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Abstract 

Oxidant generators, such as 2,2’-azobis(2-amidinopropane) dihydrochloride (AAPH) and the 

Fenton reaction, have been used to elucidate protein oxidation pathways and subsequently to 

screen for stabilizers that could prevent potential damage to the protein of interest.  The current 

study evaluated the use of AAPH and the Fenton reaction as forced degradation tools to simulate 

the effect of terminal sterilization by ionizing radiation using the model protein lysozyme.  The 

results indicate that when the protein is stressed to the same level as the irradiation process, the 

damage to the protein caused by the stress conditions is different than that caused by the actual 

irradiation process.  In this work, protein aggregation was determined to be the main degradation 

pathway for the irradiated lysozyme powder.  In contrast, oxidation was found to be the main 

degradation pathway for the lysozyme solution stressed with AAPH and the Fenton reaction.  

Since the main degradation pathways are different, the use of AAPH or the Fenton reaction as a 

surrogate for the irradiation process may not be effective for screening protein stabilizers. 
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CHAPTER I: INTRODUCTION 

Background and Significance 

The Food and Drug Administration (FDA) requires that all sterile injectable pharmaceutical 

products have a Sterility Assurance Level (SAL) of 10-6 or better using a pharmaceutically 

acceptable terminal sterilization process, such as sterile filtration, heat sterilization, gaseous 

sterilization, and irradiation (1).  For solid dosage forms of protein-loaded, sustained-release 

pharmaceutical products, such as polymeric implants and microparticles, irradiation is typically 

the most feasible method of sterilization.  However, irradiation using gamma rays as the source 

can potentially cause detrimental damage to most proteins through chemical and physical 

modifications (2–6).  Therefore, prior to implementing the sterilization process of gamma 

irradiation, it is crucial to perform stability and forced degradation studies to evaluate the 

limitation of the protein of interest under such oxidative stress. 

 

One of the forced degradation methods typically used to evaluate protein oxidation by radicals is 

the Fenton reaction.  Invented in the 1890s by Henry John Horstman Fenton, the Fenton reaction 

is composed of hydrogen peroxide and iron, which form hydroxyl radicals after mixing (7).  

Although the Fenton reaction can generate hydroxyl radicals to deliberately oxidize the protein 

of interest, there is uncertainty about using such a system exclusively to evaluate and stabilize a 

protein being exposed to ionizing radiation.  In a comparative study done by Edwards et al., the 

authors suggested that although the inactivation level of the model protein lysozyme is the same 

for both the gamma irradiation and the Fenton reaction, the mechanism of action is seemingly 

different for the two processes (6). 
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Another class of compounds that is being used for the deliberate oxidation of proteins is the azo 

initiators.  Azo initiators are compounds that thermally decompose and react with oxygen to 

form peroxyl radicals with predictable stoichiometry (8,9).  Similar to the Fenton reaction, the 

oxidation of proteins by the azo initiators seems to be selective or site-specific as opposed to the 

gamma irradiation where the effect is less selective (6,10).  While the azo compounds have been 

used to model oxidation of proteins by peroxyl radicals (10–12), it is still indeterminate whether 

the resulting degradation is comparable to the degradation observed from the gamma irradiation 

using the standard protocol employed by the pharmaceutical industry.   

 

To address the validity of the use of the forced degradation methods to simulate the effect of 

ionizing radiation, the current research directly compares the degradation patterns of a model 

protein, lysozyme, caused by gamma irradiation in the solid state to that caused by the radicals 

derived from the azo initiator AAPH and the Fenton reaction in an aqueous solution.  The 

contribution of this study could give more insights to whether the use of the azo initiator AAPH 

and the Fenton reaction is valid as a screening tool to identify stabilizing agents against ionizing 

radiation. 
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The Properties of Lysozyme 

Lysozyme from hen egg-white is comprised of a single polypeptide chain of 129 amino acids 

with a molecular weight of 14,313 g/mol.  With 4 intramolecular disulfide bonds, the 

polypeptide chain folds into an ellipsoidal shape with the dimensions 45 x 30 x 30 Å (13).  

Figure 1 displays the positions of the disulfide bonds within the lysozyme primary sequence.  

Based on the primary sequence, the molar absorption coefficient (extinction coefficient) of 

lysozyme was determined to be 2.65 AU*(ml/mg)-1*cm-1 using the method from Pace et al. 1995 

(14).  The isoelectric point of the protein was determined previously to be pH 11 by Rezwan et 

al. 2005 (15). 

 

 
Figure 1 – The primary sequence of hen egg-white lysozyme showing the 

locations of the 4 disulfide bonds, reproduced from Canfield and Liu 
1965 with permission (16). 
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The Gamma Irradiation Process 

Gamma irradiation is the process of exposing pharmaceutical products and medical devices 

along with other healthcare products to gamma rays, a type of ionizing radiation that can cause 

propagandized ionization.  Gamma rays emitted from sources such as radioactive isotope Cobalt-

60 (60Co) contains about 1-2 MeV of energy that can penetrate matter to break chemical bonds, 

such as those in the bacterial deoxyribonucleic acid (DNA), effectively inhibiting the bacterial 

division and growth (17). 

 

Radiation dosage is measured in gray or kilogray using the dosimeters, which are calibrated and 

traceable to a national standard.  The applied dose is dependent on the rate and the exposure 

time, that the product is in the irradiation chamber, which can take minutes to hours.  The typical 

minimum dose is 25kGy, which was set previously to meet the SAL (17). 
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CHAPTER II: METHODS 

The Gamma Irradiation Process of Lysozyme Solid Powder 

Lysozyme powder (hen egg white, >90% protein, >40,000units/mg, Sigma, Cat # L6876) was 

weighed into individual vials, which were then vacuum-dried for 2 hours at room temperature at 

100 mTorr in a LyoStar II lyophilizer to remove residual water.  The vials were sealed under 

vacuum and divided into 2 groups, the irradiation group and the non-irradiation group.  The 

irradiation group was sent for gamma irradiation at Sterigenics (Corona, CA, USA) with a 

specified dose range of 25 – 40 kGy, the standard specified dosage.  The actual delivered dose 

was determined from the dosimeters, which ranges from 30 kGy to 35 kGy.  The non-irradiation 

group was stored at -20°C.  This group includes the control (non-treated), the AAPH-treated 

group, and the Fenton-treated group.  

 

Reversed-Phase Ultra Performance Liquid Chromatography 

The reversed-phase ultra-performance liquid chromatography (RP-UPLC) was developed to 

assess changes to the protein hydrophobicity, resulting from chemical degradation and peptide 

fragmentation.  The oxidation of the protein amino acid residues such as methionine, tryptophan, 

and tyrosine can modify the protein hydrophobicity, depending on the resulting conformation of 

the protein (18,19).  

 

In a typical reversed-phase liquid chromatography experiment, the hydrophobicity of the 

molecule will determine the degree to which the molecule interacts with the hydrophobic 

stationary phase, which, normally, is an alkyl chain grafted onto a silica support packed into a 

cylinder column.  The stronger the hydrophobic interaction between the molecule and the 
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stationary phase, the longer the molecule will retain on the column as a mobile phase with the 

opposite polarity passes through the column.  This differences in retention time separate different 

molecules with varied hydrophobicity.  However, there could be secondary interactions, such as 

ionic interaction and polar interaction, in addition to hydrophobic interaction that could affect the 

retention time of the molecules (20).  Therefore, it is important to ensure that these secondary 

interactions do not interfere with the intended separation.  

 

For the separation of different species of the native and modified lysozyme, a stationary phase 

composed of an 18-carbon alkyl chain (C18) covalently bonded to a modified silica particle called 

polyethoxysilane, commercially referred to as Ethylene Bridged Hybrid (BEH) technology, was 

chosen due to its stability at a wide pH range and at high temperature (21).  These particles, 

having a size distribution of around 1.7µm, were packed into a column with an inner diameter of 

2.1mm and a length of 50mm. 

 

To elute the protein from the column, a gradient of acetonitrile and water was used as the mobile 

phase.  Trifluoroacetic acid (TFA) was added to both components of the mobile phase to 

suppress the secondary interactions caused by the residual silanol groups on the silica surface 

(20).   

 

The method was optimized for gradient, temperature, and flow rate.  The gradient rate was 

evaluated simultaneously with the baseline mobile phase composition.  The baseline mobile 

phase composition coats the column with different percentages of acetonitrile at 10%, 15%, 20%, 

and 25%, masking the column hydrophobicity prior to the adsorption of the protein.  Different 
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gradient rates of %B (10.0%B/min, 9.4%B/min, 8.9%B/min, and 8.3%B/min) then selectively 

elute the bound species of lysozyme from the column after the adsorption.  Figure 2 shows the 

effect of the 4 conditions on the resolution of the 2 main peaks.  The resolution values were 

calculated using the following resolution equation (Rs) from the United States Pharmacopoeia 

(USP): 

 RS = 2(tR2 - tR1) / (W1 + W2) 

where tR2 and tR1 are the retention times of the 2 peaks of interest; and W1 and W2 are the 

corresponding tangent widths of the peaks.  The condition with 20% baseline and a rate of 

8.9%B/min was chosen with the rationale that less acetonitrile is needed to achieve the same 

effect as the condition of 25% baseline with a rate of 8.3%B/min.  

 

 
Figure 2 – RP-UPLC gradient effect on the resolution of the 2 main peaks 
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To evaluate the efficiency of different flow rates, a reduced Van Deemter curve was constructed 

using a volumetric flow rate of 0.2mL/min, 0.5mL/min, and 0.8mL/min.  The reduced Van 

Deemter curve is a plot of the reduced plate height (h) against the reduced velocity (ν) based on 

the Van Deemter equation:  

H = A + B/u + Cu  

where H is the plate height, derived from the theoretical plates (N) divided by the column length 

(L); the A-term is determined by the eddy diffusion; the B-term is determined by the longitudinal 

molecular diffusion; the C-term is determined by the mass transfer effect; and u is the linear 

velocity (22).  The following equations were used for the Van Deemter curve: 

v = Dm/dP 

h = H / dP 

ν = u/v 

where v is the diffusion velocity; Dm is the diffusion coefficient of lysozyme; dP is the silica 

particle size; h is the reduced plate height; ν is the reduced velocity.  As described previously, the 

column dimension is composed of 50mm length, 2.1mm inner diameter, and 1.7µm particle size.  

A diffusion coefficient (Dm) of 10-6 cm2/s was used for lysozyme (23).   

 

The reduced Van Deemter curve displayed in Figure 3 shows that there was no change observed 

in the reduced height as the reduced velocity increases, indicating no loss in efficiency.  

Although there was no change in efficiency, the resolution was improved slightly as the flow rate 

increases (Figure 4).  Since the flow rate of 0.8mL/min achieved the highest resolution without 

affecting efficiency, it was chosen as the flow rate of the method. 

 



9 
 

 
Figure 3 – Reduced Van Deemter curve from the RP-UPLC analysis of lysozyme. 

 

 
Figure 4 – RP-UPLC flow rate effect on the resolution of the 2 main peaks 
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The final method conditions are listed in Table 1, and a representative chromatogram is shown in 

Figure 6. 

 

 
Figure 5 – The effect of column temperature on the resolution of the 2 main peaks of 

lysozyme for the RP-UPLC method. 
 

Table 1 – Final RP-UPLC Method Conditions for the Analysis of Lysozyme  

HPLC System: Waters Acquity 

Column:  
Acquity UPLC BEH C18, 1.7μm, 2.1x50mm, Part# 
186002350 

Column Temp: 45°C 

Mobile Phase A:   0.1% TFA in water 

Mobile Phase B:   0.1% TFA in acetonitrile 

Flow rate:  0.8ml/min 

Detection:  UV @ 280nm 

Extinction Coefficient:  2.65 AU*(ml/mg)-1*cm-1 

Injection Volume:  2µL-20µL 
Gradient: 
Time (min) Mobile Phase A Mobile Phase B 
0.00 (initial) 80 20.0
0.50 (equilibration) 80 20.0
5.50 (separation) 36 64.0
6.00 (washing) 0 100.0
6.02 (equilibration) 80 20.0
7.50 (equilibration) 80 20.0
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Figure 6 – Representative RP-UPLC chromatogram of a 1mg/ml lysozyme in 10mM phosphate 

pH7.4 using the final method conditions in Table 1. 
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column was designed to separate molecules with the molecular weights in the same range as 

lysozyme.  The initial mobile phase was an aqueous solution of 20mM phosphate and 300mM 

sodium chloride with a pH of 6.7.  The 300mM of sodium chloride was added to minimize the 

potential ionic interaction of lysozyme with the column.  The chromatogram in Figure 7 shows 

that at a flow rate of 0.5mL/min, lysozyme was separated from its related, high-molecular-weight 

(HMW) species.  However, there was significant tailing observed from the main peak indicating 

that there might be secondary interactions that may have contributed to the additional retention. 

 

 
Figure 7 – SEC separation of lysozyme and its related species on a G2000SWxl with 20mM 

phosphate and 300mM sodium chloride at pH 6.7 as the mobile phase.  The observed 
tailing of the main peak indicates that there are potential secondary interactions with the 
column. 
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Since 300mM of sodium chloride was already added to minimize the potential ionic interactions 

that lysozyme might have with the column, the observed tailing may have been the result of 

other secondary interactions, such as the hydrophobic interaction.  Hydrophobic interaction was 

suspected since lysozyme hydrophobic amino acid residues, such as Val-2, Phe-3, 

Leu-17, Phe-34, Leu-75, and Trp-123, were on the surface of the protein rather than buried in the 

core of its native conformation (6,13).  Thus, to reduce the hydrophobic interaction, 10% of 

acetonitrile were added to the initial mobile phase composed of 20mM phosphate and 300mM 

sodium chloride.  The chromatogram in Figure 8 shows that the retention time of the main peak 

shifted from 26.1 minutes (Figure 7) to 22.8 minutes (Figure 8) and that the peak tailing effect 

was improved with the addition of 10% acetonitrile.  The shifting of the main peak retention time 

to the left with the addition of 10% acetonitrile indicates that there are hydrophobic interactions 

between the silica particles and lysozyme that contributed to the additional retention time of the 

protein.  The addition of 20% acetonitrile improved the peak tailing effect slightly further with a 

slight shift in retention time to the left as shown in Figure 9.  The chromatogram in Figure 10 

shows that the addition of 30% acetonitrile increased the peak area of the HMW species while 

shifting the retention time to the right, which is opposite of the trend observed previously.  This 

may be the result of the mobile phase effect on the protein physical stability, leading to method-

induced artifacts. 
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Figure 8 – SEC separation of lysozyme and its related species on a G2000SWxl with 20mM 

phosphate, 300mM sodium chloride, and 10% acetonitrile at pH 6.7 as the mobile 
phase.  Peak tailing was still noticeable with the addition of 10% acetonitrile. 

 

 
Figure 9 – SEC separation of lysozyme and its related species on a G2000SWxl with 20mM 

phosphate, 300mM sodium chloride, and 20% acetonitrile at pH 6.7 as the mobile 
phase.  Peak tailing was still noticeable with the addition of 20% acetonitrile. 
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Figure 10 – SEC separation of lysozyme and its related species on a G2000SWxl with 20mM 

phosphate, 300mM sodium chloride, and 30% acetonitrile at pH 6.7 as the mobile 
phase.  Peak tailing was minimized, but the mobile phase may have caused unintended 
instability of lysozyme as observed in the increase in the high molecular weight peak. 

 

To minimize the effect of peak tailing without producing method-induced artifacts, acetonitrile 

was replaced with isopropyl alcohol (IPA).  Additionally, the pH of the mobile phase was 

changed to 4 from 6.7 to minimize the effect of disulfide exchange (see Chapter III) by adding 

0.1% phosphoric acid to the mobile phase.  The final mobile phase composition is 20mM 

phosphate, 300mM sodium chloride, 10% IPA, and 0.1% phosphoric acid at pH 4.  The 

chromatogram in Figure 11 shows that the retention time of the main peak shifted to the left 

(20.5 minutes versus 23.5 minutes when using 30% acetonitrile as the mobile phase additive in 

Figure 10).  Baseline peak width decreased 3 folds, from 555 seconds to 177 seconds, a 

significant improvement.  There was no increase in lysozyme HMW species observed. 
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Figure 11 – SEC separation of lysozyme and its related species on a G2000SWxl with 20mM 

phosphate, 300mM sodium chloride, 10% isopropyl alcohol, 0.1% phosphoric acid at 
pH 4 as the mobile phase.  Peak tailing was significantly minimized with no method-
generated degradation. 

 

 

The viscosity of IPA combined with the flow rate of 0.5mL/min caused a significant increase in 

the pressure drop for the system.  The resulting system pressure is greater than the maximum 

operating pressure of 7.2 MPa, recommended by the column manufacturer.   To decrease the 

effect of pressure drop on the column, the flow rate was decreased to 0.15mL/min from 

0.5mL/min.  The chromatogram in Figure 12 shows that the decrease in flow rate led to an 

increase in retention time and widening of the main peak as the peak width increased to 579 

seconds from 177 seconds.  The increase in the peak width is not attributed to the effect of 

secondary interaction since the increase spread symmetrically throughout the peak whereas the 

effect of peak tailing due to secondary interaction increased the peak width asymmetrically.  

There was no on-column degradation observed, indicating that 10% IPA is a suitable mobile 

phase additive for the SEC analysis of lysozyme.  Table 2 lists the final conditions for the SEC 

analysis of lysozyme. 
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Figure 12 – SEC separation of lysozyme and its related species on a G2000SWxl with 20mM 

phosphate, 300mM sodium chloride, 10% isopropyl alcohol, 0.1% phosphoric acid at pH 
4 as the mobile phase.  The retention shifted to 68.0 minutes due to reduction in flow rate 
from 0.5mL/min to 0.15mL/min.  Baseline peak width increased due to the increase in 
retention time. 

 

 

Table 2 – Final SEC Method Conditions for the Analysis of Lysozyme 

HPLC System: Waters Alliance 2695 

Column:  TOSOH TSK-GEL G2000SWxl, 30x7.8mm, 5μm, Part # 
08540

Column Temp: Ambient 

Mobile Phase:   
20mM phosphate, 300mM sodium chloride, 10% IPA, 0.1% 
phosphoric acid, pH4 

Flow rate:  0.15ml/min 

Detection:  UV @ 280nm 

Extinction Coefficient:  2.65 AU*(ml/mg)-1*cm-1 

Injection Volume: 10µL 

Isocratic Run Time: 100 minutes 
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Tryptophan Analysis 

A primary amino acid residue of lysozyme and other proteins, such as parathyroid hormone, that 

is affected by oxidation via AAPH, the Fenton reaction, and ionizing radiation is tryptophan 

(6,10), and therefore, the analysis of tryptophan is crucial to support the comparison between 

these oxidation mechanisms.  Tryptophan can be analyzed using the second derivative of the 

absorbance spectra at 288nm in 0.1M potassium hydroxide (24).  However, the limitations for 

this method include interference from tyrosine, interference from iron(II) sulfate and hydrogen 

peroxide, and the required denaturation of the protein (6,24).  

 

Tryptophan can be selectively hydrolyzed from the protein primary sequence and analyzed as a 

free amino acid using the hydrolysis method from Nakazawa and Manabe 1992 (25).  To 

hydrolyze tryptophan from the protein, the authors used 3M of 2-mercaptoethanesulfonic acid 

vapor in a vacuum at 176°C for 25 minutes.  However, the authors in Nakazawa and Manabe 

1992 used a post-column derivatization HPLC method for the subsequent amino acid analysis.  

The authors in Sultana et al. 2012 show that it is possible to directly analyze the free tryptophan 

without derivatization (26) since tryptophan has an ultraviolet absorbance at 280nm with an 

extinction coefficient of 5,500 M-1 cm-1 (14). 

 

In the current study, tryptophan was hydrolyzed from lysozyme using the method adapted from 

Nakazawa and Manabe 1992 with a slight modification in duration at 15 minutes instead of 25 

minutes.  To analyze the hydrolyzed tryptophan, a modified liquid chromatography (LC) method 

adapted from Sultana et al. 2012 was developed and qualified.  The LC method is a RP-UPLC 

method utilizing a 1.7µm, BEH C18 Phenyl column with an inner diameter of 2.1mm and a 

length of 50mm.  The mobile phase is composed of 90% of water, 10% of acetonitrile, and 0.1% 
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TFA to lower the pH to about 2.  Table 3 lists the final RP-UPLC conditions for the analysis of 

the free tryptophan.  Figure 13 displays the representative chromatogram of a tryptophan solution 

at 10µg/mL in water. 

 

Table 3 – Final RP-UPLC Method Conditions for the Analysis of Tryptophan 

HPLC System: Waters Acquity 

Column:  Acquity BEH C18 Phenyl, 1.7μm, 2.1x50mm, Part # 
186002884

Column Temp: 25°C 

Mobile Phase:   90% water, 10% acetonitrile, 0.1% TFA 

Flow rate:  0.2mL/min 

Detection:  UV @ 276nm 

Extinction Coefficient:  26.93 AU*(ml/mg)-1*cm-1 

Injection Volume: 2µL-20µL 

Isocratic Run Time:  10 minutes 

 

 
Figure 13 – Representative RP chromatogram of a 10µg/ml (49pmol/µL) tryptophan in water 
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The method was evaluated for linearity, sensitivity, and precision.  Linearity was evaluated in the 

range of 1.0µg/mL (4.9nmol/ml) to 20µg/ml (97.9nmol/ml).  Figure 14 shows that the area 

responses of the free tryptophan are linear in the evaluated concentration range with a correlation 

coefficient R2 of 0.997.  For sensitivity, the signal to noise (S/N) ratio method was used to 

determine the limit of detection (LOD) and limit of quantitation (LOQ).  LOD is defined at the 

S/N ratio of 3, and LOQ is defined at the S/N ratio of 10.  Based on the signal (height response) 

in the linearity range, the LOD and LOQ concentrations were determined to be 0.06µg/ml 

(0.3nmol/ml) and 0.20µg/ml (1.0nmol/ml), respectively.  At 0.3nmol/ml, the detection limit is 

about 167 fold lower than the lowest concentration (50nmol/ml) of the linear range of the second 

derivative spectroscopy method (24). 

 

The precision of the tryptophan analysis method includes the hydrolysis of the protein in addition 

to the analysis of the free tryptophan.  About 0.1mg of lysozyme was hydrolyzed in the vapor 

phase 3M of 2-mercaptoethanesulfonic acid (MESA) at 176°C for 15 minutes.  The resulting 

hydrolysates were analyzed by the RP-UPLC method directly and immediately after a 30-

minutes cooling period.  The analysis was done in triplicates using 3 different sample 

preparations.  Table 5 shows the results of the recovery of tryptophan from the protein hydrolysis 

and the precision of the method.  The recovery is in line with the findings from Nakazawa and 

Manabe at 95% (25), and the precision is at 2% RSD.  The results show that the method is 

suitable for the analysis of tryptophan.  
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Figure 14 – Linearity of tryptophan analysis in the range of 1-20µg/ml 

 

Table 4 – Sensitivity of the RP-UPLC Method for the Analysis of Free Tryptophan 

Sample 
Conc 

(µg/ml) 
Height 
(µAU) 

Noise 
(µAU) 

S/N 
Ratio 

LOD 
(µg/ml) 

LOQ 
(µg/ml) 

Trp 1µg/ml 1.00 7272 140 52 0.06 0.19 
Trp 2µg/ml 2.00 14333 140 102 0.06 0.20 
Trp 5µg/ml 5.00 35172 140 251 0.06 0.20 
Trp 10µg/ml 10.00 70125 140 501 0.06 0.20 
Trp 20µg/ml 20.00 125696 140 898 0.07 0.22 

Average (n=5) 0.06 0.20 

Standard Deviation (n=5) 0.004 0.012 
 

Table 5 – The Recovery and Precision of the Tryptophan Analysis Method 

Sample 
Theo Trp 
(µg/ml) 

Measured 
Trp 

(µg/ml) 

Recovery 
(%) 

Average 
(%) 

Std Dev 
(%) 

%RSD 

Hydrolyzed Trp P1 9.1 8.5 93.1 

94.8 1.9 2.0 Hydrolyzed Trp P2 8.6 8.1 94.5 

Hydrolyzed Trp P3 9.6 9.3 96.7 
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CHAPTER III: RESULTS & DISCUSSION 

Lysozyme Chemical Stability 

Lysozyme is susceptible to oxidation with high concentrations of hydrogen peroxide, which 

typically oxidize the accessible methionine and tryptophan residues on the protein (11).  This 

result was derived from a lysozyme stress study with hydrogen peroxide.  The reaction 

conditions of the study comprised of 1mg/ml lysozyme, three concentrations of hydrogen 

peroxide (1%, 2%, and 3% w/w), and a duration of 60 minutes.  The study was carried out at 

room temperature.  As shown in the normalized chromatogram in Figure 15, all major 

degradation peaks increase in concentration as the concentration of hydrogen peroxide increases.  

The dose-response effect of hydrogen peroxide is shown in Figure 16.  The results demonstrated 

that lysozyme is sensitive to oxidation and that the oxidation products can be detected using the 

RP-UPLC method.  Due to the chemical instability of the protein to relatively simple oxidation, 

lysozyme is a good model protein to study protein oxidation.   
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Figure 15 – Normalized, overlaid chromatogram of 1mg/ml lysozyme stressed with hydrogen 

peroxide at 0% (Black), 1% (Blue), 2% (Green), and 3% (Red).  There was a steadily 
increase in the lysozyme degradation peaks as the concentration of hydrogen peroxide 
increases.   

 

 

 
Figure 16 – The effect of hydrogen peroxide on the area percent of the major peaks of interest of 

lysozyme.  Error bars based on the standard deviations are present (n=3).  Standard 
deviation ranges from 0.1 – 0.3%.   
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The degradation of lysozyme in an acidic environment was not observed, indicating that 

lysozyme is stable at low pH.  Lysozyme at 1mg/ml concentration was stressed in an increasing 

concentration of trifluoroacetic acid (TFA) at 0.1%, 0.5%, and 1.0% for 60 minutes at room 

temperature.  The pH value was less than 2 for all samples.  The normalized, overlaid 

chromatogram in Figure 17 shows that there was no significant change in the degradation peaks 

and the main peak.   

 

 

 

 
Figure 17 – Normalized, overlaid chromatogram of 1mg/ml lysozyme stressed with trifluoroacetic acid at 

0% (Black), 0.1% (Blue), 0.5% (Green), and 1.0% (Red).  There was no increase in the 
degradation peaks observed, and the main peak was unchanged. 
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Lysozyme Physical Stability 

The primary sequence of lysozyme contains 8 cysteines that form 4 intramolecular disulfide 

bonds.  It has been reported in the literature that intramolecular disulfide exchange does occur 

among these 4 disulfide bonds, forming different conformational isoforms (27,28).  Consistent 

with the findings in the literature, the shifting of conformational isoforms was observed in the 

current study.   

 

To investigate and show the cause of the conformation shifting, a kinetic study was performed at 

different solution pH’s using the RP-UPLC method for the analysis of lysozyme described in 

Chapter II.  There are 4 noticeable peaks detected using the RP-UPLC method, and these 4 peaks 

were presumed to be 4 different conformational isoforms of lysozyme.  Figure 18 displays the 

chromatogram of lysozyme using the RP-UPLC method showing the 4 peaks and the relative 

retention time (RRT) with respects to the main peak.  The shifting of the conformational isomers 

was observed between the main peak and the RRT0.97 peak.  Over a period of about 24 hours, 

the main peak was decreasing (Figure 19) as the RRT0.97 peak was increasing (Figure 20) at the 

same rate.  The rate of conversion is higher at higher pH.  The rate constant (kobs) was quantified 

based on the zero-order reaction, and a pH rate profile was constructed in Figure 21.  The 

conversion between the main peak and the RRT0.97 peak is a reversible process that reaches an 

equilibrium after 3 hours at pH 8.  The conversion rate is very slow at the lower pH’s (pH 2.3 

and pH 4.5). 
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Figure 18 – Representative RP chromatogram of a 1mg/ml lysozyme in 10mM phosphate pH7.4 

 

 

 
Figure 19 – The kinetics of the decline of the main peak over a period of 24 hours 
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Figure 20 – The kinetics of the increase of peak RRT0.97, which directly mirror the kinetics of the 

decline of the main peak, indicating that the main peak is converting into peak RRT0.97. 
 

 

 
Figure 21 – The pH rate profile of the conversion of the main peak into peak RRT0.97. 
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The shuffling of the disulfide bonds of lysozyme is a known event, and in Chang and Li 2002, 

the authors identified the disulfide structures of the native lysozyme and its major scrambled 

isomers, which are depicted in Figure 22 (29).  These species of lysozyme were separated on a 

RP column with a hydrophobicity ranking in the order of b > N > a > h, which is inversely 

correlated with the order of elution shown Figure 23.  Based on the order of 

elution/hydrophobicity, it can be reasonably inferred that peak RRT0.97 has the disulfide 

structure of isomer a, since peak RRT0.97 eluted right before the main/native peak in Figure 18.  

This order of elution follows the order elution of isomer a and the native in Figure 23.  To 

decisively confirm the identity and disulfide structure of peak RRT0.97, it is necessary to 

perform mass analysis and Edman sequencing on the isolated species represented as peak 

RRT0.97 using the methods described in Chang and Li 2002.  However, the scope of the current 

study is to stabilize lysozyme so that the its instability would not interfere with the oxidation 

stress methods.  The pH rate profile in Figure 21 shows that this objective can be achieved if the 

solution pH is lowered to 3. 
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Figure 22 – The disulfide structures of the native lysozyme (N) and three isomers of scrambled 

lysozyme (a, b and h), reproduced from Chang and Li 2002 with permission. 
 

 

 
Figure 23 – The separation of the native lysozyme (N) and three isomers of scrambled 

lysozyme (a, b and h) on a RP column Zorbax 300SB-C18, reproduced from 
Chang and Li 2002 with permission. 
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The Degradation of Lysozyme by AAPH 

The degradation rate of lysozyme by AAPH is dependent on the concentration of AAPH.  Figure 

24 shows the steadily decline in the concentration of lysozyme at different concentrations of 

AAPH.  Faster degradation rate of lysozyme was observed in the higher concentration of AAPH.  

The reaction was allowed to proceed for about 5 - 17 hours at RT in an acidic medium, 

containing 0.1N HCl with a pH of 3.  The analysis was done using the RP-UPLC method 

described in Chapter II. 

 

 
Figure 24 – The declining of lysozyme main peak concentration in the presence of AAPH 
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The degradation rate seems to follow the first-order kinetics with the correlation coefficient R2 

greater than 0.999 as shown in Figure 25.  The first-order rate constants, summarized in Table 6, 

for the lysozyme degradation rate were determined from the linear plot of ln[concentration] vs 

time in seconds.  Figure 26 shows that there is a linear correlation between the first-order rate 

constants and the concentration of the AAPH.  The direct proportion of the degradation rate (Rd) 

of lysozyme to the concentration of AAPH leads to Equation 1, where the concentration of 

AAPH is given in mmol/L (mM) and the first-order rate constant is given in 1/s. 

Equation 1:  Lysozyme degradation rate (Rd) = 1.31 x 10-6 [AAPH] mM * s-1 
 

The degradation rate of lysozyme by AAPH in this study is about half of the decomposition rate 

of AAPH determined by Wahl et al. 1998 to be 2.41 x 10-6 [AAPH] mM * s-1 (30).  While some 

of the decomposed carbon radicals of AAPH do not escape the solvent cage, the majority of the 

carbon radicals do diffuse apart and react rapidly with oxygen to form peroxyl radicals (9,30).  

Therefore, the lower reaction rate of the peroxyl radicals with lysozyme could not be attributed 

to the trapped carbon radicals.   

 

In addition to the homolytic process of decomposition, AAPH reacts with water to form amide 

products that do not decompose (30).  The authors in Wahl et al. 1998 showed that the first-order 

rate constant for the formation of the hydrolysis products of AAPH is 2.30 x 10-6 [AAPH] mM * 

s-1, which is almost equivalent to the decomposition rate of AAPH at 2.41 x 10-6 [AAPH] mM * 

s-1.  This may explain why the reaction rate of the peroxyl radicals with lysozyme is about half of 

the decomposition rate of AAPH.  
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Figure 25 – First-order kinetics of lysozyme degradation by AAPH 

 

 

Table 6 – First-order rate constants of lysozyme degradation by AAPH  

Sample AAPH Conc (mM) Rate Constant (1/s) 

1mg/ml Lyz in 10mM AAPH, pH3 10 1.34E-05 

1mg/ml Lyz in 12mM AAPH, pH3 12 1.59E-05 

1mg/ml Lyz in 14mM AAPH, pH3 14 1.84E-05 

1mg/ml Lyz in 16mM AAPH, pH3 16 2.04E-05 

1mg/ml Lyz in 20mM AAPH, pH3 20 2.64E-05 
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Figure 26 – The degradation rate of lysozyme is linearly correlated to the concentration of AAPH 

 

 

The main degradation products of lysozyme using AAPH as the oxidant generator are shown in 

the chromatogram displayed in Figure 27.  The formation rates shown in Figure 28 reveal that 

RRT0.99 is the main degradation product with the fastest zero-order rate of 5.05 x 10-6 mg/ml s-1 

followed by RRT0.96 at 2.95 x 10-6 mg/ml s-1 and RRT0.97 at 4.64 x 10-7 mg/ml s-1.  The 

formation rates of the degradation products of lysozyme using AAPH seem to fit best to zero-

order rate kinetics.  Fitting the formation rates to the first-order and second-order kinetics 

showed worse fitting than the zero-order rate kinetics as shown in Figure 29 and Figure 30, 

respectively. 
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Figure 27 – Formation of lysozyme degradation products after incubation with 16mM AAPH for 480 

minutes at room temperature.  Black curve represents lysozyme at time = 0.  Blue curve 
represents lysozyme at time = 480 minutes.  Main degradation product is peak RRT0.99. 

 

 
Figure 28 – The formation rates of lysozyme degradation products after incubation with 16mM AAPH 

for about 17 hours at room temperature seem to follow zero-order kinetics. 
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Figure 29 – The kinetics of the degradation products of lysozyme by 16mM AAPH do not seem to fit 

first-order reaction. 
 

 
Figure 30 – The kinetics of the degradation products of lysozyme by 16mM AAPH do not seem to fit 

second-order reaction. 
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The Degradation of Lysozyme Using the Fenton Reaction 

The Fenton reaction is composed of hydrogen peroxide and ferrous ion as a catalyst for the 

generation of hydroxyl radicals, which are used to induce the oxidation of lysozyme in the 

current study.  The reaction is fast with the rate constant in the range of 40 M-1 s-1 to 80 M-1 s-1 

depending on the reaction conditions, such as pH, buffer, temperature, etc. (31–33).  To perform 

the kinetics studies for the degradation of lysozyme, a quenching mechanism is required. 

 

Phosphate has been shown to react with the ferrous ion to form ferrous phosphate, an insoluble 

precipitate (34), and therefore, it has the potential to permanently remove the ferrous ion from 

the reaction solution, effectively quenching the reaction.  The second reagent of the Fenton 

reaction is hydrogen peroxide, which can oxidize the protein by itself as shown in the Lysozyme 

Chemical Stability Section.  To prevent this potential reaction from occurring, sodium pyruvate 

was used to react with hydrogen peroxide in a reaction that produces acetic acid and carbon 

dioxide (35). 

 

To quench the reaction in the current study, 16.4mM of sodium phosphate and 3.3mM sodium 

pyruvate were added to the Fenton reaction composed of 0.100mM of iron(II) sulfate and 

0.544mM of hydrogen peroxide for the oxidation of about 0.07mM of lysozyme.  For the Fenton 

reaction that is composed of lower concentrations of iron(II) sulfate and hydrogen peroxide at 

0.040mM and 0.272mM, respectively, about 11.0mM of sodium phosphate and 2.2mM of 

sodium pyruvate were added to quench the reaction.  Figure 31 and Figure 32 show that the 

concentrations of the quenching reagents chosen for their respective Fenton reactions were 

effective in quenching the reactions.  In both graphs, the degradation of lysozyme proceeded 

without quenching and but was inhibited after the addition of the quenching reagents. 
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Figure 31 – The Fenton reaction was quenched with the addition of 16.4mM of sodium phosphate 

and 3.3mM of sodium pyruvate to 0.100mM of iron(II) sulfate and 0.544mM of 
hydrogen peroxide.  The degradation of lysozyme proceeded without quenching as 
shown in the declining of the lysozyme concentration over a period of 120 minutes.  
However, there is no significant decline in the lysozyme concentration 420 minutes 
after the addition of sodium phosphate and sodium pyruvate. 

 

 
Figure 32 – The Fenton reaction was quenched with the addition of 11.0mM of sodium phosphate 

and 2.2mM of sodium pyruvate to 0.040mM of iron(II) sulfate and 0.272mM of 
hydrogen peroxide.  The degradation of lysozyme proceeded without quenching as 
shown in the declining of the lysozyme concentration over a period of 307 minutes.  
However, there is no significant decline in the lysozyme concentration 840 minutes 
after the addition of sodium phosphate and sodium pyruvate. 

 
 

0.30

0.40

0.50

0.60

0.70

0.0 2.0 4.0 8.0 10.0 30.0 60.0 120.0 190.0

Co
nc

 (m
g/
m
l)

Reaction Time Before Quenching (min)

T= 0

T= 420 minutes after quenching

0.30

0.40

0.50

0.60

0.70

0.80

0.0 2.0 4.0 8.0 10.0 30.0 60.0 120.0 190.0 307.0

Co
nc

 (m
g/
m
l)

Reaction Time Before Quenching (min)

T= 0

T= 840 minutes after quenching



38 
 

The degradation of lysozyme was observed using the RP-UPLC analysis.  The declining of 

lysozyme main peak in the presence of the Fenton reagents is shown in Figure 33.  Consistent 

with the findings in Rachmilovich-Calis et al. 2009, the observed degradation kinetics do not 

seem to fit a single exponential rate law when excess hydrogen peroxide was used (32).  The data 

were then fitted to a double exponential function based on first-order kinetics for the fast reaction 

(Figure 34) and the slow reaction (Figure 35).  The first-order rate constants for the fast reaction 

and slow reaction are summarized in Table 7.   

 

Although fitted to a double exponential function, the correlation does not seem to fit well for the 

fast reaction in Figure 34.  The cause for this non-linear correlation could be attributed to the fact 

that the addition rate of the quenching reagents and the subsequent quenching reaction rate could 

be much slower than the degradation rate of lysozyme by the Fenton reaction.  

 

 
Figure 33 – The declining of lysozyme main peak concentration in the presence of iron(II) sulfate and 

hydrogen peroxide at different concentrations. 
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Figure 34 – First-order kinetics of the degradation of lysozyme by the Fenton reaction (Fast). 

 

 
Figure 35 – First-order kinetics of the degradation of lysozyme by the Fenton reaction (Slow). 
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Table 7 – First-order rate constants of lysozyme degradation by the Fenton reaction  

Sample 
FeSO4 
(mM) 

H2O2 
(mM) 

Fast Rate 
Constant (1/s) 

Slow Rate 
Constant (1/s) 

0.07mM Lyz in 0.040mM FeSO4 
+ 0.272mM H2O2 

0.040 0.272 1.60 x 10-4 2.09 x 10-5 

0.07mM Lyz in 0.100mM FeSO4 
+ 0.544mM H2O2 

0.100 0.544 3.50 x 10-4 1.12 x 10-4 

 

 

The main degradation products of lysozyme using the Fenton reaction are shown in the 

chromatogram displayed in Figure 36.  There was an increase in all the related species of 

lysozyme as the main peak decreases.  The kinetics curves of formation rate of the degradation 

products are displayed in Figure 37.  The kinetics do not seem to fit any rate law, but the 

formation rate of peak RRT0.94 seems to be the fastest. 

 

 
Figure 36 – Overlaid chromatogram of lysozyme degradation products after incubation with the Fenton 

reaction reagents (0.100mM FeSO4 + 0.544mM H2O2), 30 minutes at room temperature.  
Black curve represents lysozyme at time = 0.  Blue curve represents lysozyme at time = 30 
minutes.   
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Figure 37 – Kinetics of lysozyme degradation products by the Fenton reaction.  The rate of formation 

seems to be fastest for peak RRT0.94. 
 

 

Lysozyme Degradation by Ionizing Radiation, AAPH, and the Fenton reaction 
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irradiated samples were then dissolved in 0.1N HCl and analyzed by the RP-UPLC method, the 

SEC method, and the tryptophan analysis method described in Chapter II.  The pH of the sample 

was around 3, the ideal pH for lysozyme’s physical stability.  For control, non-irradiated 

lysozyme samples were dissolved in the same diluent and analyzed concurrently with the 

irradiated samples.  All samples were prepared in triplicates. 

 

The results from the RP-UPLC analysis indicate that the irradiation process affects about 7% of 
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process.  The peak area percent of RRT1.04 from the gamma-irradiated lysozyme is 6.5% 

0.0E+00

2.0E‐06

4.0E‐06

6.0E‐06

8.0E‐06

1.0E‐05

1.2E‐05

0.0 5000.0 10000.0 15000.0 20000.0

C
o
n
c 
(M

)

Time (s)

RRT0.97 RRT0.95 RRT0.94



42 
 

compared to a 0.5% peak area percent from the control.  Other peaks with noticeable peak area 

percent increase are peak RRT0.94 and peak RRT0.95.  The results of the RP-UPLC analysis of 

the gamma-irradiated lysozyme are outlined in Table 8.  The labeling of the peaks is displayed in 

the overlaid chromatogram in Figure 38.  Since peak RRT1.04 elutes later than the main peak, it 

is presumed that this group of species is more hydrophobic than the native species of lysozyme.   

 

Table 8 – The results of the RP-UPLC analysis of the gamma-irradiated lysozyme  

Sample 

RP-UPLC Peak Area (%),  
(average ± deviation, n=3) 

Main Peak RRT0.94 RRT0.96 RRT0.97 RRT1.04 

Control,  
Native Lysozyme 

94.2 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 4.8 ± 0.0 0.5 ± 0.1 

Gamma-Irradiated 
Lysozyme 

86.4 ± 0.4 0.6 ± 0.0 0.4 ± 0.1 6.1 ± 0.1 6.5 ± 0.3 

 

 
Figure 38 – Overlaid RP-UPLC chromatogram of gamma-irradiated lysozyme (blue curve) with the 

non-irradiated lysozyme (black curve).  Peak RRT1.04 is the most prominent degradation 
product resulted from the irradiation process.  
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The results from the SEC analysis show that the aggregation of lysozyme increases after the 

irradiation process.  The intended objective of the SEC method is to assess the effect of protein 

aggregation.  Aggregated proteins, referred to as HMW species, have larger hydrodynamic size 

than the monomeric form and therefore, elute earlier.  Peak RRT0.93, eluting earlier than the 

main peak and thereby, representing the HMW species of lysozyme, is about 6.5% higher in the 

gamma-irradiated lysozyme than in the non-irradiated lysozyme.  The results of the SEC analysis 

of the gamma-irradiated lysozyme are outlined in Table 9.  The labeling of the peaks is displayed 

in the overlaid SEC chromatogram in Figure 39.   

 

Table 9 – The results of the SEC analysis of the gamma-irradiated lysozyme  

Sample 
SEC Peak Area (%), 

Average, n=3 
Monomer Std. Dev. RRT0.93 Std. Dev. 

Control, Native Lysozyme 99.2 0.0 0.8 0.0 

Gamma-irradiated Lysozyme 92.7 0.2 7.3 0.2 

 

 
Figure 39 – Overlaid SEC chromatogram of gamma-irradiated lysozyme (blue curve) with the non-

irradiated lysozyme (black curve).  Peak RRT0.93 is the most prominent degradation 
product resulted from the irradiation process.  
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The SEC results align with the results from the RP-UPLC analysis.  The RP-UPLC analysis 

shows that the irradiation process generated about 6.0% of the degradants that are more 

hydrophobic than the native species.  In the SEC analysis, about 6.5% of the native species 

aggregated into HMW species because of the irradiation process.  In general principles, the 

aggregated form of the protein is more hydrophobic than the monomeric form when the analysis 

is done using reversed phase liquid chromatography since the aggregated form has more carbon 

bonds than the monomeric form.   

 

To assess the effect of ionizing radiation on the tryptophan residue on the protein, gamma-

irradiated and non-irradiated lysozyme samples were hydrolyzed using the tryptophan analysis 

method in Chapter II.  The hydrolyzed samples were then analyzed by the RP-UPLC method 

listed in Table 3.  The data in Table 10 show that although there was about 7% of the tryptophan 

residues affected by the irradiation process, the difference between the irradiation group and the 

control group was not statistically significant with a p-value of 0.119.  The p-value was derived 

using the Student’s paired T-test with 2 tails distribution.  Figure 40 displays the tryptophan 

recoveries of the 2 groups in a high-low graph. 
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Table 10 – The results of the Tryptophan Analysis of the gamma-irradiated lysozyme  

Sample Prep 
Trp Recovery 

(%) 
Average 

(%) 
Std Dev 

(%) 
%Damage P-Value 

Control, Native 
Lysozyme 

1 93.1 

94.8 1.9 n/a n/a 2 94.5 

3 96.7 

Gamma-irradiated 
Lysozyme 

1 89.0 

88.3 2.6 6.8 0.119 2 90.5 

3 85.4 

 

 

 
Figure 40 – The percent recovery of tryptophan from the control group (non-irradiated) and  

the gamma-irradiated group.  The difference was not statistically significant at 
p = 0.119 
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To aptly compare the forced oxidation methods, such as the Fenton reaction and the azo initiator 

AAPH, to the effect of ionizing radiation on the model protein lysozyme, it is of significance to 

deliberately degrade the protein to the equivalent degree across all processes.   

 

The degradation rates of lysozyme were determined for both the azo initiator AAPH and Fenton 

reaction, and the degree to which the ionizing radiation effect lysozyme is about 7% according to 

the RP-UPLC analysis.  To degrade about 7% of lysozyme using 20mM AAPH and the Fenton 

reaction comprising of 0.040mM of iron(II) sulfate and 0.272mM of hydrogen peroxide, the 

durations required for the stress degradation period at room temperature are 46 minutes for 

20mM AAPH and about 50 minutes for the Fenton reaction after taking into account of both the 

fast reaction and the slow reaction.  The calculations of the derived forced degradation periods 

are shown in Table 11. 

 

Table 11 – The calculation of the required duration for the forced degradation methods.  

Oxidative Agent 
Initial 
Conc 
[A]0 

Target 
Conc 

[A] 

Rate Constant 
(k) 

Reaction 
Order 

Integrated 
Rate Law 

Time (t), 
min 

20mM AAPH 100 93 2.64E-05 s-1 First [A] = [A]0e-kt 46 

Fenton Reaction, 
Fast 

100 93 1.60E-04 s-1 First [A] = [A]0e-kt 8 

Fenton Reaction, 
Slow 

100 93 2.09E-05 s-1 First [A] = [A]0e-kt 58 

 

Forced degradation by 20mM AAPH was performed in triplicates at a protein concentration of 

1mg/ml in 0.1N HCl.  The samples were incubated at room temperature with mixing for a total 

of 46 minutes.  Concurrently, 3 vials of 1mg/ml of lysozyme in 0.1N HCl were incubated in 

0.040mM of iron(II) sulfate and 0.272mM of hydrogen peroxide to perform the forced 
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degradation by the Fenton reaction. These Fenton-stressed samples were incubated at room 

temperature with mixing for a total of 47 minutes. 

 

The data in Table 12 show that per RP-UPLC analysis, the main peak of lysozyme was degraded 

similarly across all three oxidation methods at about 84.8% to 87.6%.  However, the degradation 

products were different for all three methods.  The main degradation product resulting from the 

gamma irradiation process is RRT1.04.  Both 20mM AAPH and the Fenton reaction methods did 

not affect the peak area percent of peak RRT1.04 significantly or to the degree that was observed 

in the gamma irradiation process.  The main degradation product for the 20mM AAPH is 

RRT0.99, which was not detected in the gamma-irradiated sample, the Fenton-stressed sample, 

and the control.  RRT0.97 is the predominant degradation product resulted from the Fenton 

reaction.  Figure 41 displays the RP-UPLC overlaid chromatograms showing various degradation 

products.  The results from the RP-UPLC method indicate that all three oxidation methods seem 

to degrade lysozyme differently. 

 

Table 12 – The comparison of the RP-UPLC results across different oxidation methods 

Sample 
RP-UPLC Peak Area (%), n=3 

Recovery 
(%) 

Main Peak RRT0.94 RRT0.96 RRT0.97 RRT0.99 RRT1.04 

Control,  
Native 
Lysozyme 

94.2 0.2 0.2 4.8 n/a 0.5 91.5 

Gamma-
Irradiated 
Lysozyme 

86.4 0.6 0.4 6.1 n/a 6.5 90.5 

20mM-AAPH-
stressed 
Lysozyme 

84.8 0.7 1.0 6.4 6.6 0.6 93.3 

Fenton-
stressed 
Lysozyme 

87.6 1.8 1.0 8.8 n/a 0.8 91.6 
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Figure 41 – Overlaid chromatogram of the RP-UPLC analysis of the control (Black), gamma-irradiated 

(Blue), 20mM AAPH stressed (Green), and the Fenton reaction stressed sample (Pink). 
  

 

The data in Table 13 show that per SEC analysis, the 20mM-AAPH-stressed lysozyme and the 

Fenton-stressed lysozyme do not have as high number of aggregated species as the gamma 

irradiation process.  The aggregated species of lysozyme, represented by peak RRT0.93, 

increased from 0.8% in the control to 1.6% in the 20mM-AAPH-stressed lysozyme and to 3.6% 

in the Fenton-stressed lysozyme, whereas the gamma irradiation process generated as much as 

7.3% of the aggregated species.  The results from the SEC analysis are consistent with the results 

from the RP-UPLC in showing that the simulated degradation methods did not generate the same 

amount of degradants as the actual irradiation process. 
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Table 13 – The comparison of the SEC results across different oxidation methods 

Sample 

SEC Peak Area (%), 
Average, n=3 Recovery 

(%) 
Std. 
Dev. 

Monomer Std. Dev. RRT0.93 Std. Dev. 

Control, Native 
Lysozyme 

99.2 0.0 0.8 0.0 91.9 1.6 

Gamma-irradiated 
Lysozyme 

92.7 0.2 7.3 0.2 86.2 1.2 

20mM-AAPH-
stressed Lysozyme 

98.4 0.1 1.6 0.1 93.1 1.4 

Fenton-stressed 
Lysozyme 

96.4 0.7 3.6 0.7 92.8 0.8 

 

The data in Table 14 show that the amino acid residue tryptophan was affected significantly by 

the 20mM AAPH method and the Fenton reaction method.  About 25.0% of the tryptophan was 

damaged by the 20mM AAPH method, and 18.3% of the tryptophan was damaged by the Fenton 

reaction with respect to the control.  The differences were statistically significant with the p-

value at 0.036 for the 20mM AAPH and 0.012 for the Fenton reaction.  The p-values were 

derived using the Student’s paired T-test with 2 tails distribution.  In contrast with the forced 

degradation methods, the gamma irradiation process affected only about 6.8% of the tryptophan 

residue with respect to the control, and the difference was not statistically significant with the p-

value at 0.119.  For statistically significant differences, the p-value should be at or below 0.05.  

Figure 42 displays the data in Table 14 in a high-low graph. 
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Table 14 – The comparison of the tryptophan recoveries across different oxidation methods 

Sample Prep 
Trp 

Recovery 
(%) 

Average 
(%) 

Std Dev 
(%) 

%Damage P Value 

Control, Native 
Lysozyme 

1 93.1 
94.8 1.9 n/a n/a 2 94.5 

3 96.7 

Gamma-
irradiated 
Lysozyme 

1 89.0 
88.3 2.6 6.8 0.119 2 90.5 

3 85.4 

20mM-AAPH-
stressed 
Lysozyme 

1 70.9 
71.0 6.7 25.0 0.036 2 77.8 

3 64.4 

Fenton-stressed 
Lysozyme 

1 72.5 
77.4 5.2 18.3 0.012 2 76.8 

3 82.8 

 

 

 
Figure 42 – High-low graph of the recovery of tryptophan from degraded lysozyme using gamma 

irradiation, 20mM AAPH, and the Fenton reaction. 
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CHAPTER IV: CONCLUSION 

The current study was designed to address the validity of the use of oxidants generators, such as 

AAPH and the Fenton reaction, as a screening tool to identify stabilizing agents against ionizing 

radiation for biopharmaceutical products.  Lysozyme was chosen as the model protein, and the 

degradation kinetics was evaluated using AAPH and the Fenton reaction.  The results show that 

both oxidation stress methods are effective in degrading lysozyme.  However, the mechanism is 

seemingly different between the two methods due to the observation of different degradation 

products and reaction rates.  This is expected since the oxidants derived from these oxidation 

methods are different.   While AAPH generates peroxyl radicals, the Fenton reaction produces 

hydroxyl radicals. 

 

Comparably, the gamma irradiation process also generates radicals that can potentially oxidize 

proteins in the same way as the radicals derived from the azo compound AAPH and the Fenton 

reaction do.  However, in addition to oxidation, gamma irradiation also has other damaging 

effects on the proteins that the oxidation methods may not be able to replicate individually.  The 

current research shows that in addition to oxidation, lysozyme is also prone to aggregation when 

exposed to gamma rays in solid state and that the aggregation effect is more prominent than the 

oxidation effect.  While both AAPH and the Fenton reaction can oxidize lysozyme effectively, 

the methods were not able to reproduce the aggregation effect for lysozyme at the same level as 

the irradiation process.  Therefore, the use of these methods as a screening tool for stabilizing 

agents may not be effective. 
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Limitations 

The scope of this study was to compare the degradation pattern of lysozyme subjected to gamma 

irradiation, AAPH, and the Fenton reaction, and therefore, the identification of the unknown 

degradants was not done in a comprehensive way.  Further research may be warranted to prove 

the true identity of the unknown degradants in this study, such as the peaks observed in the RP-

UPLC method, especially peak RRT0.97. 
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APPENDICES 

Appendix A: Definition & Abbreviation 

Hydroxyl radical: HO• 

Peroxyl radical: ROO• 

Hydroperoxyl radical: HOO• 

Superoxide radical:  •O2
− 

Hydroxyl anion: HO− 

G-Value: The number of species formed or destroyed per 100eV of energy absorbed   

Gamma Irradiation:  The process of exposing the product to gamma rays, the source of ionizing 

radiation. 

Ionizing radiation:  The type of radiation that has enough energy to remove electrons from the 

atom. 

eV:  electronvolt = 1.6022×10-19 joules 

MeV: megaelectronvolt = 1.6022 x 10-13 joules 

mCi: millicurie = 3.7×107 decays per second or becquerels 

Ci: curie = 3.7×1010 decays per second or becquerels 

MCi: megacurie = 3.7×1016 decays per second or becquerels 

SAL: Sterility Assurance Level 

RP: Reversed phase 

HPLC: High Performance Liquid Chromatography 

UPLC: Ultra Performance Liquid Chromatography 

SEC: Size Exclusion Chromatography 

ROS: Reactive Oxygen Species 


