration of I mg/ml stock solutions were prepared in the potential freeze-

drying vehicles, viz., water, TBA, acetic acid, DMSO, and different combinations of 

water and TBA. All stock solutions were sealed in glass ampoules at room temperature. 

The reaction samples were withdrawn at suitable time intervals and diluted with methanol 

before they were immediately assayed by HPLC. 
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used as a reference. They were heated at 10°C/min using a TA Instruments DSC 910 

(TA, Instruments, Inc., New Castle, DE). 

Thermogravimetric analysis (TGA) was conducted on 3-5 mg samples in open 

aluminum pans at a heating rate of 10°C/min using a TA Instruments TGA 951 (TA, 

Instruments, Inc., New Castle, DE). 

Polarizing Microscope and Camera 

Photomicrographs of the freeze-dried cakes were taken using a SPOT camera and a 

Leica DMLP polarizing microscope at a magnification of 15 microns (E. LIGHT 

COMPANY, Denver, CO). 

Gas Chromatographic Assay (GC) 

A gas chromatographic assay (GC) with a flame ionization detector (Hewlett Packard 

5890, SERIES n, Hewlett Packard Inc., Wilmington, DE) was used to measure the 

amount of residual TBA. The column used was a Supelco Simplicity-Wax Fused Silica 

Capillary Column, 30m, 0.25mmID, 0.25|im film (Lot NO. 12I30-08A) (Supelco Inc., 

Bellefonte, PA). Three aqueous solutions, viz., TBA/SarCNU, pure drug, and the cake 

were prepared. A PIERCE Reacti-Therm™ Stirring/Heating module (PIERCE Inc., 

Rockford, IL) was used to heat the sample solution at 85°C for 1 hour, until a saturated 

vapor was obtained. The injection volume was l(X) jil. The mobile phase was N2 with a 

flow rate of 27 ml/min. 
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RESULTS AND DISCUSSION 

Selection of a Freeze-Drying Medium 

The ideal freeze-drying medium should have a high vapor pressure, a melting point 

either below or slightly above room temperature, a high viscosity and a low toxicity. It 

must provide a stable environment for freeze-drying and be rapidly and completely 

removed to produce a readily reconstitutable cake. 

Water and three potential alternate freeze-drying vehicles: glacial acetic acid, tertiary 

butyl alcohol (TBA) and dimethyl sulfoxide (DMSO) were chosen for evaluation. Table 

6-1 shows the physical properties of water and the three nonaqueous vehicles considered. 

Each of these relatively nontoxic solvents has a low molecular weight, a melting point 

that is only slightly lower than room temperature, and the ability to readily sublime. 

Solvents with high vapor pressures sublime rapidly and thus accelerate the freeze-drying 

process. Rapid sublimation also helps to prevent the collapse of the cake. Solvents with a 

high viscosity tend to reduce collapse or crystallization of amorphous drugs by inhibiting 

viscous flow during the formation of the cake. Table 6-1 shows that TBA has the highest 

viscosity as well as the highest vapor pressure. 

In addition, TBA forms small, loosely packed, needle-shaped crystals. This fiirther 

decreases the resistance of the partially dried solids to promote further drying, because 

the needle-shaped crystals sublime to leave a highly porous matrix. Since this matrix has 

a low resistance to vapor transfer and a large surface area, both primary and secondary 

dryings are efHcient and rapid. 
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Thus, as a result of its higher vapor pressure (see Table 6-3) and its crystal 

morphology the sublimation rate of TBA is more than 2.5 times greater than that of 

water, as shown in Figure 6-1. Although TBA has been used as an aqueous cosolvent in 

freeze-drying, it is rarely used as a neat vehicle. This may be due to the fact that it is solid 

at most ambient temperatures. However, Tesconi and Yalkowsky (Tesconi and 

Yalkowsky, 1999) have shown that solid vehicles can be successfully used for freeze-

drying. 

Stability of Potential Freeze-Drying Vehicles 

Table 6-2 and Figures 6-2 and 6-3 show that SarCNU is more stable in pure TBA 

than in any other pure solvents studied or in any TBA-water mixtures, which is consistent 

with our previous result given in Chapter 3. The high instability of SarCNU in acetic acid 

further prevents it from being investigated as a freeze-drying medium. 

Freeze-Drying Cake 

No cake was formed when water was used to freeze-dry SarCNU. It was found that 

cake quality improved with the increase in concentration of TBA in TBA-water mixture 

and the most uniform cake was formed using pure TBA. It is believed that the poor 

quality of cake formed in the presence of water is due to the lower vapor pressure and the 

lower viscosity of water even though the primary drying temperature was maintained 
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below the eutectic temperature. The stronger interaction of water with SarCNU may also 

contribute to the reduction of the cake quality. 

The rapid sublimation of TBA helps to keep the product temperature below the 

collapse temperature. (For a crystalline drug, the collapse temperature is the eutectic 

temperature, and for an amorphous drug, the collapse temperature is the glass transition 

temperature.) The high viscosity of TBA also helps to prevent collapse by reducing 

viscous flow during the formation of the cake. 

Figure 6-4 shows the needle-shaped crystals of SarCNU obtained after freeze-drying 

with TBA. The DSC scans in Figure 6-5 show that there is no significant difference 

between the crystals of the cake and those of the pure bulk drug. 

The crystallinity of the cake helps to increase the stability of the drug (see Figures 6-4 

and 6-5). The drug can be stored over 6 months at 4°C without any measurable physical 

or chemical change, and at 25°C with some cake collapse but without any chemical 

degradation. The drug also can be stored for over 12 months at 4°C with some cake 

collapse but without any chemical degradation. A possible reason for the collapse of the 

cake is that small amounts of SarCNU (which melts at 97°C) slowly sublime and 

recrystallize in a process similar to caking or sintering. This process is faster at room 

temperature than in the refrigerator. 

Reconstitution 

The cake is readily reconstituted with water. However, the resultant SarCNU solution 

has a t9o of only 4 hours which is shown in Table 6-4. The cake can also be reconstituted 
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with an aqueous solution of 40% PG and 10% EtOH. This solvent (which is less polar 

and has less water) was chosen to minimize hydrolysis. It gives a tgo of 13 hours for 

SarCNU which is shown in Table 6-5. 

The high surface area of the crystals in the cake ensures rapid reconstitution. In either 

case both the 4°C and 25°C products can be reconstituted within 30 seconds with only 

gentle shaking. 

Residual Solvent 

The TGA scans in Figure 6-6 show no detectable TBA in the SarCNU cake. The gas 

chromatograms of Figures 6-7, 6-8 and 6-9 confirm that there is less than 0.001% TBA in 

the cake. The absence of TBA in the cake results from its ability to form high surface 

area crystals, and from the fact that the intermolecular forces within TBA molecules and 

between TBA and SarCNU are not as strong as those of water. This allows TBA to 

sublime more completely and easily than water. 

Toxicity 

The detrimental effects of TBA on health are minimal (Faulkner et al., 1989). The 

0.001% TBA (0.05 |ig TBA per cake) that is left in the cake is much lower than the toxic 

level. It has also been reported that a volatile organic solvent such as TBA can 

significantly reduce microbial contamination during filling or drying (Olson, 1997). 
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Recovery 

Only about 4% of the drug was lost during the lyophilization process, which is shown 

in Table 6-6. The same recovery ratio was obtained by repeating the freeze-drying 

process. Most of the drug loss is believed to be due to sublimation, as evidenced by the 

fact that it can be detected on the condenser after the TBA is removed. 

CONCLUSION 

TBA can improve the solubility and/or stability of hydrophobic and/or water-sensitive 

drugs that may be freeze-dried. The needle-shaped crystals of TBA allow it to freeze and 

dry quickly and completely. There is less than 0.001% residual solvent left in the cake 

after secondary drying. The rapid sublimation of TBA prevents the collapse of the cake. 

The high crystallinity of the drug formed after freeze-drying from TBA increases its 

stability and shelf life. The SarCNU cake is readily reconstituted with water or an 

aqueous solution containing 40% PG and 10% EtOH. Thus, based upon its high 

volatility, high viscosity, crystal morphology, and low reactivity, TBA is determined to 

be a suitable freeze-drying medium for SarCNU, and perhaps for other poorly water 

stable and poorly water-soluble drugs. 
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Table 6-1. The physical properties of the solvents* 

Name Molecular Melting Boiling Density Vapor pressure Viscosity 

weight point (°C) point (°C) (gmL'')25°C (mmHg) 25°C (mPa-s) 20°C 

H2O 18.02 0 100 0.9970 23.78 1.00 

HAc 60.05 17 118 1.0429 15.75 1.31 

TBA 74.12 25 82 0.7812 41.25 3.62 

DMSO 78.14 19 189 1.0955 0.60 2.20 

*: All data were obtained from reference (Handbook of Chemistry and Physics (72" 

edition), 1991-1992), except for the viscosity of TBA that was experimentally determined 
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Table 6-2. Degradation of SarCNU in different solvents at 25°C 

Solvent Degradation rate Constants (days"') t9o(days) 

HAc 1.8324 0.06 

DMSO 0.0912 1.16 

MeOH 0.0216 4.88 

H2O 0.4128 0.26 

20%TBA/H20 0.2880 0.36 

50%TBA/H20 0.1032 1.02 

80%TBA/H20 0.0336 3.14 

TBA 0.0072 14.93 



Table 6-3. Vapor pressure of TBA and Water 

TBA* Water** 

Temperature (°C) Vapor Pressure (mmHg) Vapor Pressure (mmHg) 

-20.5 1 0.74 

-3.0 5 3.57 

5.5 10 6.77 

14.5 20 12.38 

24.4 40 22.92 

31.0 60 33.69 

39.8 100 54.74 

52.5 200 104.65 

68.0 400 214.17 

83.0 760 400.60 

* All data were obtained from reference (Chemical Engineer's Handbook, 1973), 

** All data were obtained from reference (Lange's Handbook of Chemistry, 1992). 



Table 6-4. Stability of reconstituted solution in water 

Time (h) % Drug Remaining 

Cake I Cake 2 

0 100.0 100.0 

I 97.9 97.1 

2 93.3 93.6 

4.5 89.8 89.0 

6 87.3 86.6 
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Table 6-5. Stability of reconstituted solution in 50% water, 40% PG, and 10% EtOH 

Time (h) % Drug Remaining 

Cake 1 Cake 2 

0 lOO.O 100.0 

2 97.7 98.7 

4 97.0 98.2 

6 97.4 95.7 

9 94.9 96.2 

13 91.0 90.0 
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Table 6-6. Drug recovery during the freeze-drying process 

Sample AUC % Drug Remaining in C 

No. Fresh Frozen Reconstituted Compared Compared 

Solution (A) Solution (B) Solution (C) with A with B 

1 1348613 1391663 1337516 99.2 96.1 

2 1348674 100.0 96.9 

3 1351961 100.2 97.1 

4 1346267 99.8 96.7 

5 1347270 100.0 96.8 

6 1332014 98.8 95.7 



114 

Figure 6-1. Sublimation of TBA and H2O during the primary drying (-20°C and 60 

mTorr) 
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Figure 6-2. Degradation of SarCNU in different solvents at 25°C 
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Figure 6-3. Degradation of SarCNU in TB A/water mixture at 25°C 
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Figure 6-4. Crystallinity of the cake 
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Figure 6-6. TGA thermograph of SarCNU (— bulk drug, — cake) 
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Figure 6-7. GC of aqueous solution containing 0.7g/100ml SarCNU and O.lmi/lOOml 
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Figure 6-8. GC of the cake aqueous solution containing 0.7g/l00nil SarCNU cake 
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Figure 6-9. GC of the pure drug aqueous solution containing 0.7g/100mi SarCNU 
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SUMMARY 

SarCNU is more efficacious against cultured human glioma cells, and substantially 

less toxic to normal bone marrow tissue in vitro than the other GENU compound. It is 

even more stable than other GENU compounds as the N-3 position of the molecule is 

blocked with a methyl group, although, it still degrades very rapidly in aqueous media. Its 

t9o in aqueous solution at room temperature is less than 6 h. 

SarCNU is nonionizable in the physiologically relevant pH range of 2 to 10. It is 

soluble in most pharmaceutically acceptable solvents such as water, ethanol, propylene 

glycol, and DMSO. 

The degradation of SarCNU follows pseudo-first-order kinetics in different 

conditions, such as pH, buffer concentration, solvent, and temperature. The degradation 

of SarCNU is catalyzed by specific and general acids and bases. No significant effects of 

light and antioxidants are observed, indicating that oxidation is not a degradation 

pathway for SarCNU. Ionic strength and antimicrobial agents, like benzyl alcohol, have 

negligible effects on the degradation of SarCNU. 

Hydrolysis is the major degradation pathway for SarCNU. The hydrolysis may occur 

through two routes. However, they eventually result in the same degradation products. 

The major degradation products, 2-chlorethyl diazohydroxide, sarcosine, and 

sarcosinamide are confirmed using GC/MS, 'H and '^C NMR, COSY, HMQC, HMBC, 

and TLG. 
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The stability of SarCNU can be increased by simply reducing water in the 

formulation vehicle since hydrolysis is the major degradation pathway. As sarcosine is 

more polar than SarCNU, the stability of SarCNU increases by using nonpolar solvent. 

The order of stabilization by different solvents, is Capmul PG > EtOH > PE > PG > WPE 

> water, which is in agreement with the decreasing polarities of these vehicles. 

Neat EtOH is a potential vehicle to formulate SarCNU. The concentrated drug 

solution in pure EtOH can be stored at -4°C over two years. A double syringe is used to 

deliver the concentrated drug solution to a patient by mixing the solution with water or 

any other pharmaceutical I y acceptable diluent, such as normal saline and D5W, in any 

ratio. 

Since SarCNU is too unstable to be freeze-dried from aqueous solutions, TBA which 

can improve the solubility and stability of hydrophobic and/or water sensitive drugs is 

investigated to freeze-dry the drug in this study. Based upon its high volatility, high 

viscosity, crystal morphology, and low reactivity, TBA is a suitable freeze-drying 

medium for SarCNU. Only 4% drug was lost during the lyophilization process which is 

believed to be due to sublimation of the drug. There is less than 0.001% residual solvent 

left in the freeze-dried cake, which is readily reconstituted with water or an aqueous 

solution containing 40% PG and 10% EtOH. The high crystallinity of the freeze-dried 

cake increases its stability and shelf life. 
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