
 

 ii

Abstract 

 

Qiao, Yanrui. Routine techniques for monitoring the nutritional value of animal 

meals. (Under the direction of Theo van Kempen and Jack Odle). 

 

    Feed mills demand routine techniques to analyze digestible amino acids in highly 

variable animal meals. As routine tools, infrared spectroscopic predictions of 

digestible amino acids require reference samples assayed in vivo. Lack of reference 

samples resulting from costly and time-consuming in vivo assays has limited infrared 

spectroscopic applications. To remove this limitation, an in vitro assay mimicking in 

vivo digestion in swine was sought as a replacement to build the reference database. 

    Pepsin and pancreatic proteases used in the in vitro assays produce autolysates that 

are assayed as digestible amino acids. To correct this contamination and define 

incubation time for efficient use of the proteases, the autolysis of these proteases was 

studied. Correction of enzyme contamination with enzyme blank incubations and 

incubation time of 24 hours for pepsin and 96 hours for pancreatic proteases were 

proposed (Chapter III and IV). 

    In vitro digestion focused on maximal hydrolysis of peptide bonds with minimal 

enzyme usages for restriction of enzyme contamination. The minimal enzyme usage 

was determined to be 6.5% (enzyme to substrate ratio) (Chapter V). 

    Study on absorption of peptides in swine revealed that all soluble in vitro peptides 

could be estimated as digestible in vivo. Average in vitro digestibility coefficients 

were comparable to in vivo for a number of amino acids but mismatch occurred for 

individual samples. In vivo digestible amino acids, though, could be predicted with in 
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vitro digestible amino acids. For example, lysine was predicted with an error of 0.27% 

(Chapter VI). 

    Total and digestible amino acids were predicted with near infrared reflectance 

spectroscopy (NIRS) and mid infrared Fourier transform infrared spectroscopy 

(FTIR) but not with Raman spectroscopy. Infrared spectroscopic prediction errors for 

digestible lysine were 0.27% for near infrared spectroscopy and 0.26% for mid 

infrared spectroscopy. Total amino acids seemed better predicted than digestible 

amino acids by infrared spectroscopy (Chapter VII).  

    The study showed that as routine techniques, infrared spectroscopy could 

potentially replace both in vivo and wet chemical analyses of amino acids. 
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Chapter I. 

Preface 

 

    The ultimate objective of this dissertational research is to provide the feed-related 

industries with rapid and cost-effective infrared spectroscopic techniques to evaluate 

the digestible amino acids of feed proteins, in particular, the highly variable animal 

meals, for monogastric animals.  

    Infrared spectroscopic techniques are indirect methods that rely on correlation 

between in vivo properties and spectra of the feedstuffs. It is above all very fast and 

can be reasonably accurate. To develop such techniques, a large number of reference 

samples, i.e., representative samples with known digestible amino acid contents, the 

in vivo properties, must be available.  

    The need to describe the nutritional values of feed proteins by digestible amino 

acids arises from the knowledge that not all amino acids in the proteins are absorbed. 

Digestible amino acid contents can be expressed by the digestibility coefficient of the 

amino acid multiplied by the amino acid composition of the proteins. The amino acid 

digestibility is typically assayed with animal experiments. Animal experiments are 

lengthy, costly, and may involve surgery of the animals. Thus, reference samples are 

inconvenient and expensive to obtain. Without reference samples, infrared 

spectroscopy cannot be used to predict digestible amino acids. 

    The issue of reference samples as a bottleneck needs to be solved for application of 

infrared spectroscopy in the feed industry. To develop a reference sample database, 

other alternatives than animal experiments should be explored.  

    The possibility of an in vitro assay as a replacement for the in vivo assay of 

digestible amino acids thus became a justified research focus. Compared to in vivo 
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assays, in vitro assays are free of use of animals, less tedious, easier to conduct, and 

much less labor-intensive. If such an in vitro assay is developed, any laboratory could 

easily build a reference database, and the bottleneck for infrared spectroscopic 

prediction of digestible amino acids can be removed. 

    With this thinking, development of an in vitro amino acid digestibility assay to 

replace the in vivo assay becomes the first objective of this research. With this in vitro 

amino acid assay, it is hoped that the in vivo amino acid digestibility of animal meals 

can be analyzed. 

    A new in vitro system was thus developed based on studies on autolysis of 

proteases, modeling of the in vitro digestive processes of proteins, and simulation of 

absorption of peptides by the intestinal tract. The resultant in vitro amino acid 

digestibility of 25 reference samples was equal to in vivo estimates for lysine, 

methionine, threonine, and valine but not equal for histidine, isoleucine, leucine, and 

phenylalanine. Individually, the in vitro digestibility did not match precisely to in vivo 

digestibility for all these amino acids and no correlation between in vitro and in vivo 

amino acid digestibility coefficients was found for any amino acid examined. The 

objective was more formidable than it appeared as mismatch might arise from 

inaccuracy in both in vitro and in vivo digestibility coefficients. 

    Analysis of existing reference samples, though, led to the conclusion that variations 

in amino acid digestibility were smaller than total amino acid contents and played 

insignificant roles in determining digestible amino acid contents. Thus, digestible 

amino acids could be predicted from total amino acids by regression equations, and 

prediction of digestible amino acids became a method of predicting total amino acids, 

for which the reference database is much easier to build. 

    To develop rapid methods for feed mills, three infrared spectroscopic techniques, 
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namely, near infrared reflectance spectroscopy (NIRS), Fourier transform infrared 

spectroscopy (FTIR), and Raman scattering spectroscopy were used to calibrate and 

cross-validate the reference database for both total and digestible amino acids. 

Predictions for total amino acids and digestible amino acids were successful with 

NIRS and FTIR, but not successful with Raman spectroscopy. Total amino acid 

contents predicted by NIRS and FTIR could be used to predict digestible amino acids 

by simple linear regressions with accuracy comparable to direct NIRS and FTIR 

calibration of digestible amino acids with reference database.  

    In conclusion, current in vitro assays were unable to replace in vivo assays for 

amino acid digestibility analysis. NIRS and FTIR can be used as rapid tools by feed 

mills to determine total and digestible amino acid contents of animal meals. The 

infrared spectroscopic prediction of total amino acids can be used to predict digestible 

amino acids with simple regressions for samples represented by the reference 

database. 
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Chapter II. 

Critical literature review 

 

    The need for rapid techniques. Animal meals are routinely used as feed 

ingredients for monogastric farm animals. The variability in nutrient composition of 

animal meals, however, is among the highest of all feed ingredients used by feed 

mills. For example, the coefficient of variation for total lysine in meat and bone meal 

is 19.9%, and the coefficient of variation for standardized digestibility coefficient is 

5.7% (TABLE 1, AmiPig 2000). The great variation in quality arises from variations 

in raw materials and adverse manufacturing conditions (Wang and Parsons, 1998, 

Shirley and Parsons 2000, Piva et al 2001).  

    To handle these ingredients, feed mills require immediate knowledge of the 

nutritional values, especially the digestible amino acid contents of the ingredients. 

The nutritional values of feed proteins are determined by the amino acid composition 

and the digestibility of the individual amino acids, in particular the amino acids likely 

to be limiting for the animals (Sauer and de Lange 1992). The amino acid 

composition is usually determined with wet chemistry (e.g., HPLC), which consists of 

hydrolysis of the samples in three ways: alkaline hydrolysis for analysis of 

tryptophan, performic acid hydrolysis for sulfur amino acids, and hydrochloric acid 

hydrolysis for the rest of the 20 amino acids commonly found in proteins. The amino 

acid digestibility is most favorably determined in vivo with caecectomized cockerels 

or ileum-cannulated pigs (Parsons 1986, Nyachoti et al 1997). These methods, 

however, may take up to weeks and, therefore are too slow to meet the requirement of 

the feed industry. 

    In vitro assays of protein quality have been explored to quantify protein quality 
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because, compared to in vivo assays, they are relatively simple and rapid. In vitro 

assays rely on proteolytic enzymes to hydrolyze feed proteins, and the amount of 

hydrolyzed proteins is used as an index of protein quality. Examples are the widely 

used pepsin incubation method (AOAC, 1984) and pH change multi-enzyme method 

(Hsu et al 1977). However, data from in vitro assays have not been accepted for 

precision nutrition because the methods 1) examine digestible protein instead of 

digestible amino acids, 2) are successful only for specific protein ingredients, and 3) 

yield results that are not always reproducible. In terms of analytical speed, in vitro 

assays may take hours and are still below the requirement of feed industry.  

    More rapid than in vitro assays are infrared spectroscopic assays that are based on 

the principle that the vibrational chemical bonds of organic molecules interact with 

inlet infrared light such that the spectrum reflects the property of the samples. Infrared 

spectroscopy, in particular near infrared reflectance spectroscopy (NIRS), has the 

potential to be developed into reliable methods for predicting digestible amino acids 

of feed proteins (van Kempen and Jackson 1996). The speed of this technique is in 

minutes and it clearly is the most rapid technique available. As a rapid tool, nothing 

attracts feed mills more than this technique. However, prediction of digestible amino 

acids by infrared spectroscopy is dependent on a large number of samples with known 

in vivo properties. The requirement for a large number of in vivo tested samples has 

constrained the application of infrared spectroscopy in feed industry because such 

database is too costly and tedious for most feed mills to develop. 

    In vitro assay as an alternative method for database development. If a cheaper 

and less tedious alternative can be established to develop the database, then the 

constraint of application of infrared spectroscopic techniques in predicting digestible 

amino acids in feedstuffs can be removed. In vitro assays, if properly developed, may 
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serve as such alternatives. 

    Traditionally, the in vitro assay has been used for evaluation of digestible protein 

rather than digestible amino acids (Akeson and Stahmann 1964). Many different in 

vitro techniques have been established and reviewed (Swaisgood and Catignani 

1991). However, since protein contents are not indicative of amino acid contents, 

measuring digestible protein cannot yield information about digestible amino acids, 

especially the limiting amino acids of the feed ingredients (van Kempen et al 1997).  

    In recent years, in vitro assays have been used to estimate amino acid digestibility 

for a number of feedstuffs in pigs (Brule and Savoie 1988, Savoie et al 1989, Valette 

et al 1993, Boisen and Fernandez 1995). Some of the in vitro amino acid digestibility 

data are summarized in TABLE 2. These kinds of assays, however, are new and 

limited to only a few laboratories. The methods typically adopt a two-stage in vitro 

incubation of the protein ingredients to simulate digestion occurring in the stomach by 

pepsin and in the intestinal lumen by pancreatic proteases. However, these in vitro 

methods were not well developed to obtain in vitro amino acid digestibility that would 

match in vivo digestibility precisely because the following fundamental issues were 

not properly dealt with. 

    First, incubation conditions such as time, substrate concentration, and enzyme to 

substrate ratio were arbitrarily chosen (TABLE 3). As a result, the amount of peptides 

and amino acids released from the proteins was variable. Although it appeared that the 

researchers intended to obtain maximal digestion, which is believed the case under 

normal physiological conditions, no proof of maximal digestion was given. Since the 

amino acid digestibility is estimated from the soluble peptides and amino acids from 

in vitro digesta, variations in extents of digestion will naturally lead to uncertain and 

incomparable results. 
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    Second, the impact of lack of various intestinal brush border peptidases was 

ignored. Lack of amino-peptidase may ultimately result in a lesser degree of 

hydrolysis of the protein compared to the in vivo system. Reasons that amino-

peptidase were not included were that 1) most of these enzymes have transmembrane 

domains and are thus difficult to obtain, and 2) these enzymes are still being identified 

(Matsumoto et al 1995). If the amino-peptidases are limiting for in vitro digestion, 

which itself needs to be answered, then the impact of these amino-peptidases on the 

measurement of in vitro amino acid digestibility needs evaluation.  

    Third, the fraction of the in vitro digesta that should be regarded as digestible was 

not well defined. Typical in vitro assays do not have transporters and thus there is no 

uptake of amino acids/peptides. To simulate the absorption in vivo, a fractionation 

method was used. The digestible amino acids were estimated based on the unproven 

assumptions that the soluble amino acids/peptides were digestible and the insoluble 

fraction was indigestible. Techniques such as dialysis and acid precipitation have been 

applied as the fractionation methods. However, in these methods, the molecular size 

beyond which the peptides were considered indigestible varied from 1 kDa to 10 kDa  

(TABLE 4). To obtain in vitro amino acid digestibility data that most closely match 

in vivo values, the fractionation method should be based on how well the proteins are 

digested. This size distribution of the peptides deserves detailed study. However, none 

has been done specifically for in vitro purpose. 

    Fourth, the contamination of enzymatic protein on the in vitro assay was not 

properly corrected. In a simplistic way, enzyme contamination can be roughly treated 

as equal to the enzyme to protein substrate ratio used in the in vitro assay. However, 

the real enzyme contamination may also depend on incubation conditions, particularly 

the incubation time, as the fragmentation of protease molecules resulting from 
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autolysis may proceed to a greater extent when incubation time is extended. Some 

assays neglected enzyme contaminations completely, which may result in 

overestimation of amino acid digestibility (Valette et 1993). Others use un-autolyzed 

enzymes to correct the enzyme contamination, which may result in underestimation 

(Boisen and Fernandez 1995). As proteases possess the feature of autolysis and the 

autolysis may be affected by incubation conditions, proper correction of enzyme 

contamination, which is the part of the protease that is autolyzed, is more complicated 

than it appears. Understanding the autolysis of the proteases may indicate how 

enzyme contamination should be corrected.  

    Tackling problems with current in vitro assays. Due to the above-mentioned 

problems, current in vitro amino acid digestibility assays are unsatisfactory. To 

perfect current in vitro assays for estimating in vivo amino acid digestibility, it is 

necessary to solve these issues. Specifically, the following areas need to be studied. 

    First, the incubation time should be determined by studying the digestive curves of 

meat and bone meals and the loss of activity of the proteases. Through this study, 

researchers can find out if the digestive curves are stopped because of lack of enzyme 

activity or because of depletion of substrate. A best incubation time will be the one 

that maximizes the efficiency of the enzymes so that maximal digestion of the 

proteins can be achieved with minimal enzyme usage. So far, no such information is 

available for animal meals.  

    The digestive curves can be established by measuring the free amino groups 

released from peptide bonds over time with the o-phthaldialdehyde method (Church et 

al 1983). The activity decay of the enzymes can be examined by measuring enzyme 

activity over time with methods for each specific protease. For example, pepsin 

activity can be measured with bovine hemoglobin (Anson 1938). For the multi-
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enzyme pancreatic protease system, tracing enzyme decay is more complicated 

because each protease will have its own unique decay path. It is difficult to know 

which protease in pancreatic proteases system will die last. However, if the pancreatic 

enzyme system is enriched with extra activity of a component enzyme, then the 

lifespan of this particular component enzyme may indicate the demise of the multi-

enzyme system. Thus extra proteases, e.g., crystalline trypsin can be added into 

pancreatic protease system, and the lifespan of trypsin can be considered as the 

lifespan of the multi-enzyme system. If trypsin is used, its activity decay can be 

measured with the N-benzoyl-L-arginine ethyl ester method (Schwert and Takenake 

1955). 

    Second, it is necessary to examine the effects of substrate concentrations on the 

digestion of the protein itself. As pointed out, in vitro digestion of the protein is to be 

maximized. As no amino acids and peptides are removed from closed in vitro systems 

during the digestion, it is reasoned that these digestion products may inhibit further 

digestion such that maximal digestion of the substrate protein may not be achieved. 

Thus, substrate concentration should be optimized to ensure that if there is a negative 

substrate concentration effect, it should be minimized. In addition, as the in vitro 

amino acid digestibility assay is based on maximal digestion, it is necessary to 

demonstrate maximal digestion is indeed achieved. Currently, no in vitro assay has 

shown the achievements of maximal digestion. Digestion of protein is not merely a 

function of enzyme usage. Incubation time, substrate concentration, ambient pH, and 

ambient temperature may all affect the digestive process. Therefore, although in some 

studies enzyme usage was more than 50% of the substrate protein (Boisen and 

Fernandez 1995), it is still arguable whether indeed maximal digestion was achieved. 

    Third, the assumption that in vitro peptides larger than a particular size are not 
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absorbed in vivo needs to be tested. This critical size of peptides beyond which 

peptides are not considered digestible is perhaps the most variable of in vitro assays. 

In protein digestibility assay, it could be as high as 12 kDa if dialysis is used (Kiers 

2000). In amino acid digestibility assay, the critical size of peptides was 1 kDa with 

dialysis (Brule and Savoie 1988, Savoie et al 1989, Valette et al 1993), but was 

around 10 kDa with acid precipitation (Boisen and Fernandez 1995).  

    To test this assumption, the size distributions of the soluble fraction of in vitro 

digesta and of the ileal digesta collected in vivo should be studied and compared. The 

difficulty involving in this study is the contamination of the endogenous nitrogen loss 

on the ileal samples. This problem, however, can be bypassed by converting the lysyl 

residual of the meat and bone meal to homoarginyl residual. The ileal peptides 

containing homoarginine can only originate from the feed protein because normally 

the gut does not secrete homoarginine (Ravindran and Bryden 1999). The results from 

this experiment will define an appropriate way to fractionate the in vitro digesta so 

that the in vitro amino acid digestibility will most closely match in vivo. 

    Fourth, as proteases can digest themselves and release enzymatic amino acids and 

peptides that contaminate the assay, it is necessary to study the autolysis (auto-

degradations) of the proteases so as to reveal how enzyme contamination should be 

corrected. As incubation conditions may vary, it is perhaps valuable to examine 

enzyme autolysis under different conditions so that extrapolation can be drawn. 

Concentration of enzymes and ambient pH are likely to be the factors that affect the 

extent of autolysis. Information regarding the auto-degradation of proteases is 

extremely rare. 

    To examine the auto-degradation of proteases, techniques mentioned for study of 

digestive curves can be applied. As enzyme autolysis releases free amino groups, it 
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can be studied with the o-phthaldialdehyde method, which measures free amino 

groups released from enzymatic peptide bonds (Church et al 1983).  

    Infrared spectroscopic techniques as rapid tools. Infrared spectroscopic 

prediction of chemical and biological properties of feedstuffs looks formidable, but it 

is based on a simple principle that absorption of light is related to the organic 

composition of samples and that changes in chemical composition may be reflected 

by the spectral information. Because the ranges of wavelengths absorbed by the 

sample overlap for the organic chemical bonds of interest, infrared spectroscopy 

unfortunately cannot directly quantify the composition of feedstuffs. It can, however, 

indirectly predict the chemical and biological features of the samples with the aid of 

mathematical computations. Developing prediction equations relies on multivariate 

analysis of the spectral components and regressions of dependent variables on the 

spectra. Thus, infrared spectroscopic techniques are heavily dependent on 

mathematical softwares. 

    Near infrared reflectance spectroscopy (NIRS) is the most widely used infrared 

technique. Its principle is based on that in the near infrared region (1100-2500 nm), 

organic bonds with –H absorb light. Instrumentally, it is based on monochromatic 

beam of specific resolution obtained with light screening. At a particular time and 

spot, the samples are shined with monochromatic light and the absorbance is 

measured and expressed according to the wavelength of the light. Near infrared 

reflectance spectroscopy (NIRS) has been successfully used in the feed industry to 

predict the protein, fat, and fiber contents (Murray and Hall 1983). Recently, near 

infrared reflectance spectroscopy has been used to predict total and digestible amino 

acid contents of feedstuffs (van Kempen and Jackson 1996, van Kempen et al 1997).  
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    The most critical step for developing successful prediction with infrared 

spectroscopy is to obtain good quality spectra. With reflectance spectroscopy as near 

infrared spectroscopy, the particle size of the sample has the strongest influence on 

spectral quality because the light path (thus energy exchange) is greatly affected by 

the particle sizes. Acquisition time, the time allowed for light-sample interaction, 

scanning area, scanning resolution, and the homogeneity of the samples may all affect 

spectral quality.  

    To develop meaningful predictions, a large number of reference samples, sample 

with known chemical or biological properties of concern measured with standard 

methods, are required. Increase in reference sample size typically improves the 

prediction accuracy, which is expressed as root mean square error for prediction 

(RMSEP, ∑ −=
n

i

2
prediction,ireference,i )yy(

n
1RMSEP ). Without sufficient reference 

samples, the prediction error may be too large to distinguish properties of the samples. 

Large number of samples is also required in order for the population to be sufficiently 

represented. The prediction equation cannot be used to predict samples that are not 

represented or included in the reference database. The prediction errors for digestible 

amino acids by near infrared reflectance spectroscopy (NIRS) have been compared to 

the measurement errors of the reference methods (TABLE 5, van Kempen and 

Jackson 1996). The near infrared spectroscopic prediction errors appeared to be 

greater than the measurement errors of the reference methods. Thus, near infrared 

reflectance spectroscopy (NIRS) appears to be attractive more for its rapidity than for 

its accuracy. To pursue speed, however, one has to sacrifice precision acceptably.  

        Infrared light other than the near infrared regions (mid infrared) is also absorbed 

by the organic chemical bonds in the sample. Working in the mid infrared range of 
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4000-650 cm-1 (equivalent to 2500-15400 nm), Fourier transform infrared 

spectroscopy (FTIR), a new technique since the 1970s, can recognize more 

complicated chemical bonds than merely hydrogen related chemical bonds as near 

infrared regions do (Dean 1987). Instrumentally, although Fourier transform infrared 

spectroscopy (FTIR) may work with monochromatic beam as near infrared 

spectroscopy does, it usually detects absorbance of polychromatic beam. The 

absorbance is decoded according to the frequencies of the light through Fourier 

transformation, a complex mathematical computation made possible by modern 

computer softwares which gives the mid infrared spectroscopy the name Fourier 

transform infrared spectroscopy (FTIR) (Reedy and Mossoba 1999).  

    Because Fourier transform infrared spectroscopy (FTIR) can detect more chemical 

bonds than near infrared spectroscopy, theoretically speaking, Fourier transform 

infrared spectroscopy (FTIR) may predict digestible amino acids better than near 

infrared reflectance spectroscopy (NIRS). Fourier transform infrared spectroscopy 

(FTIR) has been used to predict free fatty acid contents in liquid samples (Man and 

Setiowaty 1999). But, publications with Fourier transform infrared spectroscopy 

(FTIR) to predict digestible amino acids have not been documented. Since 

instrumentally Fourier transform infrared spectroscopy (FTIR) is more versatile (can 

handle gas, liquid, and solid samples with one machine) and affordable than near 

infrared reflectance spectroscopy (NIRS), it may well be more beneficial for feed 

mills to use Fourier transform infrared spectroscopy (FTIR) if calibrations for 

digestible amino acids are successful. 

    The greatest sample-handling problem with transmittance Fourier transform 

infrared spectroscopy (FTIR), that the sample thickness is restricted within 10 µm, 

has been overcome with the application of attenuated total reflectance spectroscopy 
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(ATR). Attenuated total reflectance spectroscopy (ATR) is based on the principle that 

when light travels from a medium of high refractive index at above critical reflectance 

into a medium of low refractive index, none of the light is transmitted but all reflected 

(total reflectance). At the interface of the two media, under conditions of total 

reflectance, an evanescent wave is established whose amplitude decays exponentially 

with distance from the interface. The evanescent wave results in extraction of energy 

that can be measured by a detector. Attenuated total reflectance spectroscopy (ATR) 

has been successfully used to record spectra of minced meat and solid chocolate, 

samples traditionally unsuitable for infrared spectroscopy (Sedman et al 1999). Thus, 

the technology to measure solid feedstuffs with Fourier transform infrared 

spectroscopy (FTIR) already exists and is ready for feed mills to explore. 

    In addition to near infrared spectroscopy and mid infrared Fourier transform 

infrared spectroscopy (FTIR), a third infrared spectroscopic technique, Raman 

scattering spectroscopy has also been used in food analysis. Raman spectroscopy is 

based on the principle that inelastic collision between photons and the molecules of 

the sample changes the frequency of the light (Raman shift), a phenomenon known as 

Raman scattering. A detector is used to pick up the exchange of energy between the 

light and the samples. Raman signal is weak and difficult to detect. Before the advent 

of laser technology, application of Raman spectroscopy in food analysis was restricted 

because food materials emit strong fluorescent light that often obliterates the weak 

signal of Raman scattering. Today, with low energy monochromatic laser beam, 

foodstuffs can be excited without giving strong fluorescent interference. Like mid 

infrared spectroscopy, Raman spectroscopy is also Fourier transformed and the 

spectrum is expressed as Raman scattering intensity versus Raman shift. Raman 

spectroscopy can be used as a qualitative tool as the Raman shift is specific for the 
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molecule. Raman spectra have been recorded with tissue protein, which revealed all 

major chemical bonds in the protein, including the -S-S- bond (Ozaki 1999). Thus, 

Raman spectroscopy, like Fourier transform infrared spectroscopy (FTIR), has the 

potential to outdo near infrared spectroscopy in determining amino acid contents in 

proteins. In nutritional research, Raman spectroscopy has been used to classify oil and 

fat quality (Baeten et al 1998) and determine amylose content in maize starch 

(Phillips et al 1999). However, determination of amino acid contents with Raman 

spectroscopy has not yet been documented. 

    Selection of the best infrared spectroscopic technique. Comparison of 

predictions of amino acid contents in feedstuffs by the above three mentioned infrared 

spectroscopic techniques, namely, near infrared reflectance spectroscopy (NIRS), 

Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy has not 

been made as of today, only near infrared reflectance spectroscopy (NIRS) has been 

used successfully to predict amino acid contents in feed proteins. Research is needed 

for such comparisons as it will provide information to feed mills for choice of the 

most accurate, most user friendly, and most economical rapid techniques that best 

benefits the feed industry. 
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TABLE 1 
 

Variability of lysine and methionine composition and digestibility of meat and 

bone meal compared to soybean meal1 

 

 

 

 

 

1From AmiPig (2000). CP: crude protein, Lys: lysine, Met: methionine, Stdev: 

standard deviation. 

 

Soybean meal Meat and bone meal 
CP=47.4% CP=51.1% 

 Lys Met Lys Met 
Total (%) 2.92 0.77 2.51 0.68 
Stdev (%) 0.21 0.01 0.50 0.16 
Digestibility (%) 88.5 88.3 83.9 88.2 
Stdev (%) 2.4 2.7 4.8 4.3 
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TABLE 2 

Current estimated amino acid digestibility with in vitro assays 

 

 

Amino acid digestibility (%) 
Feedstuffs 

Lys Met Note 
Source 

Soybean  51.7 40.3 Brule and Savoie (1988) 
Casein 66 50 Savoie et al (1989) 
Casein >98 94 
Rapeseed >98 >98 

Enzyme 
contamination not 
corrected Valette et al (1993) 

Soybean meal 94.5 96.2 Meat and bone 
meal unsuccessful Boisen and Fernandez (1995) 
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TABLE 3 

Incubation conditions used in current in vitro assays1 

 

1E/S: enzyme to substrate ratio (wt/wt).  

Incubation conditions 

Pepsin Pancreatin 
Substrate
(mg/mL) 

E/S 
(%) 

Time    
(h) 

Substrate 
(mg/mL) 

E/S 
(%) 

Time 
(h) 

Source 

20.3 4 0.5 16.5 4 24 Savoie et al (1989) 
15.6 0.4 0.5 13.1 4 24 Valette et al (1993) 

28.6 5-11 6 10 31-67 18 Boisen and 
Fernandez (1995) 
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TABLE 4 

Fractionation conditions used in current in vitro assays 

 

 

 

 

 

Fractionation 
methods Condition Note Source 

Dialysis 1 kDa - Savoie  et al (1989) 
Dialysis 1 kDa - Valette et al (1993) 

Acid 
precipitation 

1.8% 
(sulfasalicylic 
acid), resting for 
30 min 

Equivalent to 
10kDa 

Boisen and 
Fernandez (1995) 
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TABLE 5. 
 

Prediction errors for digestible amino acids in meat and bone meal1 

(RMSEP, %) 
Amino acid 

NIRS In vivo 
Source 

Lys 0.30 0.20 
Met 0.13 0.06 van Kempen and Jackson (1996) 

 

1RMSEP: Root mean square error of prediction. 
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Chapter III. 

Study of deactivation and self-degradation of pepsin (EC 3. 4. 23. 1) and its 

implication for in vitro protein digestibility assays1, 2 

 

Key words: •porcine pepsin •autolysis •in vitro •half-life

                                                 
1 Supported by Fats and Protein Research Foundation, and Animal and Poultry Waste 
Management Center, North Carolina State University 
2 Presented in part at Annual Midwestern Section Meeting, American Society of 
Animal Science and American Dairy Science Association, March 19-21,2001, Des 
Moines, Iowa 
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Abstract. To maximize the utilization and estimate the contamination of pepsin (EC 

3. 4. 23. 1) for in vitro protein digestibility assay, the deactivation and self-

degradation of pepsin incubated at different pH and concentration were studied with 

bovine hemoglobin and o-phthaldialdehyde, respectively. It was found that increase in 

pH from pH 2 to pH 4 increased pepsin’s half-life for both deactivation and self-

degradation. Increase in the concentration of pepsin from 0.05 mg/mL to 0.5 mg/mL 

also increased the half-life for deactivation and self-degradation. The half-life for 

deactivation was not extended by the presence of a substrate protein. The results 

indicated the time needed to maximize pepsin utilization depended on pH and the 

concentration of pepsin but not the presence of substrate. Most pepsin would be 

fractionated as digestible protein if it were incubated till full self-degradation because 

the average size of its autolysates was between 6.9 and 12.1 amino acid residuals. 
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Introduction 

    Pepsin (EC 3. 4. 23. 1) autolysis is the auto-digestion of pepsin molecules. For in 

vitro digestion assays of feed proteins where pepsin is commonly used, the autolysis 

of pepsin is undesirable because it can result in loss of activity and contamination of 

the assay. The autolytic nature of pepsin has long been known (Pekelharing 1896). 

Yet, in spite of its long history, information regarding pepsin autolysis is scarce. So 

far, most published studies have been designed to isolate the partially degraded yet 

active pepsin fragments for the investigation of catalytic mechanisms (Perlmann 

1954, Funatsu and Tokuyasu 1959, Bianchi et al. 1990). These studies were 

performed in the absence of substrate proteins with dialysis at temperatures 

significantly lower than the physiological temperatures used for in vitro assays of feed 

proteins. Thus, their implication for the in vitro digestion assay is limited.  

    It is logical to assume that the autolysis of pepsin still occurs during in vitro 

digestion of proteins. Understanding the deactivation and self-degradation processes 

of pepsin in vitro can help accurately define the incubation time for the in vitro assay 

and estimate the contamination of pepsin autolysates on in vitro protein digestibility. 

In order to limit enzyme contamination, it is necessary to constrain the usage of 

enzyme and minimize the production of enzyme autolysates. The in vitro assay 

typically uses a fractionation method to fractionate the digestible fraction from the 

indigestible fraction. Commonly used fractionation methods such as acid precipitation 

(Akeson and Stahmann 1964, Boisen and Fernández 1995), gel-filtration (Ford and 

Salter 1966), or dialysis (Gauthier et al. 1982, Kennedy et al. 1982, Savoie et al. 

1988) are based on the physical properties of the proteins such as molecular size and 

solubility. These techniques, unfortunately, cannot distinguish the origins of the 

proteins similar in size and solubility. Thus, the small-sized soluble autolysates are 
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fractionated as digestible feed protein, leading to contamination on in vitro 

digestibility assays.  

   Different incubation conditions such as pH, pepsin concentration, and the presence 

of substrate proteins may affect the rate of deactivation and the extent of self-

degradation for pepsin. This paper reports the kinetics of the deactivation (loss of 

activity) and self-degradation (fragmentation) of porcine pepsin studied from the 

perspectives of specific activity decay and enzymatic peptide bond degradation, 

respectively. 

 

Materials and Methods 

    Materials. Sodium dodecyl sulfate, sodium citrate, citric acid, trichloroacetic acid, 

and β-mercaptoethanol were obtained from Fisher Scientific (Atlanta, GA). Sodium 

azide, sodium borate tetra, bovine hemoglobin, and o-phthaldialdehyde were obtained 

from Sigma (St Louis, MO). Crystalline porcine pepsin (96% protein) was also 

obtained from Sigma (Catalog number: P-6887, St Louis, MO). Meat and bone meal 

(MBM) (50% crude protein) was provided by Baker’s Commodity (Los Angeles, 

CA). 

    Incubation. Citrate buffer solutions of pH 2 and pH 4 (0.05 mol/L) were prepared 

from 0.05 mol/L sodium citrate and 0.05 mol/L citric acid solutions (Zhang et al. 

1997). Fresh pepsin solution (10 mg/mL) was prepared in pH 4 citrate buffer solution 

(at this concentration pepsin precipitated in pH 2 citrate buffer solution). An aliquot of 

the fresh pepsin solution was immediately transferred into 50 mL Corning test tubes 

that contained 38 °C 0.05 mol/L citrate buffer solutions (pH 2.0 or pH 4.0) to make 

desired concentrations of pepsin solution (from 0.05 mg/mL to 0.5 mg/mL). The final 

volume in each test tube was 20 mL. The pepsin solutions were incubated at 38 °C for 
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different time periods. The test tubes were closed and fitted into a revolving plate that 

kept the pepsin solution agitated to simulate the agitation normally used in the in vitro 

assay. All buffers contained 0.06% (wt/v) sodium azide to prevent microbial growth. 

    Experiment 1. Six combinations of pepsin concentration and pH, namely three 

pepsin concentrations of 0.05 mg/mL, 0.10 mg/mL and 0.20 mg/mL, and two buffer 

solutions of pH 2 and pH 4, were evaluated. These concentrations were with the range 

of the most often-used pepsin concentrations for in vitro digestion assays (see review, 

Swaisgood and Catignani 1991). There were two test tubes for each combination of 

pH and concentration. Each test tube was measured for specific activity at 0, 2, 4, 6, 

and 8 hours post inoculation, and sub-sampled (0.50 mL per time) at 0, 2, 4, 6, 8, 22, 

24, and 30 hours post inoculation for determination of peptide bond degradation. 

    Experiment 2. In Experiment 1, peptide bond degradation of pepsin at 

concentrations higher than 0.05 mg/mL at pH 4 showed slight sigmoidal kinetics. To 

test whether the sigmoidal kinetics was related to high pepsin concentration, pepsin at 

0.50 mg/mL in 20 mL pH 4 buffer was incubated in three test tubes. Each test tube 

was measured for specific activity at 0, 2, 4, 6, 11, 15, 27, and 39 hours post 

inoculation, and sub-sampled (0.50 mL per time) at 0, 2, 5, 7, 10, 14, 26, and 38 hours 

post inoculation for determination of peptide bond degradation. 

    Experiment 3. To study the deactivation of pepsin in the presence of meat and 

bone meal, pepsin was incubated with meat and bone meal in a total volume of 20 mL 

pH 2 buffer solution. The ratio of pepsin to meat and bone meal (protein/protein) was 

1% (wt/wt). The meat and bone meal protein concentration was 12.5 mg/mL. The 

incubation was done in three test tubes. Each test tube was measured for specific 

activity at 0, 3, 4, 5, 11, 14, and 22 hours post inoculation. 
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    Measurements of specific activity. This method monitors the decay of specific 

activity over time. The specific activity of pepsin was measured by the amount of 

bovine hemoglobin hydrolyzed by pepsin (Anson 1938). Fresh hemoglobin solution 

(2.5%, wt/v) was prepared in reagent water. After filtration of this solution, 80 mL of 

the filtrate was diluted with 20 mL of 0.3 mol/L HCl. To measure the specific activity 

over time, the sub-sampled pepsin solution containing roughly 15 µg of active pepsin 

(approximately 4000 units/mg pepsin at 37 °C) was immediately mixed with 5 mL of 

the bovine hemoglobin. Exactly 10 min later, 10 mL of 5% (wt/v) trichloroacetic acid 

was added and mixed thoroughly to stop the hydrolysis of bovine hemoglobin 

(Worthington Biochemical Corporation 1999). The mixture was then centrifuged at 

13,000 g for 5 min. The supernatant (trichloroacetic acid soluble hemoglobin protein) 

was used to measure the absorbance at 280 nm with a Beckman spectrophotometer 

(Model Dur, Fullerton, CA) against a blank. The blank was prepared by mixing the 

hemoglobin solution and trichloroacetic acid before adding the pepsin sub-sample. 

Pepsin specific activity was expressed in units. One unit was an increase in 

absorbance of 0.001 per mg of pepsin per minute. 

    Measurements of peptide bond degradation. This method monitors the peptide 

bond degradation over time. The peptide bond degradation of pepsin was measured 

with the o-phthaldialdehyde method (Church et al. 1983). The 2.5 mL sodium dodecyl 

sulfate (20%, wt/v) used originally in this reference method was omitted because in 

our experiment, sodium dodecyl sulfate was added at the time of sub-sampling of the 

incubation, and it was found that the addition of this 2.5 mL of sodium dodecyl 

sulfate gave unstable readings. The sub-samples (200 µl) taken from the incubations 

were mixed immediately with an equal volume of 20% (wt/v) sodium dodecyl sulfate 

to denature the active enzyme. The mixture was then centrifuged at 13,000 g for 5 
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min. An aliquot of the supernatant was used to measure the released free amino 

groups from pepsin self-degradation. The supernatant was reacted with 1.0 mL of the 

o-phthaldialdehyde solution (0.8 mg/mL) for 3 min when the absorbance was read. 

The absorbance was read at 340 nm against blanks prepared from sub-samples taken 

at time 0 from the incubation.  

    Expression of peptide bond degradation. For convenience of data analysis, 

peptide bond degradation was standardized and expressed relative to the total 

enzymatic peptide bonds rather than as an absolute amount. The relative peptide bond 

degradation (RPBD) indicates the degree of damage of pepsin molecules due to auto-

digestion (Adler-Nissen 1986a).  

    This relative peptide bond degradation in percent (RPBD, %) is defined as: 

]P[
]P[RPBD

i

t=  

where [Pt] is the released amino group from enzymatic peptide bonds at time t, and 

[Pi] is the initial enzymatic peptide bonds. [Pi] is calculated by the initial pepsin 

concentration divided by the average molecular weight of amino acids (115 Da). The 

relative peptide bond degradation (RPBD) of pepsin was calculated with the 

following formula derived from the calculation of food protein digestibility (Chung et 

al. 1986): 

[ ]i21 Edd5850
OD115RPBD

⋅⋅⋅
⋅

=  

where 115 is the average molecular weight of amino acids in Daltons, OD is the 

actual absorbance, 5850 is the molar extinction coefficient, d1 and d2 are the dilution 

rates of the sub-sample with the sodium dodecyl sulfate solution and o-

phthaldialdehyde solution, respectively, and [Ei] is the initial pepsin concentration 

(mg/mL) in the incubation. 
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    The average autolysates length (AAL) can be estimated from the inverse of the 

relative peptide bond degradation (RPBD). The average autolysates length (AAL) is 

also an indication of the fragmentation of pepsin molecules due to auto-digestion.  

    From the relative peptide bond degradation (RPBD) at time 0.25 h (15 min), the 

relative initial velocity of peptide bond degradation (rV0, mol mg-1 min-1) was 

calculated using the formula: 

15115
RPBD

rV h25.0t
0 ⋅
= =  

where the number 115 is the average molecular weight of amino acid in Daltons, 15 is 

the time (min) in which the peptide bonds were broken down. The relative initial 

velocity of peptide bond degradation (rV0) represents the initial self-digesting specific 

activity of pepsin using itself as a substrate. 

    Models for deactivation and self-degradation. Proteolytic enzyme autolysis is 

expected to follow the model (Adler-Nissen 1986b): 

]P[]E[ dk→  

    This model calls for non-linear expression for the specific activity decay: 

tk
0t

de]E[]E[ −=     (1) 

where [Et] is the pepsin specific activity at time t (h), [E0] is the pepsin specific 

activity at time zero, and kd is the rate constant (1/h) of specific activity decay. The 

half-life (t½) of pepsin specific activity decay, which is the time (h) needed to 

degenerate 50% of its initial specific activity, can be calculated from ln2/kd.  

    The model also calls for non-linear expression for peptide bond degradation: 

)e1](P[]P[ tk
it

a−−=     (2) 

where [Pt] is the amount of degraded peptide bonds at time t (h), [Pi] is the amount of 

peptide bonds contained initially in the enzyme, and ka is the rate (1/h) of peptide 
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bond breakdown (ka is used for auto-digestion to distinguish from kd for activity 

degeneration). Recall that the relative peptide bond degradation is RPBD=[Pt]/[Pi], so 

to describe the time course of peptide bond degradation, the formula tkae1RPBD −−=  

should be used. However, this equation assumes that at time infinity, the relative 

peptide bond degradation (RPBD) is 100%, which may not be true. Therefore, a 

modifying factor is needed to correct this assumption. The time course of the relative 

peptide bond degradation (RPBD, in percent) can best be described by applying a 

modifying factor, c, for the nonlinear model: 

)e1(cRPBD tka−−=     (3) 

where c is the maximal relative peptide bond degradation (MRPBD) at time infinity 

predicted from nonlinear regression. Thus, c represents the upper limit for pepsin self-

degradation. The half-life (t½) of pepsin for self-degradation, which is the time (h) 

needed to reach 50% of the maximal relative peptide bond degradation (MRPBD), 

can be calculated from ln2/ka.  

    When the data showed sigmoidal patterns, two mathematical expressions were 

derived from the sigmoidal models described by Laidler and Bunting (1973) to 

describe the sigmoidal autolysis of pepsin. The expression 

2

2
0

t t
)t1](E[]E[

β+α
−

=     (4) 

was used for sigmoidal specific activity decay of pepsin. The expression 

2

2

t
tRPBD
β+α

=           (5) 

was used for sigmoidal peptide bond degradation of pepsin. The parameters α (h2) 

and β (no unit) are descriptors for the sigmoidal patterns of specific activity decay and 
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peptide bond degradation of pepsin. The half-life (t½) of pepsin for specific activity 

decay and self-degradation is calculated from √[α/(2-β)] and √[α/β], respectively.  

    Statistical analysis. Each experiment is a repeated measurement design. The 

regression model used for statistical analysis was a nonlinear mixed effects model: 

    Yijkt=f[t,(θjk+bijk)] + εijkt  

where Yijkt is the observation at the ith replicate, the jth pH and the kth concentration 

at time t, f[t, (θjk+bijk)] is the applicable non-linear mathematical expression as a 

function of time t, θjk is the vector of the parameters to be estimated, bijk is the random 

between-test tube error with a mean of zero and variance component of σb
2, εijkt is the 

random within-test tube error with the mean of zero and variance-of σ2. The variance 

was assumed to be the same for all treatment combinations of buffer pH and pepsin 

concentration. 

    Specifically, for exponential pepsin specific activity decay, the following model 

was used: 

ijkt
t)dk(

0ijk0ijkt
ijkjkde]eE[]E[ ε++=

+−   (6) 

where [Eijkt] were the observations for ith test tube, jth pH, kth concentration at time t, 

[E0] was the initial pepsin specific activity which was assumed to be equal for all test 

tubes for the same experiment, eijk0 was the between test tube error or for initial 

specific activity, 
jkdk was the rate constant of specific activity decay in each pH and 

concentration combination (treatment), dijk was the between test tube random error for 

parameter 
jkdk , and εijkt was the within test tube measurement error. The random 

effects eijk0 and dijk allow the curves to be different for each test tube. Formula (6) was 

used for analyses of specific activity in Experiment 1 and Experiment 3.  

    For peptide bond degradation, the following model was used: 



 

 36

ijkt
t)dk(

ijkjkijkt
ijkjkae]ec[]RPBD[ ε++=

+−     (7) 

where [RPBDijkt] were the observations for ith test tube, jth pH, kth concentration at 

time t, [cjk] was the maximal relative peptide bond degradation which was assumed to 

be equal for each pH and concentration combination (treatment), eijk was the between 

test tube error for maximal relative peptide bond degradation, 
jkak was the rate 

constant of peptide bond degradation for each pH and concentration combination 

(treatment), dijk was the between test tube random error for parameter 
jkak in each test 

tube, and εijkt was the within test tube measurement error. The random effects eijk0 and 

dijk allow the curves to be different for each test tube. Formula (7) was used for 

analyses of peptide bond degradation in Experiment 1. 

    For sigmoidal pattern of peptide bond degradation in Experiment 1, the following 

model was used: 

ijkt2
ijkjkijkjk

2

ijkt t)b()a(
tRPBD ε+

+β++α
=   (8) 

where RPBDijkt were the observations for ith test tube, jth pH, kth concentration at 

time t, αjk and βjk were the time-independent parameters for description of the 

sigmoidal patterns that were regarded the same for test tubes of the same pH and 

concentration combination, aijk and bijk were the between test tube error associated 

with αjk and βjk, respectively, and εijkt was the within test tube measurement error. The 

random effects aijk and bijk allow the curves to be different for each test tube. 

    For sigmoidal patterns of pepsin specific activity decay in Experiment 2 that had 

just one treatment combination of pH and concentration, the following model was 

used: 

it2
ii

2
0i0

it t)b()a(
)t1](eE[

]E[ ε+
+β++α
−+

=     (9) 
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where [Eit] were the observations for ith test tube at time t, [E0] was the initial pepsin 

specific activity which was assumed to be equal for all test tubes, ei0 was the between 

test tube error for initial specific activity, α and β were the time-independent 

parameters for description of the sigmoidal pattern that were regarded the same for all 

test tubes, ai and bi were the between test tube error associated with α and β, 

respectively, and εit was the within test tube measurement error. The random effects ai 

and bi allow the curves to be different for each test tube. 

    For sigmoidal pattern of peptide bond degradation in Experiment 2 that had just 

one treatment combination of pH and concentration, the following model was used: 

it2
ii

2

it t)b()a(
tRPBD ε+

+β++α
=   (10) 

where RPBDit were the observations for ith test tube at time t, α and β were the time-

independent parameters for description of the sigmoidal pattern that were regarded the 

same for test tubes of the same pH and concentration combination, ai and bi were the 

between test tube error associated with α and β, respectively, and εit was the within 

test tube measurement error. The random effects ai and bi allow the curves to be 

different for each test tube. 

    The nonlinear regression was performed using maximum likelihood estimation 

with Proc NLMIXED procedure of SAS (SAS Institute Inc. 1998). The estimated 

parameter vector θjk was used to calculate the half-life of pepsin at the jth pH and the 

kth concentration. Comparisons among pepsin concentrations and buffer pH for the 

parameter θjk and the half-life were made using the ESTIMATE statement of the 

NLMIXED procedure, which performs Wald tests for individual hypothesis. Standard 

errors of parameters were estimated using the Taylor series approximation (Casella 

and Berger 1990, page 328-329).  
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    Correlation among methods (hemoglobin or o-phthaldialdehyde), pH, pepsin 

concentration, and the estimated half-life were computed from Experiment 1 only. 

Linear regression analysis was performed with Proc REG for variables of pH, pepsin 

concentration, and maximal relative peptide bond degradation (MRPBD) for 

Experiment 1 only. Differences were considered statistically significant when P<0.05. 

 

Results 

    Experiment 1. The deactivation of pepsin in the absence of substrate. The 

specific activity decay of pepsin at the tested concentrations (0.05 mg/mL, 0.10 

mg/mL and 0.20 mg/mL) and pH (pH 2 and pH 4) is graphed in FIGURE 1. The rate 

constant (kd) and half-life (t½) of pepsin specific activity decay are presented in 

TABLE 1. Significant effects of concentration and pH on the specific activity decay 

of pepsin were observed. At the concentrations of 0.05, 0.10 and 0.20 mg/mL, the 

estimated half-lives of pepsin were 3.1 h, 4.2 h, and 6.5 h at pH 2, and 4.6 h, 6.8 h, 

and 8.8 h at pH 4, respectively. At pH 2, the half-lives were significantly different 

(P<0.05) from each other. At pH 4, the half-life of pepsin at 0.05 mg/mL was 

significantly shorter (P<0.05) than at 0.20 mg/mL. At the same concentration, the 

half-life of pepsin at pH 4 was significantly longer (P<0.05) than at pH 2.  

    Experiment 1. The self-degradation of pepsin in the absence of substrate. The 

self-degradation of pepsin, expressed in relative peptide bond degradation (RPBD, %) 

at the tested concentrations (0.05 mg/mL, 0.10 mg/mL and 0.20 mg/mL) and pH (pH 

2 and pH 4), is graphed in FIGURE 2. The rate constants (kd, α, and β) and the half-

life (t½) of pepsin self-degradation are presented in TABLE 2. The results 

demonstrated significant effects of concentration and pH on the self-degradation of 

pepsin peptide bonds. At pH 2, the half-life of pepsin at the concentration of 0.20 
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mg/mL was 5.8 h, which was significantly longer (P<0.05) than the half-lives of 

pepsin at the concentration of 0.05 or 0.10 mg/mL. At pH 4, the half-lives of pepsin at 

the concentrations of 0.10 and 0.20 mg/mL were 10.6 h and 9.6 h, respectively, which 

were significantly longer (P<0.05) than the half-life of pepsin at the concentration of 

0.05 mg/mL. The half-life was significantly longer (P<0.05) at pH 4 than at pH 2 at 

all three concentrations. 

    The peptide bond degradation at pH 4 at the concentrations of 0.10 mg/mL and 

0.20 mg/mL was observed to be more sigmoidal than exponential, as FIGURE 2 

shows. This supported the application of the sigmoidal model for these two 

treatments. No sigmoidal pattern was observed at pH 2 at any concentration.  

    Experiment 2. Deactivation and self-degradation of pepsin at 0.50 mg/mL and 

pH 4. The specific activity decay and self-degradation of pepsin at 0.5 mg/mL at pH 4 

are graphed in FIGURE 3. Both the deactivation and self-degradation became 

sigmoidal, with the two curves exhibiting minimal change at the beginning hours of 

the incubation. As a result, the half-life was considerably extended compared to 

previous experiments. The rate constants (α and β) and the half-life (t½) are presented 

in TABLE 3. 

    By 7 h of incubation, only 2.9% of the peptide bonds were degraded, which is 

equivalent to 126 µmol peptide bonds. At the same time, no loss of specific activity 

was observed. The results showed that the initial breakdown of peptide bonds did not 

significantly reduce the specific activity of pepsin using bovine hemoglobin as the 

substrate. 

    Comparison of the hemoglobin method and the o-phthaldialdehyde method in 

predicting the half-life of pepsin. To compare these two methods in predicting the 

half-life of pepsin, the half-lives obtained from Experiment 1 were used for 
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correlation analysis, as shown in FIGURE 4. The analysis showed no significant 

difference between the two methods in predicting the half-life of pepsin. 

    The maximal relative peptide bond degradation (MRPBD) and the average 

autolysates length (AAL) of pepsin at different pH and concentration. The 

maximal relative peptide bond degradation (MRPBD) and its inverse, the average 

autolysates length (AAL) of pepsin incubated at different pH and concentration, 

obtained from Experiment 1 and Experiment 2, are presented in TABLE 4. 

Correlation analysis of results from Experiment 1 revealed that the maximal relative 

peptide bond degradation (MRPBD) was not significantly correlated to the 

concentration of pepsin, pH and the half-life predicted by the o-phthaldialdehyde 

method. 

    Linear regression analysis indicated that the maximal relative peptide bond 

degradation (MRPBD) was significantly (P<0.001) different from zero. 

    The relative initial velocity of peptide bond degradation (rV0). The relative 

initial velocity of peptide bond degradation (rV0) of pepsin incubated at different pH 

and concentrations is presented in TABLE 5. At pH 2, the relative initial velocity of 

peptide bond degradation (rV0) decreased as the concentration of pepsin increased. At 

pH 4, the relative initial velocity also decreased with increasing concentration of 

pepsin. The relative initial velocity of peptide bond degradation (rV0) was decreased 

as the pH increased from pH 2 to pH 4. 

    Experiment 3. The deactivation of pepsin in the presence of meat and bone 

meal protein. The deactivation of pepsin at the concentration of 0.125 mg/mL in pH 

2 buffer in the presence of meat and bone meal is shown in FIGURE 5. The specific 

activity decay of pepsin appeared to follow the first order kinetics. The half-life of 

pepsin (t½) was 4.3 h. 
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Discussion 

    The effects of pH on the autolysis of porcine pepsin have been observed in previous 

research. For example, it was found that at pH 2, pepsin was more active in autolysis 

than at pH 4 (Funatsu and Tokuyasu 1959, Determann et al. 1969). The current 

experiments support the observation that increasing pH affected the self-digestion of 

pepsin. For both specific activity decay and self-degradation, the half-life of pepsin 

was longer at pH 4 than at pH 2. The relative initial velocity of peptide bond self-

degradation (rV0) (or the self-digesting specific activity of pepsin) was reduced when 

pH was increased from pH 2 to pH 4 (TABLE 5). 

    The optimal pH for pepsin to digest substrate protein such as native hemoglobin 

and serum albumin is pH 2 rather than pH 4 (Schlamowitz and Peterson 1959). If 

pepsin is more active in digesting the substrate, it seems that it will also be more 

active in auto-digesting itself at this pH. The proteolytic activity of pepsin thus 

appears to be non-discriminative between substrate and itself.  

    To the authors’ knowledge, there have not been any reports suggesting the effects 

of pepsin concentration on its autolysis. However, the current experiments found that 

increasing pepsin concentration significantly decreased the self-digesting specific 

activity and increased the half-life of pepsin. This finding suggests that increasing 

pepsin concentration inhibited the deactivation (loss of specific activity using the 

hemoglobin method) and self-degradation (breakdown of peptide bond using the o-

phthaldialdehyde method) of pepsin.  

    Adler-Nissen (Adler-Nissen 1986b) addressed the autolysis of proteolytic enzymes 

by the theory of folding and unfolding of enzyme molecules. The molecules that were 

unfolded were considered the substrate and the folded ones the active catalysts. The 

effects of pH can be explained by the theory of unfolding. Because pepsin is more 
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active to digest itself at pH 2 (TABLE 5), it is likely that most of these pepsin 

molecules are folded and active. At this pH, the unfolding process is probably the 

rate-limiting step for self-degradation. Once unfolded, these molecules are quickly 

digested, which eliminated the chance for them to refold. This theory may be reflected 

in the exponential deactivation and self-degradation at pH 2. At pH 4, the self-

digesting specific activity of pepsin was greatly reduced (TABLE 5). As a result, 

digestion of these unfolded molecules rather than unfolding itself is suspected to be 

the rate-limiting step. Thus, different kinetics was observed for pH 2 and pH 4. 

    At pH 6 and above, the deactivation of porcine pepsin is due to the destruction of 

the tertiary structure rather than auto-digestion (Edelhoch 1958). However, under our 

in vitro conditions of pH 2 to pH 4, the destruction of the tertiary structure of pepsin 

may not be the means of pepsin deactivation. The significant difference of maximal 

relative peptide bond degradation (MRPBD) from zero suggests that destruction of 

peptide bonds rather than mere tertiary structure may be responsible for the 

deactivation of pepsin. The agreement of the half-lives predicted by the hemoglobin 

method and o-phthaldialdehyde method suggests that the peptide bond degradation 

and the loss of specific activity were coupled, further supporting this speculation. 

Measurement of the peptide bond degradation process with the o-phthaldialdehyde 

method can be as reliable as the specific activity decay method with bovine 

hemoglobin for predicting the half-life of pepsin. In fact, because the o-

phthaldialdehyde method does not require immediate handling of the incubation 

sample, it is more advantageous than the bovine hemoglobin method for studying the 

autolysis of proteolytic enzymes.  

    As pointed out previously, increasing pepsin concentration decreased the self-

digesting specific activity and increased the half-life of pepsin. This inhibitory effect 
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of pepsin concentration on the deactivation and self-degradation of pepsin strongly 

suggests the presence of inhibitor(s) in the pepsin incubation. Whether the inhibitor(s) 

are some additives added to prevent autolysis during the preparation of the 

commercial crystalline pepsin or whether pepsin itself caused the inhibition is worth 

of discussion. Sigma Chemicals (St. Louis, MO) stated that no autolytical inhibitors 

were added during pepsin preparation. Because the addition of autolytical inhibitors is 

likely to inhibit the activity of pepsin to digest other substrates, it is logical that such 

autolysis-inhibiting additives were not added during the preparation. Since pepsin was 

96% protein, the most likely candidates for the inhibitor(s) lie in pepsin itself.  

    Typically, commercial crystalline porcine pepsin contains heterogeneous active 

proteins and small peptide fragments (Rajagopalan et al. 1966). Therefore, 

commercial crystalline pepsin is far from pure in its peptide/protein compositions. It 

was found that pepsin autolytical fragments were able to inhibit pepsin autolysis in 

that the removal of autolyzed pepsin fragments by dialysis resulted in more 

pronounced autolysis (Determann et al. 1969).  

    Recently, pepsin was found to possess the ability to form dimers (Mattras et al. 

1991). This finding provides more support for the theory of self-inhibition of pepsin. 

The evolution of non-viral aspartyl proteases like pepsin is suspected to come from 

the duplication of the genes encoding the viral acid protease. Prior to gene 

duplication, these enzymes are thought to have acted as dimers (Tang et al. 1978, 

Wlodawer et al. 1989). The autolysis of porcine pepsin was found to be able to yield 

potentially active fragments that become active upon dimerization, and that the dimers 

may undergo disassociation and re-association (Mattras et al. 1991). This finding 

proves that mammalian pepsin still possesses the ancient trait of dimerization of its 

evolutionary predecessors. Structurally, the domain for dimerization must have been 
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preserved in pepsin molecules. If so, there is no reason that the intact pepsin 

molecules cannot dimerize. It is reasoned that the dimerization of pepsin offers an 

explanation for the observed self-inhibitory effects of pepsin on its deactivation and 

self-degradation. At high concentration, pepsin may show a stronger tendency of 

dimerization because the self-digesting ability was reduced and the contact among 

pepsin molecules is favored. The dimerization of intact pepsin molecules may lead to 

steric hindrance, which may reduce the specific activity of pepsin to self-digest itself 

as observed as the relative initial velocity of peptide bond degradation (rV0) (TABLE 

5). The deactivation and self-degradation of pepsin were, therefore, inhibited due to 

reduced activity of pepsin resulting from increased concentration of pepsin. 

    Careful examination of pepsin autolysis at pH 4 and 0.50 mg/mL revealed that the 

loss of pepsin specific activity was not detectable for the first 7 h, while at the same 

time there was considerable peptide bond degradation (FIGURE 3). This unusual 

situation may be explained by the locations of peptide bond degradation in regions not 

essential for enzyme activity. Other researchers also found that pepsin degraded to a 

minor extent possessed some proteolytic activity (Perlmann 1954, Funatsu and 

Tokuyasu 1959, Bianchi et al. 1990).  

    Our results showed that the range of the maximal relative peptide bond degradation 

(MRPBD) was between 8.3% and 14.3%. The inverse of these numbers showed that 

when pepsin was fully deactivated, the average autolysates length (AAL) was 

between 6.9 and 12.1 amino acid residues. Intact porcine pepsin has a molecular 

weight of some 35 kDa (Fruton 1970) and was estimated to have about 320 peptide 

bonds (Rajagopalan et al. 1966). The results suggested that extensive hydrolysis had 

occurred when pepsin was fully deactivated under in vitro conditions.  
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    Previous studies showed that the release of pepsin autolysates into dialysates might 

last as long as 48 h after inoculation (Funatsu and Tokuyasu 1959). Thus the 

deactivation process of pepsin may likely take place in days rather than in hours. Our 

results agreed with this observation in that the half-life of pepsin could be as long as 

14.1 h. In order to maximize the efficiency of pepsin utilization (minimize the usage 

of pepsin) and minimize the contamination of enzyme on in vitro digestion assays, the 

incubation time should be based on how long the enzyme can live. This incubation 

time can be determined by the time required to lose 95% of its initial activity. By this 

standard, the incubation time might need to be extended for the in vitro studies where 

incubation time was as short as 30 min (Gauthier et al. 1982). 

    In the in vitro digestibility assay, pepsin concentrations commonly range from 0.1 

to 2.5 mg/mL (Boisen and Fernández 1995, Swaisgood and Catignani 1991, Boisen 

and Fernández 1997). The presence of meat and bone meal did not extend the half-life 

of pepsin, meaning that when meat and bone meal is incubated with pepsin, the half-

life of pepsin will be mainly determined by the buffering pH and the concentration of 

pepsin. Based on the loss of 95% of the initial activity of pepsin, the time needed to 

maximize the utilization of pepsin is calculated and illustrated in TABLE 6. It shows 

that, depending on the incubation pH and pepsin concentration, the time needed to 

maximally utilize pepsin may vary from 13 h to 38 h. 

    The kinetics and the final extent of pepsin self-degradation shed light on the 

estimation of pepsin contamination on in vitro digestibility assays. The contamination 

is determined by the amount of pepsin degraded and fractionated as digested feed 

proteins. Factors such as incubation time, pepsin concentration, and buffer pH are 

likely to affect the degree of the contamination. The upper limit of the contamination 

may be set by the enzyme/substrate ratio. At high pepsin concentration (0.5 mg/mL) 
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and pepsin/substrate ratio (10%), the degradation of pepsin may be negligible when 

the incubation is terminated 30 min after the inoculation. Therefore, upon 

fractionation, the contamination of pepsin protein on in vitro digestibility assays 

should be negligible. If the incubation lasts till the time that 95% of the initial activity 

is lost, which is 32 h (TABLE 6), the contamination may be around 10%, since the 

average autolysates length (AAL) under this situation is estimated to be 6.9 amino 

acid residuals. Most of the enzyme proteins thus autolyzed will be fractionated as 

digestible feed proteins. The fractional size distribution of the autolysates will 

ultimately determine the exact contamination. The effects of incubation time and 

pepsin concentration on pepsin contamination for in vitro digestibility assays are 

illustrated in TABLE 7. It shows that the extent of pepsin contamination on in vitro 

digestibility assays is jointly determined by the incubation time and pepsin 

concentration. 

    However, the contradiction is that maximization of the efficiency of pepsin 

utilization by extending the incubation time will result in more degradation of the 

enzymes, thus resulting in a greater degree of contamination on in vitro assays. 

Fortunately, across different incubation conditions, the limited variation of the 

maximal relative peptide bond degradation (MRPBD) of pepsin suggests a similar 

degree of autolysis at the end of pepsin’s life. Possibly, the enzyme autolysates 

fractionated from different incubations are close if pepsin is fully deactivated because 

at this moment the average autolysates length (AAL) is from 6.9 to 12.1 amino acid 

residuals. Therefore, by allowing an enzyme blank (no substrate) and the incubation 

with substrate to proceed till full deactivation of pepsin, the extent of pepsin autolysis 

and the amount of the autolysates in the blank and the substrate incubation can be 

regarded as similar. Based on this assumption, the enzyme contamination may be 
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corrected with the enzyme blank incubated the same as the substrate till full 

deactivation of pepsin and fractionated identically to the substrate.  

    In conclusion, the study showed that increasing the pH and the concentration of 

pepsin negatively affected the deactivation and self-degradation of pepsin. The 

enzyme contamination of pepsin autolysates on in vitro digestibility assays may be 

corrected with an enzyme blank identically incubated and fractionated as the 

substrate.  
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TABLE 1 
 

Kinetics of specific activity decay of pepsin as affected by buffer pH and pepsin 

concentration at 38 °C1 

pH 2 pH 4 
Pepsin 

(mg/mL) kd  (h-1)2 t½ (h)3 kd  (h-1)2 t½ (h)3 

0.05 0.224 ± 0.016a 3.1 ± 0.2a 0.152 ± 0.016b 4.6 ± 0.5bc 

0.10 0.165 ± 0.017b 4.2 ± 0.5b 0.102 ± 0.018c 6.8 ± 1.2cd 

0.20 0.107 ± 0.015cd 6.5 ± 0.9c 0.079 ± 0.019c 8.8 ± 1.9 d 
 

1Specific activity was measured at 37 °C with hemoglobin method. Results are 

expressed as estimates ± se (standard error). Values of the same parameter lacking 

common superscript are significantly different (P<0.05).  

2The parameter (kd) was obtained from non-linear regression with the model (6) (Note 

pepsin specific activity at time 0 was assumed to be the same for all treatment 

combinations of pH and concentration). [E0] was estimated to be 2800 ± 53 units. 

3Half-life, t½, predicted by t½ =ln2/kd, represented the time needed to degenerate 50% 

of the initial specific activity measured by the hemoglobin method. 
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TABLE 2 
 

Kinetics of pepsin peptide bond degradation (RPBD) as affected by buffer pH 

and pepsin concentration at 38 °C1 

pH 2 pH 4 
Pepsin 

(mg/mL) 
Parameter2 t½ (h)3 Parameter2 t½ (h)3 

0.05 ka (h-1) 0.24 ± 0.03ae 2.9 ± 0.4a ka (h-1) 0.11 ± 0.01b 6.3 ± 0.7b 

α (h2) 12.3 ± 2.26a 
0.10 ka (h-1) 0.20 ± 0.02 a 3.6 ± 0.3a

β 0.11 ± 0.01b 
10.6 ± 1.2c 

α (h2) 9.77 ± 1.61a 
0.20 ka (h-1) 0.12 ± 0.01 b 5.8 ± 0.6b

β 0.11 ± 0.01b 
9.6 ± 1.0c 

 

1Peptide bond degradation was measured with the o-phthaldialdehyde method. Results 

are expressed as estimates ± se (standard error). Values of the same parameter lacking 

common superscript are significantly different (P<0.05). 

2The parameter ka was obtained from non-linear regression of RPBD=c(1-exp(-kat)), 

and α and β from RPBD=t2/(α+βt2) where RPBD was the relative peptide bond 

degradation, c is the maximal relative peptide bond degradation (MRPBD). 

3Half-life, t½, calculated from t½=ln2/ka or t½=√[α/β], represented the time needed to 

reach 50% of the maximal relative peptide bond degradation. 
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TABLE 3 
 

Parameters of the sigmoidal kinetics of specific activity decay and self-

degradation of pepsin at pH 4 at 38 °C1 

Specific activity deactivation Relative peptide bond degradation 
Pepsin 

(mg/mL) Parameter2 t½ (h)3 Parameter2 t½ (h)3 

α (h2) 249.4 ± 29.3 α (h2) 17.9 ± 1.5 
0.50 

β 0.81 ± 0.08 
14.1 ± 1.8 

β 0.07 ± 0.002 
16.1 ± 0.9 

 

1The specific activity was measured at 24 °C with bovine hemoglobin. Peptide bond 

degradation was measured with o-phthaldialdehyde method. Results were expressed 

as estimates ± se (standard error). 

2For specific activity decay, the parameters (α and β) were obtained by non-linear 

regression of [Et]=[E0](1-t2/((α+βt2). For relative peptide bond degradation (RPBD), 

the parameters (α and β) were obtained from RPBD=t2/(α+βt2). [E0] was estimated to 

be 1622 ± 34 units.  

3Half-life(t½) was calculated with √[α/(2-β)] for specific activity decay, and with 

√[α/β] for peptide bond degradation. 



 

 56

TABLE 4 
 

Maximal relative peptide bond degradation (MRPBD, %) and average 

autolysate length (AAL, amino acid residuals) of pepsin as affected by buffer pH 

and pepsin concentration at 38 °C1, 2 

MRPBD (%) AAL (amino acid residuals) 
Exp. 

Pepsin 

(mg/mL) pH 2 pH 4 pH 2 pH 4 

0.05 8.3 ± 0.3a 10.5 ± 0.4c 12.1 ± 0.4a 9.5 ± 0.4ab 

0.10 11.7 ± 0.3b 9.1 ± 0.5ad 8.5 ± 0.2b 11.4 ± 0.6ac  1 

0.20 11.8 ± 0.4b 9.3 ± 0.5cd 8.5 ± 0.3b 10.7 ± 0.5ac 

2 0.50 - 14.5 ± 0.5 - 6.9 ± 0.2 
 

1Peptide bond degradation was measured with the o-phthaldialdehyde method. The 

maximal relative peptide degradation (MRPBD) and average autolysates length 

(AAL) are expressed as estimate ± se (standard error). Values of the same parameter 

in the same experiment lacking common superscript are significantly different 

(P<0.05). 

2MRPBD was the estimated value c when the model RPBD=c(1-exp(-kat)) was used 

and was 1/β when the model RPBD=t2/(α+βt2) was used. (See formulae (7), (8), and 

(10) in Materials and Methods). AAL was 1/c or 100β for the corresponding models. 
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TABLE 5 
 

Initial velocity of relative peptide bond degradation of pepsin (rV0) as affected by 

different buffer pH and concentration of pepsin at 38 °C1 

rV0 (µmol mg-1 min-1) 
Exp. Pepsin 

(mg/mL) pH 2 pH 4 

0.05 278.8 ± 28.0a 166.2 ± 13.6b 

0.10 323.7 ± 21.8a 5.9 ± 1.1c 1 

0.20 204.2 ± 14.6b 7.4 ± 1.2c 

2 0.50 - 3.7 ± 0.3 
 

1Results are expressed as estimates ± SE (standard error). rV0 was calculated from the 

amount of peptide bonds degraded in the first 15 min of incubation divided by the 

time and the concentration of pepsin. Values (in the same experiment) lacking 

common superscript are significantly different (P<0.05).  
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TABLE 6 
 

Estimated time needed to lose 95% of the initial activity of pepsin as affected by 

pH and pepsin concentration1 

Time (h)2 
Exp. Pepsin (mg/mL) 

pH 2 pH 4 

0.05 13.4 ± 1.1a 19.7 ± 1.8bn 

0.10 18.2 ± 1.7b 29.4 ± 3.5cd 1 

0.20 28.0 ± 2.8c 37.9 ± 3.5dn 

2 0.50 - 32.1 ± 1.8 
 

1Results are expressed as estimates ± SE (standard error). Values (in the same 

experiment) lacking common superscript are significantly different (P<0.05).  

2For specific decay in first order kinetics, the time (h) needed to degenerate 95% of 

the initial activity is calculated from [ln20/kd], where kd is the rate constant for 

specific activity decay. For sigmoidal kinetics, the time (h) needed to degenerate 95% 

of the initial activity is calculated from √[0.95α/(1-0.95β)], where the parameters (α 

and β) were obtained by non-linear regression of [Et]=[E0](1-t2/(α+βt2)). 
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TABLE 7 
 

Estimated contamination of enzyme autolysates on in vitro digestibility assays as 

affected by incubation time and pepsin concentration1 

Incubation time (h) Pepsin 

concentration Short Long 

Low Medium High 

High Low Medium 
 

1Assuming substrate is incubated at fixed enzyme/substrate ratio.  
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FIGURE 1. Observed and predicted time course of specific activity decay of pepsin 

incubated in duplicate at two pH levels and three concentrations at 38 °C. The specific 

activity was measured with bovine hemoglobin at 37 °C. Raw data are expressed as 

mean ± SEM (s/√n). Predictions were made with [Et]=[E0]exp(-kat). 
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FIGURE 2. Observed and predicted time course of self-degradation of pepsin 

incubated at two pH levels and three concentrations at 38 °C. The peptide bond 

degradation was measured with o-phthaldialdehyde and expressed as relative peptide 

bond degradation (RPBD, %). Raw data are expressed as mean ± SEM (s/√n). The 

predictions were made with RPBD=c(1-exp(-kat)) for first order kinetics or with 

RPBD=t2/(α+βt2) for sigmoidal kinetics. 
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FIGURE 3. Observed and predicted sigmoidal time course of specific activity decay 

and self-degradation of pepsin incubated at pH 4 and 0.5 mg/mL at 38 °C. Specific 

activity was measured with bovine hemoglobin at 25 °C and expressed in units. Self-

degradation was measured with o-phthaldialdehyde and expressed as relative peptide 

bond degradation (RPBD, %). Raw data are expressed as mean ± SEM (s/√n). The 

line represents the prediction, which were made with [Et]=[E0](1-t2/((α+βt2) for 

specific activity decay and with RPBD=t2/(α+βt2) for peptide bond degradation. 
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FIGURE 4. Correlation of the half-lives of specific activity decay and peptide bond 

breakdown of pepsin incubated at different pH and concentration. Specific activity 

was measured with hemoglobin (Hb) method and peptide bond degradation was 

measured with o-phthaldialdehyde (OPA) method. The half-lives are expressed as 

estimates ± SEM (s/√n). 
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FIGURE 5. Observed and predicted time course of specific activity decay of pepsin 

(0.125 mg/mL) incubated with meat and bone meal in pH 2 buffer at 38 °C. 

Pepsin/substrate ratio (protein/protein) was 1/100. The specific activity was measured 

with bovine hemoglobin at 25 °C. Half-life of pepsin was estimated to be 4.3 ± 0.7 

hours. Raw data are expressed as mean ± SEM (s/√n). The line represents the 

prediction, which was made with [Et]=[E0]exp(-kat). 
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Chapter IV. 

Study of deactivation and self-degradation of a trypsin-enriched pancreatin and 

its implication for in vitro protein digestibility assays1 

 

Key words: •trypsin •chymotrypsin •pancreatin •autolysis •in vitro •half-life 

                                                 
1Supported by Fats and Protein Research Foundation, and Animal and Poultry Waste 
Management Center, North Carolina State University 
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Abstract. To optimize incubation time and estimate enzyme contamination for in 

vitro protein digestibility assays involving pancreatin, the deactivation and self-

degradation of a trypsin-enriched pancreatic enzyme cocktail were studied. In the 

absence of substrate, increase in enzyme concentration delayed the overall enzymatic 

peptide bond degradation, which was faster at pH 8 than at pH 6, and increased the 

half-lives of trypsin and chymotrypsin. In the presence of a fixed concentration of 

meat and bone meal protein, increase in enzyme concentration decreased trypsin’s 

half-life. Compared to without the substrate, trypsin’s half-life was considerably 

prolonged by the substrate. Uninterrupted self-degradation produced average 

autolysate lengths of 3.1 to 5.4 amino acids. If this short length is not altered by the 

presence of substrate and the in vitro digestion is allowed to proceed until full 

deactivation of the enzyme, then most enzyme protein will be fractionated as 

digestible protein, thus as contamination for the assay. 
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Introduction 

    The bioavailability of dietary amino acids is jointly determined by the digestion, 

absorption, and transportation of the amino acids (Gabilois et al. 1989). Digestion of 

the protein ingredient presents the first physiological limit for the utilization of dietary 

amino acids. It is generally assumed that under normal physiological conditions, the 

digestion of feed ingredients in vivo is maximized. Pepsin and pancreatic proteases 

are the major enzymes to break down large protein molecules into small peptides and 

free amino acids. Before absorption, these small peptides may be further digested at 

the intestinal membrane by the intestinal amino peptidases.  

    For the purpose of protein quality classification, there is growing interest in the in 

vitro amino acid digestibility (Boisen and Moughan 1996). One way to measure 

protein digestibility with in vitro techniques is to maximally digest the protein into 

short peptides with pepsin and pancreatic proteases followed by fractionation to 

separate the digestible protein from the indigestible protein. The intestinal peptidases, 

whose substrates are oligopeptides released by pepsin and pancreatic proteases, may 

be dispensable for in vitro assays, particularly when considering that peptides less 

than 1 kDa are typically fractionated as digestible (Gauthier et al. 1982, Vachon et al. 

1983, Boisen and Fernández 1997). 

    Many factors can affect the proteolytic digestion of protein substrate in vitro. 

Above all, the digestion of proteins by proteases is time-dependent. As the in vitro 

incubation time is extended, the amount of proteins digested increases (Furuya et al. 

1979, Vachon et al. 1983, Gabilois et al. 1989). The proteolysis will finally come to 

an end when substrate is depleted (Haldane, 1965). However, as proteases can also 

autolyze themselves, products from this autolysis may inflate the apparent 

digestibility of the test ingredient, especially when samples are incubated for extended 
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periods of time. To correct for this contamination, it is necessary to gain knowledge 

about the self-degradation of the proteolytic enzymes. In the in vitro digestibility 

assay for proteins, so far, such knowledge has been largely neglected. 

    The deactivation and self-degradation of pepsin and their implications for in vitro 

digestion assays have been studied (Chapter III). This chapter reports similar studies 

of a trypsin (EC 3. 4. 21. 4)-enriched pancreatin that is utilized in our in vitro 

digestibility assay.  

 

Materials and Methods 

    Materials. Sodium dodecyl sulfate, sodium citrate, citric acid, sodium phosphate 

dibasic, sodium phosphate, and β-mercaptoethanol were obtained from Fisher 

Scientific (Atlanta, GA). Sodium azide, sodium borate tetra, N-benzoyl-L-arginine 

ethyl ester, N-benzoyl-L-tyrosine ethyl ester, and o-phthaldialdehyde were obtained 

from Sigma (St Louis, MO). Crystalline porcine pepsin (Catalog number: P-6887), 

crystalline porcine trypsin (Catalog number: T-7418) and pancreatin (Catalog 

number: P-7545, 8 x U.S.P., protein: 66% as determined by 6.25×N) were also 

obtained from Sigma. Meat and bone meal (50% crude protein) was provided by 

Baker’s Commodity (Los Angeles, CA). 

    All buffers contained 0.06% (wt/v) sodium azide to prevent microbial growth. 

Citrate buffer solution (0.05 mol/L, pH 2, the most preferred pH for the first stage in 

vitro digestion) was prepared from 0.05 mol/L sodium citrate and 0.05 mol/L citric 

acid solutions. Phosphate buffer solutions (0.1 mol/L, pH 6.0 or pH 8.0) were 

prepared from 0.1 mol/L sodium phosphate and 0.1 mol/L sodium phosphate dibasic 

solutions (pH 6 and pH 8.0 were chosen because typically the pH during intestinal 

digestion is within this range). 
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    Experiment 1. This experiment evaluated the effects of varying concentrations of 

the trypsin-enriched pancreatic enzyme cocktail and varying buffer pH on enzymatic 

peptide bond degradation. Fresh trypsin-enriched pancreatic enzyme cocktail was 

prepared (crystalline trypsin: 2 mg/mL (wt/v), pancreatin: 10 mg/mL (wt/v), crude 

protein: 72%) in pH 6.0 and pH 8.0 phosphate buffer solutions. Commercial 

pancreatin was enriched with crystalline trypsin under the assumption that the 

enrichment might make trypsin the longest-living enzyme in the cocktail, thus 

enabling it as a marker of the cocktail activity status. An aliquot of this fresh enzyme 

cocktail was diluted in 50 mL Corning test tubes with pre-warmed phosphate buffer 

solution (38 °C, 0.1 mol/L, pH 6.0 or pH 8.0) to make enzyme concentrations of 0.05 

mg/mL, 0.20 mg/mL, and 0.40 mg/mL. The final volume in each test tube was 30 mL. 

The test tubes were closed and incubated at 38 °C. To facilitate the contact between 

enzyme molecules and the substrate, the incubations were kept agitated by placing 

them in a revolving plate. Each combination of enzyme concentration and pH had two 

replicates (test tubes). Each replicate was sub-sampled (0.50 mL per time) at 0, 1, 2, 

3, 6, 9, 12, 22, and 24 hours post inoculation for determination of peptide bond 

degradation of the enzyme cocktail, as described below.  

    Experiment 2. This experiment evaluated the effects of varying concentrations of 

the trypsin-enriched pancreatic enzyme cocktail on the deactivation of trypsin and 

chymotrypsin (EC 3. 4. 21. 1) at pH 8.0. The enzyme and incubations were prepared 

as in Experiment 1 but only in pH 8.0 buffer. Each enzyme concentration had three 

replicates (test tubes). Each test tube was measured for specific activity of trypsin at 0, 

1, 2, 3, 4, and 5 hours post inoculation, and for specific activity of chymotrypsin at 0, 

1, 2, 3, and 4 hours post inoculation with methods described below. 
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    Experiment 3. This experiment studied the loss of activity of trypsin at different 

concentrations of the trypsin-enriched pancreatic enzyme cocktail in the presence of a 

fixed concentration of meat and bone meal protein. The digestion processes consisted 

of a first-stage pepsin digestion and a second-stage pancreatic enzyme digestion. Meat 

and bone meal protein (12.5 mg/mL) was first hydrolyzed with 1% pepsin (pepsin to 

substrate ratio, protein/protein) in 20 mL pH 2 buffer solution at 38 °C (Qiao et al. 

2000). After 24 hours digestion, pre-warmed (38°C), pH 12.0 phosphate buffer 

solution (prepared by adding 5 mol/L sodium hydroxide into pH 8.0 0.1 mol/M 

phosphate buffer solution) and fresh trypsin-enriched pancreatic enzyme cocktail 

(crystalline trypsin: 2 mg/mL, pancreatin: 10 mg/mL) were added to the incubations. 

The final volume was 50 mL in each test tube (meat and bone meal protein 

concentration: 5.0 mg/mL), and the final pH was pH 8.0. The final concentrations of 

the enzyme cocktail were at 0.05 mg/mL, 0.30 mg/mL, and 0.55 mg/mL, which were 

equivalent to enzyme to substrate protein ratios (wt/wt) of 1%, 6%, and 11%, 

respectively. The incubations were performed at 38°C as in previous experiments. 

Each enzyme cocktail concentration had three replicates (test tubes). Each test tube 

was measured for trypsin specific activity at 0, 6, 12, 18, 24, 28, 48, 54, 72, and 96 

hours post inoculation to determine the loss of activity of trypsin as in Experiment 2. 

    Measurement of peptide bond degradation over time. The peptide bond 

degradation of the trypsin-enriched pancreatic enzyme cocktail was measured 

spectrophotometrically with the o-phthaldialdehyde method (Church et al.1983), 

modified as described previously (Qiao and van Kempen 2001). The absorbance was 

read at 340 nm with a Beckman spectrophotometer (Model Dur, Fullerton, CA).  

    Expression of peptide bond degradation. For convenience of data analysis, 

peptide bond degradation was standardized and expressed relative to the total 
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enzymatic peptide bonds rather than as an absolute amount. The relative peptide bond 

degradation (RPBD) indicates the degree of enzyme molecule damage due to 

degradation (Adler-Nissen 1986a).  

This relative peptide bond degradation in percent (RPBD, %) is defined as: 

]P[
]P[

RPBD
i

t=  

where [Pt] is the released amino group from enzymatic peptide bonds, and [Pi] is the 

initial enzymatic peptide bonds. [Pi] is calculated by the initial enzyme concentration 

divided by the average molecular weight of amino acids (115 Da). The relative 

peptide bond degradation (RPBD) of the enzyme cocktail was calculated with the 

following formula derived from the calculation of food protein digestibility (Chung et 

al. 1986): 

]E[dd5850
OD115RPBD

i21 ×××
×

=  

where 115 is the average molecular weight of amino acids in Daltons, OD is the 

actual absorbance, 5850 is the molar extinction coefficient, d1 and d2 are the dilution 

rates of the sub-sample with the sodium dodecyl sulfate solution and o-

phthaldialdehyde solution, respectively, and [Ei] is the initial enzyme concentration 

(protein, mg/mL) in the incubation. 

    The average autolysate length (AAL) can be estimated from the inverse of the 

relative peptide bond degradation (RPBD). The average autolysate length (AAL) is 

also an indication of the self-degradation of the enzyme cocktail due to auto-digestion 

(Adler-Nissen 1986a).  

    From the relative peptide bond degradation (RPBD) at time 0.25 h (15 min), the 

relative initial velocity of peptide bond degradation (rV0, mol mg-1 min-1) was 

calculated using the formula: 
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15115
RPBD

rV h25.0t
0 ×
= =  

where 115 is the average molecular weight of amino acids in Daltons and 15 is the 

time (min) in which the peptide bonds were broken down. The relative initial velocity 

of peptide bond degradation (rV0) represents the initial digesting specific activity of 

the enzyme cocktail using itself as a substrate. 

    Measurement of specific activity decay of trypsin over time. The specific 

activity of trypsin was measured with the N-benzoyl-L-arginine ethyl ester (BAEE) 

method (Schwert and Takenake 1955) modified by Zhang et al. (1997). Briefly, 0.5 

mmol N-benzoyl-L-arginine ethyl ester (BAEE) solution was prepared fresh by 

mixing equal volumes of 1 mmol/L N-benzoyl-L-arginine ethyl ester (BAEE) solution 

with 0.1 mol/L pH 7.0 phosphate buffer solution. Sub-samples from the incubations 

were first centrifuged at 13,000 g for 5 min. An aliquot of the supernatant containing 

5-10 µg trypsin was taken to react with 3.0 mL 0.5 mmol/L N-benzoyl-L-arginine 

ethyl ester (BAEE) at 25 °C. The increase in absorbance was measured every 30 

seconds for up to 5 minutes at 253 nm using a Beckman spectrophotometer. The 

linear portion was used to calculate specific activity. Trypsin specific activity of the 

enzyme cocktail was expressed in units. One unit was an increase in absorbance of 

0.001 per mg of the enzyme cocktail per minute. 

    Measurement of specific activity decay of chymotrypsin over time. The specific 

activity of chymotrypsin was measured by the amount of hydrolyzed N-benzoyl-L-

tyrosine ethyl ester (BTEE) (Worthington Biochemical Corporation, 2000). Briefly, 

0.5 mmol N-benzoyl-L-tyrosine ethyl ester (BTEE) solution was prepared fresh by 

mixing equal volumes of 1 mmol/L N-benzoyl-L-tyrosine ethyl ester (BTEE) solution 

with 0.1 mol/L pH 7.0 phosphate buffer solution. Sub-samples from the incubations 
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were first centrifuged at 13,000 g for 5 min. An aliquot of the supernatant containing 

5-10 µg chymotrypsin was taken to react with 3.0 mL 0.5 mmol/L N-benzoyl-L-

tyrosine ethyl ester (BTEE) at 25 °C. The increase in absorbance was measured every 

30 seconds for up to 5 minutes at 256 nm using  a Beckman spectrophotometer. The 

linear portion was used to calculate specific activity. Chymotrypsin specific activity 

of the enzyme cocktail was expressed in units. One unit was an increase in absorbance 

of 0.001 per mg of the enzyme cocktail per minute. 

    Models for self-degradation and deactivation. Proteolytic enzyme autolysis is 

expected to follow the first order kinetics model (Adler-Nissen 1986b).  

]P[]E[ k→  

    For peptide bond self-degradation, the first order model calls for a non-linear 

expression: 

)e1](P[]P[ tk
it

a−−=  

where [Pt] is the amount of degraded peptide bonds at time t (h), [Pi] is the amount of 

peptide bonds contained initially in the enzyme, and ka is the overall rate (h-1) of 

peptide bond breakdown. Recall that RPBD=[Pt]/[Pi], so to describe the time course 

of peptide bond degradation, the formula RPBD=1-exp(-kat) was used. However, this 

equation assumes that at time infinity, the relative peptide bond degradation (RPBD) 

is 100%, which may not always be true. Therefore, a modifying factor, c, is needed to 

correct this,  

)e1(cRPBD tka−−=     (1) 

where c is the maximal relative peptide bond degradation (MRPBD) at time infinity 

predicted from the nonlinear regression. Thus, c represents the upper limit for the self-

degradation of the enzyme cocktail. The half-life (t½) for the self-degradation of the 
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enzyme cocktail, which is the time (h) needed to reach 50% of the maximal relative 

peptide bond degradation (MRPBD), can be calculated from ln(2)/ka.  

    For specific activity of a particular enzyme within the enzyme cocktail, the first 

order model calls for a non-linear expression: 

tk
it

de]E[]E[ −=     (2) 

where [Et] is the specific activity of the enzyme at time t (h), [Ei] is specific activity of 

the enzyme when t=0, and kd is the rate constant (h-1) of specific activity decay for the 

enzyme (to distinguish from ka, the rate constant for auto-digestion). The half-life (t½) 

of specific activity decay, which is the time (h) needed to degenerate 50% of its initial 

specific activity, can be calculated from ln(2)/kd. The time needed to degenerate 95% 

of the initial activity (t0.05) is calculated from ln(20)/kd.  

    Statistical analysis. Each experiment was a repeated measurement design. For 

statistical analysis, the regression model 

    Yijkt=f[t,(θjk+bijk)] + εijkt  

was used, where Yijkt is the observation at the ith replicate, the jth pH, and the kth 

concentration at time t, f[t, (θjk+bijk)] is the applicable non-linear mathematical 

expression as a function of time t, θjk is the vector of the parameters to be estimated, 

bijk is the random between-test tube error with a mean of zero and variance component 

of σb
2, εijkt is the random within-test tube error with the mean of zero and variance of 

σ2. The variance was assumed to be the same for all treatment combinations of buffer 

pH and enzyme concentration. 

        Specifically, for peptide bond degradation, the following model was used: 

ijkt
t)dk(

ijkjkijkt
ijkjkae]ec[]RPBD[ ε++=

+−      (3) 
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where [RPBDijkt] were the observations for ith test tube, jth pH, kth concentration at 

time t, [cjk] was the maximal relative peptide bond degradation which was assumed to 

be equal for each pH and concentration combination (treatment), eijk was the between 

test tube error for maximal relative peptide bond degradation, 
jkak was the rate 

constant of peptide bond degradation for each pH and concentration combination 

(treatment), dijk was the between test tube random error for parameter 
jkak in each test 

tube, and εijkt was the within test tube measurement error. The random effects eijk and 

dijk allow the curves to be different for each test tube. Formula (3) was used for 

analyses of peptide bond degradation in Experiment 1. 

    For exponential specific activity decays of trypsin and chymotrypsin, the following 

model was used: 

ijkt
t)dk(

0ijk0ijkt
ijkjkde]eE[]E[ ε++=

+−   (4) 

where [Eijkt] were the observations for ith test tube, jth pH, kth concentration at time t, 

[E0] was the initial enzyme specific activity which was assumed to be equal for all test 

tubes for the same experiment, eijk0 was the between test tube error for initial specific 

activity of the enzyme, 
jkdk was the rate constant of specific activity decay in each pH 

and concentration combination (treatment), dijk was the between test tube random 

error for parameter 
jkdk in each test tube, and εijkt was the within test tube 

measurement error. The random effects eijk0 and dijk allow the curves to be different 

for each test tube. Formula (4) was used for analyses of specific activity in 

Experiment 2 and Experiment 3.  

    The nonlinear regression was performed using maximum likelihood estimation 

with the Proc NLMIXED procedure of SAS (SAS Institute Inc. 1998). The estimated 

parameter vector θjk was used to calculate the half-life of pepsin at the jth pH and the 
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kth concentration combination. Comparisons among the enzyme concentrations and 

buffer pH for the parameter θjk and the half-life were made using the ESTIMATE 

statement of the NLMIXED procedure, which performs Wald tests for individual 

hypotheses. Standard errors of the parameters were estimated using the Taylor series 

approximation (Casella and Berger 1990, page 328-329).  

 

Results 

    Experiment 1. The kinetics of peptide bond degradation of the trypsin-

enriched pancreatic enzyme cocktail in the absence of meat and bone meal. The 

observed and predicted peptide bond self-degradation of the enzyme cocktail at tested 

concentrations (0.05 mg/mL, 0.20 mg/mL and 0.40 mg/mL) and pH (pH 6.0 and pH 

8.0) are graphed in FIGURE 1. The rate constant (ka) and half-life (t½) of enzymatic 

peptide bond self-degradation are presented in TABLE 1. Significant concentration 

and pH effects on peptide bond self-degradation of the enzyme cocktail were 

observed. At pH 8.0, the half-life for peptide bond self-degradation was shorter 

(P<0.05) at 0.05 mg/mL than at the other two concentrations. At all these 

concentrations, the half-life for peptide bond self-degradation at pH 6.0 was longer 

(P<0.05) than at pH 8.0.  

    Experiment 1. The maximal relative peptide bond degradation (MRPBD) and 

the average autolysate length (AAL) of the trypsin-enriched pancreatic enzyme 

cocktail. The maximal relative peptide bond degradation (MRPBD) and its inverse, 

the average autolysate length (AAL) of the enzyme cocktail incubated at different pH 

and concentrations are presented in TABLE 2. The maximal relative peptide bond 

degradation (MRPBD) varied (P<0.05) between 18.5% and 32.7%, representing the 

average autolysate length (AAL) of 5.4 and 3.1 amino acid residuals, respectively.  
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    Experiment 1. The relative initial velocity of peptide bond self-degradation 

(rV0) of the trypsin-enriched pancreatic enzyme cocktail. The relative initial 

velocity (rV0) of peptide bond self-degradation of the enzyme cocktail incubated at 

different pH and concentration is presented in TABLE 3. At both pH 6.0 and pH 8.0, 

the relative initial velocity (rV0) of peptide bond self-degradation decreased (P<0.05) 

as the concentration of the enzyme cocktail increased. At all these concentrations, the 

relative initial velocity (rV0) increased (P<0.05) when the pH increased from pH 6.0 

to pH 8.0. 

    Experiment 2. Deactivation of trypsin and chymotrypsin in the trypsin-

enriched pancreatic enzyme cocktail incubated without meat and bone meal. The 

observed and predicted specific activity decay of trypsin and chymotrypsin in the 

enzyme cocktail at different concentration and pH are graphed in FIGURE 2. The 

rate constants (kd) and the half-life (t½) of trypsin and chymotrypsin are presented in 

TABLE 4. For trypsin, the half-life for specific activity decay was shorter (P<0.05) at 

0.05 mg/mL than at the other two concentrations. For chymotrypsin, the half-life for 

specific activity decay was 0.5 hours, 0.7 hours, and 0.9 hours at the concentrations of 

0.05 mg/mL, 0.20 mg/mL, and 0.40 mg/mL, respectively. Each half-life was different  

(P<0.05) from the others. 

    Experiment 3. The deactivation of trypsin in trypsin-enriched pancreatic 

enzyme cocktail incubated in the presence of meat and bone meal protein. The 

observed and predicted deactivation of trypsin in the enzyme cocktail at the 

concentrations 0.05 mg/mL, 0.30 mg/mL, and 0.55 mg/mL in the presence of 5.0 

mg/mL meat and bone meal protein are shown in FIGURE 3. The rate constants (kd), 

the half-life (t½), and the time to degenerate 95% of initial trypsin activity (t0.05) are 

presented in TABLE 5. In the presence of meat and bone meal protein, the half-life of 



 

 78

trypsin decreased (P<0.05) when the enzyme concentration increased. The time 

needed to degenerate 95% of initial trypsin activity was significantly different among 

enzyme concentrations. 

 

Discussion 

    Pancreatin, secreted by the pancreas, contains many kinds of proteases like trypsin, 

chymotrypsin, carboxypeptidase A, carboxypeptidase B, and elastase. Theoretically, 

the degradation of each individual protease has its own time course and can be fitted 

into a unique exponential model. The degraded peptide bonds measured by the o-

phthaldialdehyde method, on the other hand, are the sum of all these individual 

enzyme degradations. Ideally, the overall peptide bond degradation would be best 

described with an aggregate model based on each individual protease. Practically, 

however, this aggregate model may be overly complicated to handle. It appeared that 

a single, general exponential function was sufficient to describe the overall production 

of free amino groups from the degradation of all individual proteases (FIGURE 1). 

    Both the half-life for the self-degradation of the pancreatic enzyme peptide bonds 

(TABLE 1) and the initial velocity of relative peptide bond self-degradation (rV0, or 

the self-digesting specific activity of pepsin, TABLE 3) reflected the control of pH on 

the speed of self-degradation for this pancreatic enzyme cocktail. The breakdown of 

enzymatic peptide bonds at pH 8 was faster than at pH 6, and concomitantly, the half-

life of the enzyme cocktail at pH 8 was shorter. This result shows that pH 8 is more 

favorable for the self-degradation of pancreatic proteases than pH 6. Since pH 8 is 

also more favorable than pH 6 for pancreatic proteases to digest substrate (e.g., 

optimal pH for trypsin and chymotrypsin is pH 8), it seems that if the pancreatic 

proteases are more active in digesting substrates, they will also be more active in 
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digesting themselves. A similar observation was made for pepsin (Qiao and van 

Kempen 2001). The proteolytic activity of the pancreatic proteases thus seems to be 

non-discriminative between substrate and proteases.  

    To the authors’ knowledge, there have not been any reports detailing the effects of 

the concentration of the pancreatic enzyme cocktail on its self-degradation. The 

current experiments demonstrated that increasing concentration of the pancreatic 

enzyme cocktail significantly decreased the self-digesting specific activity (rV0) and 

thus increased the half-life of the enzyme cocktail. This finding suggests that 

increasing enzyme concentration inhibited the self-degradation of the enzymes. This 

finding was further reinforced by the effects of enzyme concentration on the specific 

activity decay of trypsin and chymotrypsin at pH 8, where the half-lives for trypsin 

and chymotrypsin specific activity decay both increased when the concentration of the 

enzyme cocktail was increased (TABLE 4). 

    The theory of folding and unfolding of proteolytic enzymes has been used to 

explain the self-digestion of proteases (Adler-Nissen 1986b). The active enzymes are 

folded, whereas the inactive enzymes are unfolded. The effects of pH can be 

explained by this theory of folding and unfolding, which have been observed in serine 

proteases such as trypsin and chymotrypsin (Light et al. 1986, Light and Al-Obeidi 

1991). Because the pancreatic proteases more actively digest themselves at pH 8 than 

at pH 6, it is likely that more protease molecules are folded and, therefore, more 

enzymes are active at pH 8 than at pH 6. In this case, there is plenty of proteolytic 

activity relative to unfolded enzyme molecules that are substrates for enzymatic 

hydrolysis. At pH 8, the rate-limiting step for autolysis may thus be the unfolding 

process. Once the unfolded enzyme is autolyzed, however, more active enzyme 

molecules would be unfolded in order to maintain the equilibrium between the folding 
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and unfolding processes, thus resulting in rapid autolysis. In contrast, at pH 6, the 

unfolding process is favored and, as a result, there is a lack of proteolytically active 

enzymes to degrade these unfolded enzyme molecules, and thus, the enzymes 

managed to live longer but at much lower activity. The finding that the half-life of the 

enzyme cocktail was shorter at pH 8 than at pH 6 supports this explanation. In short, 

the protease molecules are able to act as a catalyst and as substrate through folding 

and unfolding, whose balance is largely affected by the ambient pH. As folded and 

unfolded enzymes are in a pH-driven equilibrium, removal of unfolded enzyme 

through autolysis results in the unfolding of folded enzyme in order to maintain this 

equilibrium. The rate-limiting step for autolysis is thus determined more by the actual 

enzyme activity than by substrate availability. 

    The elongating effects of enzyme concentration on the half-life of the enzymes 

seem difficult to explain with the folding and unfolding theory. In the absence of 

substrate, the elongating effects of varying enzyme concentrations on the half-lives of 

self-degradation and on the deactivation of trypsin and chymotrypsin suggested that 

the specific activity of the proteases to digest proteases was reduced at higher 

concentration (TABLE 3). A possible explanation for this observation is through the 

aggregation of the dynamic protease molecules. Higher concentration of the enzymes 

means higher density of enzyme molecules, which may favor the aggregation of 

protease molecules through the action of, for example, hydrogen bonds and 

intermolecular disulfide bonds. The aggregation of the enzyme molecules may 

displace the active sites of the enzymes, thus reducing the specific activity for self-

degradation and lengthening the half-life of the enzymes, a phenomenon observed in 

the experiments. Given the complex composition of the enzyme cocktail, the 

aggregation may happen between any protease molecules. Thus, in the absence of 
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substrate, every protease may live longer at higher concentration than at lower 

concentration, as shown by the half-lives for trypsin and chymotrypsin, and as 

reflected by the rate of overall peptide bond self-degradation.  

    In the presence of substrate protein, the free amino groups are produced both from 

the hydrolysis of the substrate and the autolysis of the proteases. Therefore, the half-

life for enzymatic peptide bond self-degradation cannot be measured with the o-

phthaldialdehyde method when substrate is present. The decay of trypsin, a 

component of the enzyme cocktail that hydrolyzes N-benzoyl-L-arginine ethyl ester, 

was chosen as the indicator of the status of the enzyme cocktail. 

    Compared to without substrate, the half-life of trypsin was considerably extended 

by the presence of pepsin-predigested meat and bone meal. This phenomenon shows 

that trypsin is protected by the substrate. The protection may be offered by 

competition of unfolded trypsin molecules with the pepsin-digested meat and bone 

meal proteins for the active sites of proteases. This competition shields the unfolded 

trypsin from being attacked by active proteases, thus lengthening the half-life of 

trypsin. Interestingly, however, unlike in the absence of substrate protein, where an 

increase in the enzyme cocktail concentration increased the half-life of the enzymes, 

in the presence of a fixed concentration of substrate, the half-life of trypsin decreased 

as the concentration of the enzyme cocktail increased (Table 5). This showed that the 

protection conferred by the presumed aggregation of enzyme molecules without meat 

and bone meal protein was undone by the presence of such substrate which, being 

partially digested by pepsin composed of infinite kinds of polar oligopeptide arrays, 

may displace the aggregation of enzyme molecules easily. Such reasoning is 

supported by the findings that proteins (in our case, active proteases) may bind to 

non-native intermediates (in our case, oligopeptides produced from proteolysis) to 



 

 82

prevent the aggregation of proteins (in our case, active proteases) (Lee and Vierling 

2000). The decreasing half-life of trypsin with increasing pancreatic enzyme cocktail 

in the presence of meat and bone meal suggested that at higher enzyme concentration 

(also higher enzyme to substrate ratio), the substrate protection was weaker than at 

lower enzyme concentration (also lower enzyme to substrate ratio). This inference is 

understandable because at a fixed concentration of substrate as in our experiment, the 

higher the enzyme concentration, the easier the interaction (e.g., self-digestion) 

among the proteases molecules. Since the effects of aggregation of proteins (enzymes) 

on enzyme half-life is not exhibited in the presence of substrate, it is believed that in 

the presence of substrate protein, the enzyme to substrate ratio may be more important 

in determining the half-life of trypsin than the aggregation of enzyme molecules. The 

aggregation of enzyme molecules is thus proposed to explain the elongating effects of 

increasing enzyme concentrations on the half-life of trypsin and chymotrypsin in the 

absence of substrate. As substrate protection was not observed for pepsin (Qiao and 

van Kempen 2001), and in some cases, the enzyme may even be more stable without 

substrate than with substrate as observed with catalase (Haldane, 1965), substrate 

protection for enzymes appears to be enzyme specific. 

    The maximization of the efficiency of enzyme utilization (minimizing the usage of 

the enzyme cocktail) and the correction for the enzyme contamination on in vitro 

digestion assays is desirable. The incubation time can be based on either how long the 

enzyme can live or how soon the digestion of substrate stops. From an enzyme point 

of view, given that trypsin is the most abundant and possibly longest-living enzyme in 

the enzyme cocktail, the maximal incubation time can be determined by the time 

required to lose 95% of initial activity of trypsin (t0.05). By this standard, the maximal 

incubation time may be as long as 94 hours for the situation where the concentration 



 

 83

of the pancreatic enzyme is 0.55 mg/mL and the enzyme to substrate ratio is 11% 

(TABLE 5). 

    The extent of protease self-degradation is reflected by the maximal relative peptide 

bond degradation (MRPBD) and its inverse, the average autolysate length (AAL). Our 

results showed that the range of the maximal relative peptide bond degradation 

(MRPBD) was between 18.5% and 32.7%. At pH 8, the extent of hydrolysis of the 

proteases was more uniform and greater than at pH 6 (TABLE 2). The inverse of the 

maximal relative peptide bond degradation (MRPBD) is the average number of amino 

acids contained in the autolysates (average autolysate length, AAL). When the 

enzyme cocktail was fully deactivated, the average autolysate length (AAL) was 

between 3.1 and 5.4 amino acid residuals. The results suggested that extensive 

hydrolysis had occurred when the pancreatic proteases were fully deactivated under in 

vitro conditions. The results also suggested that even if the pancreatic enzyme 

cocktail was incubated at different pH and concentration, the final average autolysate 

lengths of the enzyme cocktail were similar and very small in size.  

    The observation that the average autolysate length is so short, especially given that 

pancreatin consists of a mix of enzymes with different amino acid affinities, is 

noteworthy. With knowledge of the average autolysates length (AAL), it is possible to 

illustrate the contribution of enzyme autolysates as digestible feed protein. Consider 

the simplified case in which the average autolysate length was 3.1, letting the original 

size of the enzyme be 100 amino acids with a fraction of 1% remaining at the end of 

the incubation (as the last enzyme cannot digest itself), the average size of the 

partially degraded enzymes be 20 amino acids with a fraction of x, and the average 

size of the fully-degraded enzymes be 2 amino acids, then x can be estimated with the 

formula 3.1=2*(0.99-x)+20*x+100*0.01. The value of x is thus only 0.7%. Thus 
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98.3% of the enzymes were completely hydrolyzed and is thus fractionated as 

digestible. Although the inputs in this equation can be argued, changing the inputs has 

little effect on the outcome that the intermediate fraction is effectively insignificant. 

This high percentage suggests that if an enzyme is autolyzed, it is broken down 

completely, leaving no intermediate size remnants. This finding is surprising. Given 

that pancreatin is a mixture of enzymes with different affinities for substrates, this 

finding suggests that the enzymes in this mixture ‘cooperate’ well in their digestion of 

substrate (in this case, enzymes themselves). The mechanism by which they cooperate 

is intriguing. Through this mechanism, once an enzyme captures a substrate, its 

proteolytic products are passed on to different enzymes and are further degraded. 

    The kinetics and the self-degradation of enzymatic peptide bonds shed light on the 

estimation of pancreatic enzyme contamination in the in vitro digestibility assay. The 

contamination is determined by the amount of pancreatic enzymes degraded and 

fractionated as digested feed proteins. The more the enzyme is degraded, the more the 

enzyme will be fractionated as digestible feed protein. Factors such as incubation 

time, enzyme concentration, and buffer pH all affect the degree of enzyme self-

degradation and, therefore, the contamination. The upper limit of the contamination 

may be set by the enzyme/substrate ratio. For example, at the enzyme concentration 

of 0.4 mg/mL and an enzyme/substrate ratio of 10%, the self-degradation of 

pancreatic enzyme may be negligible when the incubation is terminated 30 min after 

the inoculation (at which point substrate digestion is not complete). Therefore, upon 

fractionation of the incubation, the contamination of the enzyme protein on in vitro 

digestibility assays should be negligible. However, if the incubation lasts till the time 

that 95% of the initial trypsin activity is lost, the contamination may well be around 

10%, since the average autolysate length (AAL) under this situation is estimated to be 
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3.1 amino acid residuals. Most of the enzyme proteins thus degraded will be 

fractionated as digestible feed proteins. Needless to say, the fractional size 

distribution of the autolysates will ultimately determine the exact contamination. 

    To correct for enzyme contamination with a control, it is necessary to assume that 

the enzymes be degraded to a similar extent as in the actual incubation. As shown 

above, the amount of the native (not fractionated) protein is estimated to be only 2%, 

thus most of the enzyme protein will be fractionated as digestible feed protein. Under 

the assumption that the presence of meat and bone meal does not affect the final 

extent of enzyme self-degradation, the extent of enzyme self-degradation in both the 

enzyme control and the protein incubation may be considered similar for the sake of 

correcting the enzyme contamination upon fractionation if the enzymes are incubated 

till full deactivation and fractionated identically. Practically, an incubation period 

equal to the time that the enzymes lose 95% of the initial activity (t0.05) is sufficient. 

This practice can also maximize the efficiency of enzyme utilization because all the 

enzymes are fully exploited. In addition, it is also a reasonable basis for the 

minimization of enzyme usage. 

    In conclusion, the study showed that the pH, the concentration of the pancreatic 

enzyme cocktail, and the presence of substrate protein affected the deactivation and 

self-degradation of the enzyme. The contamination of the enzyme autolysates on in 

vitro digestibility assays may be corrected with an enzyme blank identically incubated 

and fractionated as the substrate if the enzymes in both incubations are fully degraded. 
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TABLE 1 
 

Kinetics of peptide bond degradation of trypsin-enriched pancreatic enzyme 

cocktails as affected by the concentration of the cocktail and buffer pH at 38 °C1 

pH 6.0 pH 8.0 
Pancreatic 

enzyme cocktail 

(mg/mL) ka (h-1)2 t½ (h)3 ka (h-1)2 t½ (h)3 

0.05 0.26 ± 0.03a 2.6 ± 0.3a 0.66 ± 0.08c 1.1 ± 0.1c 

0.20 0.21 ± 0.03a 3.3 ± 0.5a 0.46 ± 0.05b 1.5 ± 0.2b 

0.40 0.20 ± 0.04a 3.5 ± 0.7a 0.38 ± 0.04b 1.8 ± 0.2b 
 

1Peptide bond degradation was measured with o-phthaldialdehyde method and 

expressed as relative to initial peptide bond contained in the enzymes (RPBD). The 

rate constant (ka) and half-life (t½) were expressed as estimate ± se (standard error). 

Values of the same parameter with different superscript are significantly different 

(P<0.05).  

2The parameter ka was obtained from non-linear regression of RPBD=c(1-exp(-kat)), 

where RPBD was the relative peptide bond degradation, c was the maximal relative 

peptide bond degradation (MRPBD). 

3Half-life, t½, calculated from t½ =ln2/ka, represented the time needed to reach 50% of 

the maximal relative peptide bond degradation (MRPBD). 
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TABLE 2 
 

Maximal relative peptide bond degradation (MRPBD, %) and average 

autolysate length (AAL, amino acid residuals) of trypsin-enriched pancreatic 

enzyme cocktail incubated at different concentration and buffer pH at 38 °C1, 2 

MRPBD (%) AAL (amino acid residuals) Pancreatic enzyme 

cocktail (mg/mL) 
pH 6.0 pH 8.0 pH 6.0 pH 8.0 

0.05 28.1 ± 0.7a 30.7 ± 0.5c  3.5 ± 0.1a 3.3 ± 0.1ac 

0.20 21.7 ± 0.8b   30.4 ± 0.5ac 4.6 ± 0.2b 3.3 ± 0.1ac 

0.40 18.5 ± 0.8b 32.7 ± 0.6c 5.4 ± 0.3b 3.1 ± 0.1cd 
 

1Peptide bond degradation was measured with the o-phthaldialdehyde method. The 

maximal relative peptide degradation (MRPBD) and average autolysates length 

(AAL) were shown as estimate ± se (standard error). Values of the same parameter 

lacking common superscript are significantly different (P<0.05). 

2MRPBD was the predicted value c in the model for relative peptide bond degradation 

(RPBD), RPBD=c(1-exp(-kat)). AAL was the inverse of MRPBD. 
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TABLE 3 
 

Initial velocity of relative peptide bond degradation of a trypsin-enriched 

pancreatic enzyme cocktail (rV0) as affected by the concentration of the enzyme 

cocktail and buffer pH at 38 °C1 

rV0 (mmol mg-1 min-1) Pancreatic enzyme 

cocktail (mg/mL) pH 6.0 pH 8.0 

0.05 1.04 ± 0.09a 2.70 ± 0.26c 

0.20 0.64 ± 0.08b 1.90 ± 0.16d 

0.40 0.51 ± 0.07b 1.71 ± 0.14d 
 

1Results were expressed as estimate ± se (standard error). rV0 was calculated from the 

amount of peptide bonds degraded in the first 15 min of incubation divided by the 

time and the concentration of the enzyme cocktail. Values lacking common 

superscripts are significantly different (P<0.05).  
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TABLE 4 
 

Kinetics of the specific activity decay of trypsin and chymotrypsin in trypsin-

enriched pancreatic enzyme cocktail as affected by the concentration of the 

cocktail incubated at pH 8.0 at 38 °C1 

Trypsin Chymotrypsin Pancreatic 

enzyme cocktail 

(mg/mL) 
kd (h-1)2 t½ (h)3 kd (h-1)2 t½ (h)3 

0.05 0.43 ± 0.03a  1.6 ± 0.1bc 1.34 ± 0.07a 0.5 ± 0.03a 

0.20 0.31 ± 0.02b  2.2 ± 0.2cd 0.97 ± 0.06b 0.7 ± 0.04b 

0.40 0.29 ± 0.02b 2.4 ± 0.2d 0.74 ± 0.03c 0.9 ± 0.03c 
 

1For trypsin, the specific activity was measured with N-benzoyl-L-arginine ethyl ester 

(BAEE) at 25 °C. For chymotrypsin, the specific activity was measured with N-

benzoyl-L-tyrosine ethyl ester (BTEE) at 25 °C. Results were expressed as estimate ± 

se (standard error). Values of the same parameter (for the same enzyme) lacking 

common superscript are significantly different (P<0.05).  

2The rate constant (kd) was obtained from non-linear regression [Et]=[E0]exp(-kdt). 

[E0] was estimated to be 2258±44 for trypsin, and 537±6 for chymotrypsin.  

3Half-life, t½, predicted by t½ =ln2/kd, represented the time needed to degenerate 50% 

of the initial specific activity. 
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TABLE 5 
 

Kinetics of the specific activity decay of trypsin in trypsin-enriched pancreatic 

enzyme cocktail incubated at different concentrations in the presence of meat 

and bone meal at pH 8.0 and 38 °C1 

Trypsin Pancreatic 

cocktail 

(mg/mL) 

Enzyme/substrate 

ratio 

(%) 
kd (h-1)2 t½ (h)3 t0.05 (h)4 

0.05 1 0.0078 ± 0.0004a 88.4 ± 4.6a 382.2 ± 20.0a 

0.30 6 0.0208 ± 0.0017b 33.4 ± 2.7b 144.4 ± 11.7b 

0.55 11 0.0319 ± 0.0023c 21.8 ± 1.6c 94.0 ± 6.9c 
 

1The specific activity of trypsin was measured with N-benzoyl-L-arginine ethyl ester 

(BAEE) at 25 °C. Results were expressed as estimate ± se (standard error). Values 

with different superscript are significantly different (P<0.05).  

2The rate constant (kd) was obtained from non-linear regression [Et]=[E0]exp(-kdt). 

[E0] was estimated to be 2001±30.  

3Half-life, t½, predicted by t½ =ln2/kd, represented the time needed to degenerate 50% 

of the initial specific activity of trypsin. 

4Time to degenerate 95% of initial trypsin activity, t0.05, calculated from ln20/kd. 
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FIGURE 1. Observed and predicted time courses of peptide bond degradation of a 

trypsin-enriched pancreatic enzyme cocktail incubated in duplicate at two pH levels 

and three concentrations at 38 °C. The peptide bond degradation was measured with 

o-phthaldialdehyde and expressed as relative peptide bond degradation (RPBD, %). 

Raw data are expressed as mean ± SEM (s/√n). The predictions were made with  

RPBD=c(1-exp(-kat)). 
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FIGURE 2. Observed and predicted time courses of specific activity decay of trypsin 

and chymotrypsin in a trypsin-enriched pancreatic enzyme cocktail incubated in 

triplicate at three concentrations at 38 °C. The specific activity of trypsin was 

measured with N-benzoyl-L-arginine ethyl ester (BAEE) at 25 °C. The specific 

activity of chymotrypsin was measured with N-benzoyl-L-tyrosine ethyl ester (BTEE) 

at 25 °C. Raw data are expressed as mean ± SEM (s/√n). The predictions were made 

with [Et]=[E0]exp(-kdt). 
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FIGURE 3. Observed and predicted time courses of specific activity decay of trypsin 

in a trypsin-enriched pancreatic enzyme cocktail incubated in triplicate at three 

enzyme concentrations in the presence of meat and bone meal protein (5 mg/mL) at 

pH 8 and 38 °C. Meat and bone meal was first digested with 1% (pepsin/substrate 

ratio) pepsin for 24 hours at pepsin level of 0.125 mg/mL. The specific activity of 

trypsin was measured with N-benzoyl-L-arginine ethyl ester (BAEE) at 25 °C. Raw 

data are expressed as mean ± SEM (s/√n). The predictions were made with 

[Et]=[E0]exp(-kdt). 
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Chapter V. 

An in vitro system able to maximize digestion of meat and bone meal with 

minimal pepsin and pancreatic enzymes1 

 

North Carolina State University, Box 7621, Department of Animal Science, Raleigh, 

NC 27695 

 

Key words: •in vitro •digestion •meat and bone meal •pepsin •pancreatin  

                                                 
1Supported by Fats and Protein Research Foundation, and Animal and Poultry Waste 
Management Center, North Carolina State University 
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Abstract. A two-stage in vitro system simulating the gastric digestion in the stomach 

and the pancreatic digestion in the intestinal lumen was developed to achieve maximal 

digestion of meat and bone meal with minimal enzyme usage. In the first stage,  

increasing the protein concentration from 10 to 25 mg/mL inhibited the peptic 

digestion of the substrate. In the second stage, higher substrate concentration (10 

mg/ml) resulted in a higher degree of hydrolysis than lower substrate concentration 

(2.5 mg/mL) did. Based on this, substrate concentrations of 12.5 mg/mL for the first 

stage and 5.0 mg/mL for the second stage were chosen. Pancreatic proteases were 50 

times more potent than pepsin, which could be spared for maximal digestion. To 

maintain the two-stage model, a fixed low pepsin level (0.25%, wt/wt, enzyme to 

substrate protein) was used. To find the minimal pancreatic enzyme level for maximal 

digestion, 9 randomly selected meat and bone meals were digested with 0.25% pepsin 

followed by 0 to 9% pancreatic proteases. It was found that the minimal pancreatic 

enzyme levels to achieve maximal digestion ranged from 3.5% to 6.9%, averaging 

5.3±0.4%. The average true degree of hydrolysis of such digested substrate was 

29.3±2.0 %, suggesting the average peptide length was 3.5±0.2 amino acid residuals. 

Thus, in this model, the minimal pancreatic enzyme level to maximally digest 95% of 

the meat and bone meal population was 6.2%. The total enzyme (pepsin plus 

pancreatic proteases) needed to reach maximal digestion was 6.5%, which is 

equivalent to 4.7% enzyme-protein. 
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Introduction 

    In vitro digestion methods offer a rapid and convenient means to assess nutritional 

value of proteins for monogastric animals. Many different in vitro methods have been 

developed to quantify protein quality (see Swaisgood & Catignani 1991 for review). 

A common feature of these methods is that the protein is only partially digested by 

pepsin or/and pancreatic proteases, and without correlation to a standard protein, such 

in vitro results are difficult to interpret. To circumvent this problem, it is necessary to 

develop an in vitro method that achieves an extent of digestion equivalent to that 

observed in vivo, where maximal digestion is believed to occur under normal 

physiological conditions. 

    Real digestible amino acids, the animal’s actual amino acid uptake from the feed 

protein, are characteristics of the feedstuff quality. Recently, a two-stage in vitro 

digestion of protein feedstuffs by pepsin and pancreatic protease has been used to 

estimate the real digestibility of feed ingredients (Boisen & Fernandez 1995), and 

applied to estimation of feedstuff-induced endogenous nitrogen loss (Boisen & 

Moughan 1996). To measure real digestibility with in vitro techniques, there have to 

be some underlying assumptions. The most important ones are that the digestion of 

protein substrate in vivo is maximized mainly by pepsin and pancreatic proteases, that 

feed protein is maximally digested in vitro as in vivo, and that soluble peptides from 

in vitro digestion are absorbable in vivo while insoluble nitrogen remaining after in 

vitro digestion is not absorbable in vivo. 

    Because of the autolytic nature of proteases such as pepsin and pancreatic proteases 

(Qiao & van Kempen 2001a,b), use of these enzymes in the in vitro system 

unavoidably contaminates the estimation of real digestible amino acids regardless of 
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how the soluble fraction is obtained. Thus, to restrict enzyme contamination, 

excessive use of proteases should be avoided.  

    For an in vitro method that yields data comparable to in vivo, it is necessary to 

show that maximal digestion can indeed be achieved with the in vitro system, 

preferably with minimal enzyme usage. So far, no in vitro method used to assess real 

digestible amino acids has shown that maximal digestion of the protein is attained. In 

some studies, even though the usage of enzyme may be over 50% of the feed protein 

(Boisen & Fernandez 1995), it is still arguable whether the digestion is maximized, 

for the digestion process is not only a function of enzyme usage, but also a function 

of, to name a few, pH, substrate concentration, incubation temperature, and incubation 

time.  

    The objective of this study was to develop a two-stage in vitro system (simulating 

digestions by pepsin in the stomach and by pancreatic proteases in the intestinal 

lumen of the pig) with which maximal digestion of meat and bone meal protein can be 

achieved by using minimal amounts of proteases.  

 

Materials and Methods 

    General. Meat and bone meals were obtained from major animal by-products 

plants in North America. Sodium dodecyl sulfate, sodium citrate, citric acid, sodium 

phosphate dibasic, and sodium phosphate were obtained from Fisher Scientific 

(Atlanta, GA). Sodium azide and o-phthaldialdehyde were obtained from Sigma (St. 

Louis, MO). Crystalline porcine pepsin (Catalog number: P-6887), crystalline porcine 

trypsin (Catalog number: T-7418) and pancreatin (Catalog number: P-7545, 8 x 

U.S.P., crude protein: 66% as determined by 6.25×N) were also obtained from Sigma.   
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    Buffer solutions and fresh stock enzyme solutions (pepsin 10 mg/mL and trypsin-

enriched pancreatin 12 mg/mL) used for in vitro digestions were prepared as 

described earlier (Qiao and van Kempen 2001a, b). All buffers contained 0.06% 

(wt/v) sodium azide to prevent microbial growth. A two-stage digestion model 

simulating in vivo digestion processes in the stomach (pepsin) and the intestinal 

lumen (pancreatic proteases) was adopted. For incubation with pepsin, citrate buffer 

solution (0.05 mol/L, pH 2.0) was used as this pH was optimal for digestion of 

proteins by pepsin (Schlamowitz & Peterson, 1959). For incubation following pepsin 

incubation, phosphate buffer solutions (0.1 mol/L, pH 11.5) were added to adjust the 

medium pH to pH 8.0, which was optimal for most of the exocrine pancreatic 

proteases (Kidder & Manners 1978a). All incubations were conducted in 50 mL 

Corning test tubes, agitated, and at temperature of 38 °C, as described earlier (Qiao & 

van Kempen, 2001a,b). 

    Experiment 1. The objective of this experiment was to evaluate the effects of 

substrate concentration on digestion of the substrate by pepsin in the first stage and by 

trypsin-enriched pancreatic proteases in the second stage. Meat and bone meal (crude 

protein 50%) was digested in triplicate (3 test tubes per substrate concentration) at 

25.0 mg/mL, 12.5 mg/mL, and 6.25 mg/mL (substrate protein concentration) by 1% 

pepsin (enzyme to substrate ratio) in 20 mL citrate buffer solution for 26 hours. The 

concentrations were chosen based on the review of Swaisgood and Catignani (1991). 

During this first stage incubation, sub-samples (0.25 mL per time) were taken from 

the test tubes at 0, 2, 4, 6, 8, 22, 24, and 26 hours for measurement of apparent degree 

of hydrolysis of the substrate. Then, phosphate buffer solution and trypsin-enriched 

pancreatin were added. The pH was adjusted to 8.0, and the final volume was 50 mL. 

Trypsin-enriched pancreatin was added to a concentration of 1% (enzyme to substrate 
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ratio), and the digestion continued for another 96 hours. During this second stage 

digestion, sub-samples (0.25 mL per time) were taken at 0, 2, 4, 6, 8, 25, 30, 49, 50, 

51, and 96 hours post inoculation.  

    In both stages, the sub-samples were mixed immediately with equal volume of 20% 

SDS (sodium dodecyl sulfate, wt/v) to inactivate the proteases. After centrifugation at 

13,000 g for 5 min, the supernatant was used for reaction with o-phthaldialdehyde to 

measure the amount of free amino groups by spectrophotometry (Church et al. 1983, 

as modified by Qiao and van Kempen 2001a,b). The background absorbance was 

adjusted with controls sub-sampled before addition of pepsin. To serve as control for 

the first stage, the control sub-samples were centrifuged the same as the digesta, and 

the supernatant was used.  To serve as control for the second stage, the control sub-

samples were mixed with phosphate buffer solution in a ratio of 2:3 (3 for phosphate 

buffer solution), and then centrifuged the same as the digesta, and the supernatant was 

used. 

    The read optical density is related to the sum of free amino groups from intact 

enzymes, free amino groups from degraded enzymatic peptide bonds, free amino 

groups from degraded substrate peptide bonds, and the physical interference from 

enzyme solutions. The extent of digestion thus obtained was termed as apparent 

degree of hydrolysis (ADH, %) because it contained contamination from enzyme 

origins. The apparent degree of hydrolysis (ADH, %) was calculated per Chung et al 

(1986): 

[ ]i21 Pdd5850
OD115ADH

⋅⋅⋅
⋅

=  

where 115 is the average molecular weight of amino acids in Daltons, OD is the 

absorbance at 340 nm, 5,850 is the molar extinction coefficient, d1 and d2 are the 

dilution rates of the sub-sample with sodium dodecyl sulfate solution and o-
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phthaldialdehyde solution, respectively, and [Pi] is the initial meat and bone meal 

protein concentration (mg/mL). Data of apparent degree of hydrolysis (ADH, %) at 

time 26 hours in the first stage and at 96 hours in the second stage were analyzed for 

each stage with the model: 

Yij=µ+τj+εij    (1) 

where Yij were the observations for ith replicate at jth concentration, µ was the overall 

mean, τj was the concentration effect, and εij was the error term. 

    Experiment 2. The objective of this experiment was to estimate contamination 

incurred from enzyme usage on the measurement of extent of meat and bone meal 

digestion. As stated above, the measured apparent degree of hydrolysis (ADH, %) 

contained enzyme contamination arising from enzymatic free amino groups (intact 

and autolytic) and physical interference from enzyme solutions. In order to know the 

true degree of hydrolysis (TDH, %),  contamination from enzyme usage must be 

subtracted. As it was found that the degrees of autolysis of pepsin and trypsin-

enriched pancreatin at unlimited incubation periods were relatively fixed (Qiao & van 

Kempen 2001a,b), it was reasoned that the enzyme contamination might be corrected 

with enzyme blanks incubated identical to substrate if the incubation time was not 

restricted, as in this study. The necessary assumption for this practice was that the 

presence of substrate protein did not change the ultimate degrees of autolysis of the 

enzymes, which was previously substantiated (Chapter 3 and 4, Qiao and van Kempen 

2001a in press). 

    A 7 X 5 factorial design was applied to develop regression equation for correction 

of enzyme contamination according the two stage model. Pepsin at 7 levels (0, 0.25, 

0.50, 1.00, 1.50, 2.00, and 3.00%, enzyme to substrate ratios where substrate protein 

concentration was assumed to be 12.5 mg/mL) were incubated in 20 mL citrate buffer 
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solution for 24 hours, a time period that most pepsin would be autolyzed (Qiao & van 

Kempen 2001a). There were 5 test tubes (replicates) at each pepsin level. After the 

24-hour incubation, phosphate buffer solution and trypsin-enriched pancreatin were 

added. For the 5 replicates at each pepsin level, 5 trypsin-enriched pancreatin levels 

(0, 0.25, 0.50, 1.00, and 1.50%, enzyme to substrate ratios where substrate protein 

concentration was assumed to be 5.0 mg/mL) were added one to one.  The final pH 

was 8.0 and the final volume was 50 mL. The enzymes were further incubated for 

another 24 hours, a time period that would allow maximal self-degradation of trypsin-

enriched pancreatin (Qiao & van Kempen 2001b). There were 35 test tubes, one test 

tube for each pepsin and trypsin-enriched pancreatin combination. In the end of the 

second stage, the incubations were centrifuged and the supernatant was used to 

measure free amino groups of the enzymes as described in Experiment 1. The control 

used to adjust background absorbance was supernatant from centrifugation of a 

mixture of citrate buffer solution and phosphate buffer solution in a ratio of 2:3 (2 for 

citrate buffer solution).  

    The absorbance (Aλ=340 nm) contained contributions from free amino groups of 

intact enzymes, free amino groups from degraded enzymes, and physical interference 

from enzymes solutions. The absorbance was thus the enzyme contamination on 

measurement of apparent degree of hydrolysis (ADH,%) in Experiment 1. The 

enzyme contamination (Z, %) was calculated with the same formula as used to 

calculate the apparent degree of hydrolysis (ADH,%) in Experiment 1.  

    This experiment was not a split plot design. To develop a general prediction of 

enzyme contamination, data were analyzed with the model: 

jkkj3k2j10jk )yx(yxZ ε+⋅⋅β+⋅β+⋅β+β=  (2) 
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where Zjk was the observation at jth pepsin level (x) and kth pancreatic protease level 

(y) combination, β0, β1, β2, and β3 were the parameters to be estimated, εjk was the 

error term. 

    Experiment 3. The objective of this experiment was to provide information on 

choices of pepsin and trypsin-enriched pancreatin usage levels for maximal digestion. 

Theoretically, maximal digestion is obtainable with either pepsin or the pancreatic 

proteases; the amount of pancreatic enzymes needed to reach maximal digestion of 

the substrate in the second stage is related to the amount of pepsin used in the first 

stage (Appendix). To define the relationship between pepsin and the pancreatic 

proteases in achieving maximal digestion, a 7 X 9 factorial experiment was designed 

according to the two stage model.  

    Meat and bone meal (crude protein 50%) at a protein concentration of 12.5 mg/mL 

was first digested with 0, 0.25, 0.50, 1.00, 1.50, 2.00, and 3.00% pepsin (enzyme to 

substrate protein ratios) in 20 mL buffer solution for 24 hours. The incubation time 

was judged to be sufficient to maximize the utilization of pepsin and suitable for 

correction of enzyme contamination, based on the digestion curves of Experiment 1 

and previous studies on pepsin autolysis (Qiao & van Kempen 2001a). At each pepsin 

level, there were 9 replicates. After digestion by pepsin, phosphate buffer solution and 

trypsin-enriched pancreatin were added. The final pH was 8.0, the final volume was 

50 mL, and the substrate concentration was diluted to 5.0 mg/mL. For the 9 replicates 

at each pepsin level, 9 levels of trypsin-enriched pancreatin (0, 0.25, 0.50, 1.00, 2.00, 

3.00, 4.00, and 5.00%, enzyme to substrate ratio) were added. The incubations were 

continued for another 96 hours. The incubation time was determined based on a 

purpose of correcting for enzyme contamination (Qiao & van Kempen 2001b), and 

this time period was more than sufficient for digesting the substrate based on the 
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digestive curves of Experiment 1. The digesta was centrifuged and the supernatant 

was used to measure apparent degree of hydrolysis (ADH, %) as described in 

Experiment 1. The true degree of hydrolysis (TDH, %) was calculated from the 

apparent degree of hydrolysis (ADH, %) subtracting enzyme contamination (Z, %) 

obtained in Experiment 2: 

TDH=ADH-Z 

    This experiment was not a split plot design. For data analysis, the following 

equation was used for nonlinear regression to obtain the predicted maximal true 

degree of hydrolysis and the rate constants of pepsin and trypsin-enriched pancreatin 

(Appendix): 

( )
[ ] [ ]( )( ) ij

EbEa
iij

jbiae1cTDH ε+−⋅=
⋅+⋅−   (3) 

where TDHij was observation for ith pepsin level and jth pancreatic level, c(i) is the 

estimated plateau of the meat and bone meal sample digested at the ith pepsin level 

]E[
ia followed by the jth level of  trypsin-enriched pancreatin ]E[

jb , εij was the 

random error, a [(mg/mL)-1] and b [(mg/mL)-1] are time-independent rate constants of 

pepsin and trypsin-enriched pancreatin to be estimated, respectively. Nonlinear 

regression was performed with SAS PROC NLIN (Version 7, SAS Institute Inc., 

Cary, NC, 1998). 

    Experiment 4. The objective of this experiment was to define the minimal trypsin-

enriched pancreatin needed to reach maximal digestion of the substrate. In 

Experiment 3, it was found that pepsin was not essential to achieve maximal 

digestion, and using  trypsin-enriched pancreatin was more effective (in terms of 

enzyme protein expenditure) than using pepsin. In order to maintain the two-stage 

model, a fixed low level of pepsin usage was applied, and major efforts were directed 

to finding the minimal trypsin-enriched pancreatin levels to reach maximal digestion.  
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    To find the plateau of digestion, meat and bone meals were first digested with 

pepsin. Then, the substrate was further digested with increasing levels of trypsin-

enriched pancreatin to reach maximal digestion, assuming that increasing levels of 

pancreatic proteases would meet the needed enzyme levels of specific proteases 

limiting otherwise in lower pancreatic enzyme usage. Thus, when a sufficient amount 

of pancreatic proteases are supplied, no single protease would limit the digestion of 

the meat and bone meal. 

    Nine randomly selected meat and bone meal samples (crude protein 38.1 to 51.5%) 

were used. The sample protein (12.5 mg/mL) was first digested in 24 test tubes each 

in 20 mL citrate buffer solution with 0.25% pepsin (enzyme to substrate ratio) for 24 

hours. Then phosphate buffer solution and 8 levels of trypsin-enriched pancreatin (0, 

3, 4, 5, 6, 7, 8, and 9%, enzyme to substrate ratio) were added. The final pH was 8.0, 

the final volume was 50 mL, and the substrate concentration to 5.0 mg/mL. At each 

pancreatin level, there were 3 replicates (test tubes). The digestion continued for 

another 96 hours, as in Experiment 3. The digesta was then centrifuged and the 

supernatant was used to measure the apparent degree of hydrolysis (ADH, %) using 

the o-phthaldialdehyde method, as in Experiment 1. The true degree of hydrolysis 

(TDH, %) was calculated from apparent degree of hydrolysis (ADH, %) subtracting 

the enzyme contamination (Z, %), as did in Experiment 3.  

    This experiment was not a split plot design. For each MBM sample, the data on 

true degree of hydrolysis (TDH, %) were analyzed with the following equation 

derived from a black box model describing enzyme-substrate interaction (Appendix): 

( ) [ ][ ] ijk
Eb

0iijk
jbi

i
eb11cTDH ε+⋅−−⋅= ⋅−   (4) 

where TDHijk was the observation for ith sample at the jth trypsin-enriched pancreatin 

level for kth replicate, ci was the estimated maximal true degree of hydrolysis of the 
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ith sample, 
i0b was the parameter used to describe the starting true degree of 

hydrolysis for the ith sample in the second stage (
i0b times ci equals to the true degree 

of hydrolysis (TDH, % ) achieved by pepsin, 
i0b was assumed to be the same for the 

same sample), bi (%-1) was the time-independent rate constant for trypsin-enriched 

pancreatin to digest the ith sample, and ]E[
jb was the jth usage of trypsin-enriched 

pancreatin [Eb](%, enzyme to substrate ratio). Nonlinear regression was performed 

with PROC NLIN (Version 7, SAS Institute Inc., Cary, NC, 1998). 

    The minimal trypsin-enriched pancreatin needed for the ith sample predigested with 

0.25% pepsin to reach 95% of the plateau was calculated from the following formula 

(Appendix): 

[ ]
i

0

minb b
b1
05.0log

E i

i

−
−=    (5) 

    minb ]E[
i

 was unique for each meat and bone meal sample. There were 9 minb ]E[
i

 

values corresponding to the 9 samples. From the mean of these 9 minb ]E[
i

 values and 

the standard error of this mean, the upper 95% confidence interval of the mean was 

calculated.  

Results 

    Experiment 1. Effects of substrate protein concentration on digestion of meat 

and bone meal. The results of the effect of substrate concentration on the extent of 

digestion of meat and bone meal by pepsin in the first stage are presented in FIGURE 

1. The results of the effect of substrate concentration on the extent of digestion of 

meat and bone meal by trypsin-enriched pancreatin in the second stage are presented 

in FIGURE 2. By the end of the first stage incubation, the degree of hydrolysis at 

higher protein concentration (25.0 mg/mL) was lower than at the other two protein 
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concentrations (12.5 mg/mL and 5.0 mg/mL) (P<0.01). However, in the second stage, 

the degree of hydrolysis at the higher concentration (10.0 mg/mL) was higher than at 

the lower concentration (2.5 mg/mL). The degree of hydrolysis at the middle 

concentration (5.0 mg/mL) was neither significantly different from the higher 

concentration (10.0 mg/mL) nor from at the lower concentration (2.5 mg/mL).  

    Enzyme usages in the two stages were the same (1%, enzyme to substrate ratio), 

but the first stage incubation only degraded approximately 3% of the substrate peptide 

bonds, while the second stage incubation raised the figure to 15%.  

    Digestion curves (FIGURE 1, FIGURE 2) suggested that digestion stopped within 

one day and two days post inoculation of enzymes in the first stage and in the second 

stage, respectively. Time needed for maximizing the digestion of meat and bone meal 

by pancreatic proteases was thus shorter than the incubation time applied. As it was 

found that there were still pancreatic protease activity 48 hours post inoculation (Qiao 

& van Kempen 2001b), the extra time used (96 hours) for the second stage was 

mainly to allow all proteases to fully degrade so that enzyme contamination could be 

corrected most accurately. 

    Experiment 2. Estimation of enzyme contamination. Enzyme contamination (Z, 

%), as a function of usage of proteases, is presented in FIGURE 3. The predicted 

enzyme contamination was: Z=0.16(±0.02)*[Ea] + 0.52(±0.04)*[Eb] (R2=0.94, 

numbers in parentheses were the standard errors), where [Ea] is pepsin usage (enzyme 

to substrate ratio, %), and [Eb]  is trypsin-enriched pancreatin usage (enzyme to 

substrate ratio, %). The intercept and the interaction between pepsin and trypsin-

enriched pancreatin were not significant. 

    The prediction suggests that for each 1% usage of enzymes, trypsin-enriched 

pancreatin causes more contamination (3 times) than pepsin does. The prediction is 
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applicable when substrate protein concentration is 12.5 mg/mL in the first stage and 

5.0 mg/mL in the second stage. For other substrate concentrations, the prediction 

needs to be corrected accordingly.  

    Experiment 3. Potencies of pepsin and trypsin-enriched pancreatin for 

digesting meat and bone meal. The true degree of hydrolysis (TDH, %) of meat and 

bone meal upon the action of graded levels of pepsin and trypsin-enriched pancreatin 

is presented in FIGURE 4. Digestion rate constants and predicted plateaus (maximal 

hydrolysis of the substrate) are presented in TABLE 1. 

    As shown in TABLE 1, trypsin-enriched pancreatin was approximately 50 times 

more powerful than pepsin in digesting the substrate, as indicated by the rate constant 

which for pepsin was only 0.85 [(mg/mL)-1], and for trypsin-enriched pancreatin was 

48.5 [(mg/mL)-1]. Regardless of the presence of pepsin, digestion of the substrate 

could reach the same maximum upon sufficient usage of the trypsin-enriched 

pancreatin. The maximum seemed unattainable with pepsin. The effect of pepsin was 

significant (P<0.001), but its importance quickly disappeared when sufficient 

pancreatic proteases were supplied. Pancreatic proteases were much more important 

in reaching maximal digestion.  

    Experiment 4. Minimal amount of trypsin-enriched pancreatin needed to 

achieve maximal digestion of meat and bone meal. Upon digestion of meat and 

bone meal samples with graded levels of trypsin-enriched pancreatin (following 

digestion with 0.25% pepsin), the true degree of hydrolysis (TDH, %) of 9 meat and 

bone meal samples reached plateaus. Of these 9 samples, the minimum and maximum 

enzyme requirement were found to be 3.5% and 6.9% (enzyme/substrate protein 

ratio), respectively. The parameters ci, b0, and b in model (4) uniquely described the 

digestion of meat and bone meals by trypsin-enriched pancreatin. From these 
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parameters, the minimum trypsin-enriched pancreatin for maximal digestion was 

calculated with equation (5). The averaged parameters (ci, b0, and b) and the averaged 

minimum trypsin-enriched pancreatin requirements of the 9 samples are presented in 

TABLE 2. The true degree of hydrolysis (TDH, %) as a function of trypsin-enriched 

pancreatin usage is illustrated with samples requiring average, minimum, and 

maximum enzyme levels in FIGURE 5. The results suggest that different samples 

had different plateaus. The digestion rate constants, as reflected by b0 for pepsin and b 

for trypsin-enriched pancreatin, were also sample-dependent. Consequently, the 

minimal pancreatic proteases required to achieve 95% of the plateau was also a 

feature of the sample. On average, the plateau was 26.9±2.0%, the inverse of which 

suggests that the average size of the soluble peptides was 3.5±0.2 amino acid residues 

(Adler-Nissen 1986). The average minimal pancreatic protease level to reach 95% of 

the plateau values (at 96 hour of digestion) was 5.3±0.4% (expressed as mean ± 

standard error where standard error=standard deviation/√n). Thus, 6.2% of the 

trypsin-enriched pancreatin (crude protein 72%) was required to reach 95% of the 

plateau for 95% of the meat and bone meal population (calculated from the upper 

confidence interval of the mean enzyme requirement, which was 

mean+t(ν=8,α=0.05)*standard error). Including crystalline pepsin usage in the first stage, 

which was equivalent to 0.25% of the substrate protein, the amount of enzymes 

needed in the two-stage model to achieve maximal digestion of the meat and bone 

meal was 6.5%. As trypsin-enriched pancreatin contained 72% protein, 6.2% trypsin-

enriched pancreatin was equivalent to 4.4% protein. Thus, total enzyme protein 

needed to achieve maximal digestion was the sum of pancreatic enzyme protein plus 

crystalline pepsin, which was 4.7%.  
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         No correlation between crude protein contents and required minimal trypsin-

enriched pancreatin levels was found (FIGURE 6a). Similarly, no correlation 

between true degrees of hydrolysis (TDH, %) and required minimal trypsin-enriched 

pancreatin levels was discovered (FIGURE 6b).  

 

Discussion 

    The digestion of the protein substrate is a function of a number of important 

parameters such as substrate concentration, incubation time, and enzyme usage. To 

achieve maximal digestion of the substrate in vitro, it is crucial to define these 

parameters. 

    Efforts to establish models describing enzyme-substrate interaction with the 

constants km and kcat led to mathematical formula in LambertW function (Maple 

Version 5, Waterloo Maple Inc., 1997). Statistical data analysis for LambertW 

function was not successfully handled with modern software like SAS (SAS, version 

8, SAS Institute Inc., 1998). So a model without km and kcat was put forward to 

describe the catalytic reaction (Appendix). Many other mathematical models have 

also been used to describe the course of enzyme action and reviewed (Haldane 1965). 

The most prominent shortcoming of these models, including the current one, is that 

they end up with a conclusion that enzyme action is independent of the substrate 

concentration, which has never been verified experimentally (Haldane 1965), and it 

contradicts the findings in the current study as well. To optimize digestion conditions, 

the impact of substrate concentration on extent of digestion must be examined. In the 

first stage, the digestion of meat and bone meal by pepsin was inhibited by high 

substrate concentration (25.0 mg/mL) compared to low concentration (6.25 mg/mL). 

Substrate inhibition of digestion by pepsin has long been observed (Northrop 1920). 
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This inhibition was attributed to peptic inhibitors produced during the digestion. 

These peptic inhibitors could be removed by trypsin, but digestion of protein substrate 

by trypsin could produce its own inhibitors (Northrop, 1922). 

    In the second stage, substrate concentration inhibition was not observed. On the 

contrary, the hydrolysis of meat and bone meal protein by pancreatic proteases was 

significantly greater at high concentration (10.0 mg/mL) than at low concentration 

(2.5 mg/mL). Therefore, there were actually substrate acceleration effects in the 

second stage. The reason for this may be the use of a multi-enzyme system instead of 

a single enzyme, e.g., trypsin alone. In digestion of the substrate protein, pancreatic 

proteases may work synergistically. Although it was observed that tryptic inhibitors 

produced during the process of digestion inhibited the digestion of protein (Northrop, 

1922), in our case, these inhibitors might be quickly removed by other proteases 

present in pancreatin. Nonetheless, inhibition of peptic digestion in the first stage 

should not be a concern for the two-stage model, as the inhibition was compensated in 

the second stage by pancreatic proteases. As long as there was no substrate inhibition 

in the second stage, any choice of substrate concentration would be fine.  

    Results from Experiment 3 indicated unimportance of pepsin in another way. The 

rate constant of pepsin was 50 times smaller than that of the pancreatic proteases, 

suggesting pancreatic protease digestion of protein was much more efficient than 

pepsin (TABLE 1). Without pancreatic proteases, 3% pepsin only achieved a true 

degree of hydrolysis (TDH, %) of around 5%, while without pepsin, 3% pancreatic 

proteases achieved a true degree of hydrolysis (TDH, %) of over 20% (FIGURE 4).  

The results showed that the plateaus of true degree of hydrolysis (TDH, %), which 

was around 23%, could be achieved by using pancreatic proteases alone. Thus, in this 
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two-stage model, pepsin seemed to be truly dispensable for maximal digestion of the 

substrate. 

    The study on enzyme contamination revealed that trypsin-enriched pancreatin 

caused 3 times more contamination than pepsin did (Experiment 2). This can be 

explained in two different ways. First, pancreatin was much cruder than pepsin 

(crystalline), so its physical interference with optical density was greater than pepsin. 

Second, trypsin-enriched pancreatin, as a mixture of proteases, was more severely 

degraded than pepsin, releasing more free amino groups than pepsin does (Qiao & van 

Kempen, 2001a,b).  

    In some experiments, pancreatic enzyme usages were beyond the scope used to 

develop prediction for enzyme contamination. Thus correction of enzyme 

contamination under these circumstances was extrapolated from the regression 

equation. Since the degradation of pancreatic enzymes was fairly consistent at 

different concentrations (Qiao and van Kempen 2001b), extrapolation was considered 

reasonable.  

    The digestion curves (FIGURE 1 and 2) suggested 24 hours incubation for pepsin 

and 96 hours incubation for trypsin-enriched pancreatin were sufficient or more than 

sufficient. The long incubation times, especially for trypsin-enriched pancreatin, were 

determined based on correction of enzyme contamination rather than digestion of 

substrate (Qiao & van Kempen 2001b). As substrate inhibition was not an issue for 

this two-stage model, substrate concentration was not a limiting factor either. Changes 

in pH during the incubation were from 2 to 3.3 in the first stage, and 8.0 to 7.0 in the 

second stage, which were in the optimal range (Kidder & Manners 1978a). For such 

optimized in vitro systems, enzyme usage becomes the most limiting, if not the only 

limiting, factor for digestion of substrate proteins. When sufficient enzymes are 
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provided, the digestion will reach a maximum. Mathematically, the minimal enzyme 

cost to achieve maximum digestion is when either pepsin or pancreatic protease usage 

is zero (Appendix). In other words, the most protein cost effective way to maximally 

digest substrate is by using either pepsin or pancreatic proteases, but not the two. 

Because it was found that pepsin was much less powerful than pancreatic proteases in 

digesting protein, from enzyme efficiency point of view, pepsin should be omitted 

from the model. Omission of pepsin, however, jeopardizes the two-stage digestion 

model. To maintain the model (thus simulation in vivo), a low pepsin usage was 

arbitrarily chosen. 

    The starting point in the second stage theoretically varies depending on pepsin 

usage in the first stage. In other words, for each pepsin level, there will be a unique 

minimal pancreatic enzyme level to reach the plateau for the same sample. To obtain 

the minimal pancreatic proteases, the non-zero starting point must be known (or 

starting point is zero when pepsin usage is zero). In our experiment, the starting point 

was estimated by applying a level of 0% pancreatic proteases in the second stage. As 

shown, increase in pancreatic proteases raised the degree of hydrolysis of the 

substrate curvilinearly, reaching plateaus when sufficient pancreatic proteases were 

applied (FIGURE 5). This increase of pancreatic protease usage was assumed to be 

able to meet the need of specific proteases otherwise limiting in lower pancreatic 

enzyme usage cases. This approach was supported by the observation that the pig is 

able to adapt to a specific diet by selectively secreting different kinds of pancreatic 

proteases (Valette et al 1993). Thus, in vivo, animals can secrete specific pancreatic 

proteases to ensure that no single protease was limiting for protein digestion. 

    The minimal pancreatic enzyme levels needed to achieve 95% of the plateau of 

substrate digestion varied from 3.5% to 6.9%. The average minimal amount of 
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pancreatic proteases needed to achieve maximal digestion was 5.3±0.4% (Table 2). In 

total, 6.2% of enzymes (or 4.7% enzyme protein that contains pepsin protein 0.25%, 

pancreatic enzyme protein 4.4%) were needed to achieve 95% of the plateaus. Meat 

and bone meals so digested had 29.3±2.0% peptide bonds degraded. On average, the 

peptides contained 3.5±0.2 amino acids, a size that can be taken up by the intestinal 

transporters in vivo (Silk et al 1985), indicating that the proteins may indeed be 

maximally digested from another point of view.  

    We believe this research is the first to show maximal in vitro digestion of protein 

substrate with minimal proteases. Compared to other research where maximal 

digestion was intended, our level of enzyme was low. Over 50% of enzyme protein 

relative to substrate protein has been used to achieve maximal digestion (Babinsky et 

al 1990, Boisen & Fernandez 1995), but completeness of digestion can still be 

questioned in these cases because, as pointed out before, the digestion is not entirely 

determined by enzyme usage. Other parameters, especially incubation time, are likely 

to have an impact. Compared to other in vitro methods (Boisen & Fernandez 1995), 

where incubation time was 6 hours for pepsin and 18 hours for pancreatin, our 

incubation time was long. This might be the determining reason why maximal 

digestion was achieved with low enzyme usage. 

    It is of interest to compare our in vitro digestion system with in vivo digestion 

conditions in swine. The pH of our in vitro system was as favorable as, if not superior 

to, in vivo (Kidder & Manners 1978a). In terms of digestion time, it appears that our 

in vitro digestion is longer than in vivo (Kidder & Manners 1978d). Direct data on in 

vivo protease concentration, protein substrate concentration, and enzyme to protein 

substrate ratio are not easy to find. Therefore, we calculated these parameters based 

on studies of in vivo enzyme secretions. A detailed comparison of in vitro and in vivo 
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is presented in TABLE 3. Good similarities were found between in vivo and in vitro, 

except, perhaps, incubation time in the second stage. Although the comparison is 

based on a simplification of in vivo situations, it does show that our in vitro 

conditions are similar to in vivo conditions.  

    Nevertheless, it must be pointed out that there are still big gaps between in vivo and 

in vitro, namely lack of amino peptidases and absorption in vitro. The in vitro 

digestion at best mimics what happens in the stomach and intestinal lumen. Surface 

digestion, occurring at the small intestinal brush border membrane, is not taken into 

account in vitro, due to unavailability of trans-membrane amino-peptidases. How 

important these amino-peptidases are for in vitro digestion assays is related to how the 

in vitro digestible amino acids are determined (simulation of absorption), and what 

kind of substrates these proteases use. If soluble amino acids/peptides are considered 

as digestible (a common practice adopted by many in vitro workers), and amino-

peptidases do not digest insoluble peptides left from pepsin and pancreatin digestion, 

then amino-peptidases may not be important. Since most information on amino-

peptidases is generated with soluble artificial substrates (Sangild et al 1991, Lizardo 

et al 1997), it is not known whether amino-peptidases can digest insoluble peptides or 

not. So these enzymes’ impact on in vitro digestion cannot be easily predicted. In 

addition, the in vitro system does not mimic product removal (absorption), but this did 

not seem to impact the digestion as no adverse effects of protein concentration on the 

digestion of protein itself was observed if the two-stage model was used. 

   To summarize, an in vitro system simulating digestion processes in stomach and 

intestinal lumen was established. Using 0.25% pepsin (enzyme/substrate ratio, 

substrate concentration 12.5 mg/mL) and incubation time of 24 hours in the first stage 

and 4.4% trypsin-enriched pancreatin protein (enzyme/substrate ratio, substrate 
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concentration 5.0 mg/mL) and incubation time of 96 hours, this system was able to 

reach maximal digestion of the meat and bone meal protein with as little as 4.7% 

enzyme protein relative to substrate protein. 
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TABLE 1 
 

Digestion of meat and bone meal protein by different levels of pepsin in the 1st 

stage followed by different levels of trypsin-enriched pancreatin in the 2nd stage 

1st stage 

(24 hours) 

2nd stage 

(96 hours) 

Substrate 

protein  

(12.5 mg/mL) 

Substrate 

protein  

(5.0 mg/mL) 

Parameter1 

Pepsin to  

substrate 

protein ratio 

(x, %) 

Trypsin-enriched 

pancreatin to  

substrate protein 

ratio 

(y, %) 

c 

 (%) 

a 

[(mg/mL)-1] 

b 

[(mg/mL)-1] 

0 23.02 ± 0.76 

0.25 22.56 ± 0.75 

0.50 23.43 ± 0.75 

1.00 23.12 ± 0.74 

1.50 23.29 ± 0.73 

2.00 23.54 ± 0.73 

3.00 

0, 0.25, 0.50, 

1.0, 1.50, 2.00, 

3.00, 4.00, 5.00 

23.94 ± 0.72 

0.86 ± 0.15 48.52 ± 3.34

 

1Parameters were expressed as estimate ± se (standard error). Nonlinear regression 

model TDH=c(i)[1-exp(-(a*12.5*x(i)+b*5.0*y(j)))] (model 3) was used to obtain 

parameters where TDH stands for true degree of hydrolysis of the protein substrate, 

c(i) is the maximal true degree of hydrolysis for ith pepsin level x(i), x(i) was the pepsin 

usage (pepsin/substrate ratio, %), y(j) was the trypsin-enriched pancreatin usage 

(pepsin/substrate ratio, %), a was the digestion constant for pepsin, and b was the 

digestion constant for trypsin-enriched pancreatin. 
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TABLE 2 
 

Averaged parameters describing maximal digestion of meat and bone meal by 

increasing levels of trypsin-enriched pancreatin1 

Averaged parameter2 

(n=9) 

Crude Protein 

(%) 

(n=9) c (%) b0 b(%-1) [Eb]min (%) 

46.2 ± 1.6 29.3  ± 2.0 
0.09 ± 

0.01 
0.57 ± 0.05 5.3 ± 0.4 

 

1Nine meat and bone meal samples were digested by graded levels of trypsin-enriched 

pancreatin (%) in triplicates following digestion with 0.25% pepsin. True degree of 

hydrolysis (TDH, %) was measured at the end of the digestion. 

1Parameters for each sample were obtained from nonlinear regression with model 

TDH=c(i)*[1-(1-b0(i)*exp(-b(i)* [Eb](j)))] (model 4) where c(i) was the maximal degree 

of hydrolysis of sample i, b0(i) was the parameter used to estimate the non-zero 

starting point for ith sample (c(i)*b0(i)=TDH at pancreatin level of 0), b(i) was the 

digestion constant for sample i, and [Eb](j) was the graded added pancreatin usage (%, 

enzyme weight to substrate protein weight ratio). minb ]E[
i

, the minimal pancreatic 

enzyme level required to reach 95% of the maximally true degree of hydrolysis (c(i)) 

for ith sample, was calculated from minb ]E[
i

=ln(20-20*b0(i))/b(i) (model 5). The 

average values of the parameter estimates for the 9 samples, expressed as mean ± 

SEM (s/√n where n=9), are reported here. 
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TABLE 3 
 

Comparison of current in vitro digestion to in vivo digestion of feed protein in 

swinea 

Stage Parameters In vitro  In vivo In vivo 

reference 
pH 2-3.3 2-4 1 

Time (h) 24  Up to 33 2 

Pepsin (mg/mL) 0.03 0.025-0.031b 3 

Substrate protein (mg/mL) 12.5 19-37c 3 

1st 

(gastric 

lumen) 

Pepsin/substrate ratio (%) 0.25 0.07-0.16d 3 

pH 8-7 5.5-7.7 1 

Time (h) 96 2.5-6.0 2 

Protease protein (mg/mL) 0.23 0.20-0.26e 3 

Substrate protein (mg/mL) 5.0 13-22f 3 

2nd 

(small 

intestinal 

lumen) 
Proteases/substrate ratio (%) 4.5 1.2-1.5g 3 

 

aAssuming a steady state in the digestive tract. 

bCalculated from daily pepsin activity (pepsin activity assumed to be 4000 units/mg) 

divided by daily water intake and saliva and gastric secretion. 

cCalculated from daily protein intake divided by daily water intake and saliva and 

gastric secretion. 

dCalculated from daily pepsin secretion divided by daily protein intake. 

eCalculated from daily secretion of pancreatic protein (30% of which assumed to be 

proteases) divided by daily water intake, saliva and gastric secretion, pancreatic 

secretion, and estimated small intestinal secretion. Small intestinal secretion was 

estimated from secretion per meter per day (300 mL, Kidder & Manners 1978c) times 

the length of small intestine (13 meters, Kidder & Manners 1978c). 
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fCalculated from daily protein intake divided by daily volume of aqueous fluid 

entering the small intestine. 

gCalculated from estimated daily protease secretion divided by daily protein intake. 

1Kidder & Manners (1978a). 

2Kidder & Manners (1978d). 

3Zebrowska et al. (1983). 
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FIGURE 1. Time courses of apparent degree of hydrolysis (ADH, % of total peptide 

bonds) of a meat and bone meal sample digested at three concentrations (6.25, 12.5, 

and 25.0 mg/mL) by 1% pepsin (pepsin to substrate protein ratio). Data are expressed 

as mean ± SEM (standard error, s/√n). At 26 hours, the apparent degree of hydrolysis 

at 25.0 mg/mL was significantly lower than at the other two concentrations (P<0.05). 
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FIGURE 2. Time courses of apparent degree of hydrolysis (ADH, % of total peptide 

bonds) of a meat and bone meal sample digested at three concentrations (2.5, 5.0, and 

10.0 mg/mL) by 1% trypsin-enriched pancreatin (%, enzyme to substrate ratio) 

following digestion by 1% pepsin (enzyme to substrate ratio). Data are expressed as 

mean ± SEM (standard error, s/√n). At 96 hours, the apparent degree of hydrolysis at 

10.0 mg/mL was significantly higher than at the other two concentrations (P<0.05). 
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FIGURE 3. Estimation of enzyme contamination (Z, %) on measurement of degree 

of hydrolysis (%) of meat and bone meal digested by pepsin and trypsin-enriched 

pancreatin. The predicted enzyme contamination was Z=0.16*x+0.52*y (R2=0.94) 

where x is pepsin usage (%, pepsin to meat and bone meal protein ratio where meat 

and bone meal protein concentration was assumed to be 12.5 mg/mL), and y is 

trypsin-enriched pancreatin usage (%, trypsin-enriched pancreatin to meat and bone 

meal protein ratio where meat and bone meal protein concentration was assumed to be 

5.0 mg/mL). 
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FIGURE 4. True degree of hydrolysis (TDH, % of total peptide bonds) of a meat and 

bone meal sample after digestion by pepsin (%, pepsin substrate protein ratio) for 24 

hours followed by trypsin-enriched pancreatin (%, trypsin-enriched pancreatin to 

substrate ratio) for 96 hours. 



 

 132

 
FIGURE 5. Requirement of trypsin-enriched pancreatin for maximal digestion. Nine 

meat and bone meal samples were digested by 0, 3, 4, 5, 6, 7, 8, and 9% trypsin-

enriched pancreatin (%) in triplicates following digestion by 0.25% pepsin. Responses 

of true degree of hydrolysis (TDH, %) to increasing enzyme levels are shown for 

samples that had lowest (3.5%), averaged (5.3%, n=9), and highest (6.9%) 

requirement for maximal digestion. Raw data (for lowest and highest samples) are 

expressed as mean±SEM (s/√n).  
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FIGURE 6. a. Relationship between crude protein (CP, %) and minimal amount of 

trypsin-enriched pancreatin for maximal digestion. b. Relationship between true 

degree of hydrolysis (TDH, %) and minimal amount of trypsin-enriched pancreatin 

for maximal digestion. No significant correlation (α=0.05) was detected. 
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Appendix. 

Maximization of digestion of protein substrate with minimal use of enzymes in a 

two-stage in vitro model 

 

    This appendix describes mathematical modeling of a two-stage in vitro digestion 

assay simulating in vivo digestion processes in the gastric and intestinal lumens. The 

substrate peptide bonds are first digested with pepsin at optimal pH until pepsin is 

fully deactivated, then the substrate is diluted with alkaline buffer and the remaining 

peptide bonds of the substrate are further digested with pancreatic proteases at another 

optimal pH. 

 

The first stage 

    The digestion of the protein by pepsin and the degeneration of pepsin in the first 

stage are described by model (I): 

]D[]E[

]E[]P[]S[]E[

a
k

a

aa
r

a

→

+→+
                                            (I) 

    The model states that substrate, [S] is digested by pepsin, [Ea] to become product, 

[Pa] at the rate of r. Meantime, pepsin degenerates to yield deactivated enzyme 

product, [Da] at the rate of k.  

    From model (I), the following nonlinear equations are derived: 

)e1](S[]P[ k
)e1](E[r kt

0a
−−

−
−=                                              (1) 

)e1](E[]D[ kt
0aa

−−=                                                 (2) 

    Formula (1) states that how much substrate product is produced is determined by 

the time t, the initial amount of substrate [S0], the rate constants of r and k, and the 
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initial amount of pepsin [Ea0]. Formula (2) says how much pepsin product is produced 

is determined by the time t, the initial amount of enzyme [Ea0], and the rate k.  

    If the digestion proceeds till 95% of the pepsin is degenerated, i.e., [Da]=0.95α[Ea0] 

(α is the percent of maximal peptic peptide degradation, which is never 100%), then  

1-e-kt=0.95α. Thus formula (1) can then be written as  

)e1](S[]P[ ]E[a
0a

0a−−=                                               (3) 

where 
k

r95.0a α
= . 

 

The second stage 

    The digestion of the remaining peptides of the substrate and pepsin by pancreatic 

proteases, and the degeneration of pancreatic proteases are described by model (II): 

]D[]E[

]E[]D[]E[]E[

]E[]P[]S[]E[

b
q

b

bar
n

arb

bb
m

rb

→

+→+

+→+

                                          (II) 

    The model states that the remaining substrate [Sr], which is [S0]-[Pa], is further 

digested by the pancreatic proteases [Eb] to release product [Pb] at the rate of m. The 

remaining pepsin [Ear], which is [Ea0]-[Da], is also further digested by pancreatic 

proteases to yield pepsin products [Dar] at the rate of n. In addition, pancreatic 

proteases degenerate at the rate of q to yield product [Db].  

    From model (II), the following nonlinear equations are derived: 

)e1](S[]P[ q
)e1](E[m

rb

qt
0b

−−
−

−=                                           (4) 

)e1](E[]D[ q
)e1](E[n

arar

qt
0b

−−
−

−=                                         (5) 

)e1](E[]D[ qt
bb

−−=                                                  (6) 
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    If the digestion proceeds till 95% of the pancreatic proteases are degenerated, i.e., 

[Db]=0.95β[Eb0] (β is the percent of maximal pancreatic protease peptide bond 

degradation, which is never 100%), then 1-e-qt=0.95β. Thus formula (4) can be written 

as: 

)e1](S[]P[ ]E[b
rb

0b−−=                                               (7) 

where 
q

m95.0b β
= . 

    Since ]E[a
0r

0ae]S[]S[ −= , then formula (7) is re-written as: 

)e1(e]S[]P[ ]E[b]E[a
0b

0b0a −− −=                                         (8) 

    Since [Ear]=0.05α[Ea0], then formula (5) is re-written as: 

)e1](E[05.0]D[ q
]E[n95.0

0aar

0bβ
−

−α=                                         (9) 

     And formula (6) can be re-written as: 

]E[95.0]D[ bb β=                                                   (10) 

 

The sum of released peptide bonds from the first stage and the second stage 

    The total products from the protein substrate at the end of the second stage 

digestion, [Ptotal], are the sum of [Pa] and [Pb]:  

)e1](S[]P[ ])E[b]E[a(
0total

0b0a +−−=                                          (11) 

    The total products released from pepsin in the two-stage digestion, [Da,total], are the 

sum of [Da] and [Dar]: 

)e05.01](E[]D[ q
]E[n95.0

0atotal,a

0b−

−α=                                     (12) 

    The total products released from pepsin and pancreatic enzymes at the end of the 

second stage, [Dtotal], are the sum of [Da, total] and [Db]:  
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)e05.01](E[]E[95.0]D[ q
]E[n95.0

0a0btotal

0b−

−α+β=                             (13) 

     

Definition of degree of hydrolysis 

    The sum of products from the substrate and the enzymes, [Ptotal]+[Dtotal], are what is 

measured with the o-phthaldialdehyde method if the background absorbance is 

adjusted appropriately. The sum, [Ptotal]+[Dtotal], divided by [S0] is the apparent degree 

of hydrolysis of the substrate (ADH, %): 

]S[
]D[]P[

ADH
total

totaltotal +
=  

    The ratio [Ptotal]/[S0] is the true degree of hydrolysis of the substrate (TDH, %): 

]S[
]P[

TDH
0

total=  

    The true degree of hydrolysis (TDH) can be obtained from ADH corrected for 

enzyme contamination, Z: 

ZADHTDH −=  

where Z is obtained from measuring [Dtotal] in enzyme-only incubations. Z is 

calculated from: 

]S[
]D[

Z
0

total=  

where [S0] is the protein substrate concentration of the incubation where Z is to be 

applied. 

 

Reaching maximal digestion with minimal amount of enzymes 

    Formula (11) says that given the time is not limiting (digestion is allowed to 

proceed till 95% of enzymes die), the total products from the substrate is determined 
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by [Ea0] (the amount of pepsin), constant a (how easy the substrate is digested by 

pepsin), [Eb0] (the amount of pancreatic enzymes), and constant b (how easy the 

substrate is digested by pancreatic enzymes). 

    Because all the peptide bonds of the protein substrate can not be broken down with 

even infinite amount of enzymes, and physiologically it is not necessary to degrade all 

the peptide bonds, [Ptotal] has a maximum, [Pm], thus the ratio of [Ptotal]/[S0], the true 

degree of hydrolysis of the substrate (TDH, %), also has a maximum, c. The true 

degree of hydrolysis (TDH) is thus, from equation (11): 

)e1(cTDH ])E[b]E[a( 0b0a +−−=                                           (14) 

    Formula (14) states that for each combination of pepsin and pancreatic enzyme 

usages, there will be a unique true degree of hydrolysis of the substrate. 

    From formula (3) it is derived that: 

]E[a

0

a 0ae1
]S[
]P[ −−=  

    Let [Pa]/[S0] be b0, then: 

0
]E[a b1e 0a −=−                                               (15) 

    Combine formulae (14) and (15), the following equation is derived:  

( )]E[b
0

0be)b1(1cTDH −−−=                                          (16) 

    Suppose 95% of the asymptote is to be achieved, that is to say, TDH=0.95c, then:  

b
b1

05.0log
]E[ 0

0b









−

−=                                                (17) 

    Substituting b0 in formula (17) with formula (15), then:  

b
05.0log]E[a

]E[ 0a
0b

+
−=                                           (18) 
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    Therefore, the minimal amount of enzymes ([Emin]=[Ea0]+[Eb0]) needed to achieve 

95% of the plateau is: 

b
05.0log]E)[ab(

]E[ 0a
min

−−
=                                         (19) 

    Formula (19) states that the minimal enzyme usage needed to achieve 95% of the 

plateau will be when (b-a)[Ea0]=0. Because it is known that b>a, therefore, the 

minimal enzyme usage should be when [Ea0]=0, i.e., pepsin should be omitted. 

However, this violates the two-stage assumptions ([Ea0]>0). In order to minimize 

[Emin], and maintain the model at the same time, a small [Ea0] should be chosen. Then 

determination of minimal enzyme usage, [Emin], becomes estimation of minimal 

pancreatic proteases using formula (17). 

 

Note  

    Formulae (14), (16), and (17) were used to analyze data.  
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Chapter VI.  

Comparison of in vivo and in vitro amino acid digestibility of meat and bone 

meals1 

 

Key words: •amino acid digestibility •in vivo •in vitro•meat and bone meal 

                                                 
1Supported by Fats and Protein Research Foundation, and Animal and Poultry Waste 
Management Center, North Carolina State University 
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Abstract. The study was to define the fractionation conditions for in vitro amino acid 

digestibility assay and test if the in vitro amino acid digestibilities were comparable to 

in vivo. Three guanidinated meat and bone meals (MBM), with lysine converted to 

homoarginine as a unique marker, were fed to pigs in mash form and in liquid form 

that was pre-digested with an in vitro method. Size separation of homoarginine-

containing soluble ileal peptides revealed that all un-absorbed peptides were smaller 

than 1 kDa in molecular weights. Size separation of in vitro digesta showed that 

88±3.1% of the soluble peptides were smaller than 1 kDa, with the remainder between 

1 kDa and 5 kDa. Results suggested that further digestion of the in vitro digesta 

happened in vivo. In vitro amino acid digestibility was estimated from the soluble 

fraction of the in vitro digesta. In vivo and in vitro digestibility coefficients of the 

guanidinated MBM for all tested amino acids were significantly different from each 

other except for isoleucine and leucine. Tests with 25 other animal meals whose in 

vivo digestibility were known showed that in vitro and in vivo digestibilities were 

significantly different for histidine, isoleucine, leucine, and phenylalanine but not 

different for lysine, methionine, threonine, and valine. No correlation between in vivo 

and in vitro digestibility coefficients was found. In conclusion, the current in vitro 

method cannot serve as a replacement for in vivo digestibility assays. 
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Introduction 

    True ileal amino acid digestibility is a well-accepted indicator of feed protein 

quality for monogastric animals (Darragh et al 2000). However, measuring true ileal 

amino acid digestibility coefficients in vivo is costly and time-consuming. Due to 

these shortcomings, in vitro techniques have been explored to directly quantify in 

vivo amino acid digestibility for feed proteins (Boisen and Fernández 1995, Boisen 

and Moughan 1996). These in vitro methods have two common features. First, pepsin 

and pancreatic proteases are used to mimic the digestive functions in vivo. Second, 

simulation of the in vivo absorption process is applied based on the solubility or 

molecular sizes of digested peptides. The underlying assumptions associated with 

these two practices seem to be that feed proteins are maximally digested as in vivo 

does, and that peptides insoluble or greater than a critical size (molecular weight cut-

off) are not absorbed in vivo.  

   The reported in vitro amino acid digestibility coefficients are typically lower than in 

vivo (Brule and Savoie 1988, Savoie et al 1989). In these studies, incomplete 

digestion resulting from short incubation time and/or insufficient enzyme usages 

might be one reason for the underestimation. Choice of the molecular weight cut-off 

for dialysis membrane (1 kDa in these cases) might also affect the estimation, as too 

small a molecular weight cut-off would allow only very small peptides to be separated 

as digestible, thus, leading to underestimation.  

    To directly quantify in vivo amino acid digestibility with in vitro assays so that the 

tedious in vivo assay can be replaced for routine assays, a new in vitro method able to 

achieve maximal digestion of animal meal proteins has been developed in this 

laboratory (Qiao and van Kempen 2001a). This new method has three features. First, 

the incubation time is determined based on the lifespan of the proteases. Second, 
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enzyme usage is minimized. Third, enzyme contamination is corrected based on 

studies on autolysis of proteolytic enzymes (Qiao and van Kempen 2001b, c).  

    To fine-tune this in vitro method, the assumption that peptides greater than the 

molecular weight cut-off are not absorbed in vivo needs to be tested and the molecular 

weight cut-off issue needs to be determined. To fulfill these tasks, guanidinated meat 

and bone meals containing homoarginine (converted from lysine) as a marker that is 

free from endogenous and protease contamination were digested in vitro and in vivo, 

and the in vitro digesta and unabsorbed in vivo ileal peptides were size-separated. In 

vitro amino acid digestibility of reference samples (samples with known in vivo 

amino acid digestibility), estimated based on a defined method to simulate absorption, 

was compared to the in vivo amino acid digestibility to test if they are equivalent to 

each other. The study is reported below.  

  

Materials and Methods 

    Materials. Sodium citrate, citric acid, sodium phosphate dibasic, sodium phosphate 

monobasic, methanol (HPLC grade), and triflouroacetic acid (HPLC grade) were 

obtained from Fisher Scientific (Atlanta, GA). Peptides (HPLC grade) used for size 

exclusion chromatography, crystalline porcine pepsin (Catalog number: P-6887), 

crystalline porcine trypsin (Catalog number: T-7418) and pancreatin (Catalog 

number: P-7545, 8 x U.S.P.) were obtained from Sigma (St Louis, MO). O-

methylisourea (MIU) was purchased from SKW Chemicals (Marietta, GA). Meat and 

bone meal samples were obtained from the Fats and Protein Research Foundation 

(Bloomington, IL), including 25 samples that had been had been assayed in vivo 

using the caecectomized cockerel assay (Parson 1985). 
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    Enzymes and buffers. Enzyme preparations and buffer solutions were prepared as 

before (Qiao and van Kempen 2001b, c). Stock pepsin solution (10mg/mL) and 

pancreatic protease cocktail solution (12 mg/mL, trypsin to pancreatin ratio: 1:5) were 

prepared fresh before in vitro digestion was performed. Citrate buffer solution (0.05 

mol/L, pH 2) was used for incubation with pepsin, and phosphate buffer solution (0.1 

mol/L, pH 11) was used for incubation with pancreatic proteases. 

    Guanidination of MBM. Guanidination of MBM was performed for three meat 

and bone meals according to published methods (Maga 1981; Siriwan et al 1994; 

Nyachoti et al 1997). Briefly, to 6 kg of MBM, 15 L of 0.5 mol/L MIU in 1 mol/L 

NaOH solution was added (for a MIU to protein ratio of 0.43). The resulting broth 

was stirred and the pH was maintained at 10.5 while the reaction was allowed to take 

place at room temperature. After 4 days, the MBM mixture was neutralized with 6 

mol/L HCl followed by washing with a large volume of tap water and centrifugation 

for 4 times to remove remaining MIU. The guanidinated MBM was subsequently 

freeze-dried and the homoarginine content in each MBM sample was measured by 

HPLC (University of Missouri, http://www.missouri.edu/~aswww/amino.htm). The 

amino acid compositions of the guanidinated MBM samples are presented in TABLE 

1. 

    Feeding guanidinated MBM samples to pigs. To estimate the size distribution of 

unabsorbed peptides in the ileal juice, the guanidinated MBM samples were fed to 

growing-finishing ileum-cannulated pigs and the ileal juices were collected. The 

guanidinated MBM samples were fed to pigs as-is in mash diet or pre-digested in 

vitro in liquid diet for 6 weeks as described below in detail. Dietary compositions are 

presented in TABLE 2. The purpose of feeding these two forms of the guanidinated 

MBM was to test if pre-digestion had any effects on the size distribution of the un-
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absorbed peptides. The experimental diets also contained 0.55% chromium oxide for 

measurement of apparent ileal amino acid digestibility. 

    The in vitro pre-digestion of the guanidinated MBM was performed with an in vitro 

technique that maximizes the hydrolysis of the MBM peptide bonds (Qiao and van 

Kempen 2001a). Digestion was carried out in large containers fitted each with two 

aquarium heaters to maintain the temperature at 38 °C, mechanically stirred to keep 

the incubation mixture agitated. Briefly, 0.25% pepsin (enzyme to substrate protein 

ratio) was used to digest the proteins (12.5 mg/mL) in citrate buffer solution for 24 

hours. Then phosphate buffer solution and 7.5 % trypsin-enriched pancreatin (enzyme 

to substrate protein ratio) were added. The ratio of phosphate buffer solution to citrate 

buffer solution was 3:2. The final pH was 8 and substrate concentration was 5.0 

mg/mL. The digestion was continued for another 96 hours. When the in vitro 

digestion was complete, the digesta was divided into 6 portions. Each portion was 

mixed with other dietary ingredients for preparation of liquid feed. The liquid feed 

was kept frozen at -20 °C until feeding.  

    The in vivo trial was conducted in a 6 X 6 Latin Square design: 6 diets (3 

guanidinated MBM samples, as-is or pre-digested in vitro), 6 periods (1 period was 1 

week), and 6 castrated pigs (53±1.3 kg body weight) with ileum cannulae. MBM was 

the sole protein source of the diets. For the adaptation period, pigs were fed 2 kg per 

day adaptation diets composed of non-guanidinated MBM. On collection days, pigs 

were fed 1 kg (or in volume equivalent to 1 kg solid feed) per day experimental diet 

composed of guanidinated MBM samples. Experimental diets containing 

guanidinated MBM was fed at a low level because pigs preferred such diets less than 

the adaptation diets containing regular MBM. Diets were fed to pigs twice a day 
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(06:00 and 18:00). Collection of ileal juices started at 06:00 and ended at 23:00. The 

ileal juices were kept frozen at –20 °C until analyzed.  

    To estimate the distribution of soluble and insoluble homoarginine in the ileal 

juices, a portion of the ileal juice from each pig was centrifuged at 1000 g for 30 min 

into soluble and insoluble fractions. Homoarginine contents in these two fractions 

were analyzed.  

    All amino acid and chromium analyses were carried out at the Experimental Station 

Chemical Laboratories (University of Missouri-Columbia, MO 65211). The apparent 

ileal amino acid digestibility of the guanidinated MBM samples in the solid feeds was 

calculated according to Nyachoti et al. (1997). Since chromium oxide was not 

representative of the flow of liquid feed and could not be used a suitable marker for 

digestion of the liquid feeds (diets composed of in vitro pre-digested MBM), no 

attempt was made to determine the apparent amino acid digestibility for liquid diets. 

    The apparent ileal amino acid digestibility coefficients were analyzed with PROC 

GLM procedure (Version 7, SAS Institute Inc., Cary, NC 1998). The model was: 

ijkkjiijk PAY ε+τ+++µ=    (1) 

where Yijk = response variable for ith animal, jth period, and kth sample, µ = overall 

mean, Ai = animal effect, Pj = period effect, τk = MBM sample effect, εijk = residual 

error with mean of 0 and variance of σ2. Pairwise differences among samples were 

tested with Tukey’s procedure using the MEANS statement of PROC GLM 

procedure. 

    Size exclusion chromatography of the homoarginine-containing peptides. Size 

separation was conducted with a Tosohaas (Montgomeryville, PA) 2000SWXL 

column suitable for separation of polypeptides in the molecular weight range between 

500 and 100,000 Da (Swergold and Rubin 1983). The column (7.8 mm inner diameter 
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by 30.0 cm in length, silica-based packing, particle size of 5 µm and pore size of 125 

Å) was fitted with a guard column (6.0 mm in inner diameter by 4.0 cm in length, 

silica-based packing, particle size of 7 µm). The HPLC system was Model 600 

Controller with Model 717 Auto-sampler auto-injection equipped with Model 996 

Photodiode Array Detector (Waters Inc., Milford, MA). The mobile phase was an 

aqueous solution of 35% methanol and 0.1% triflouroacetic acid selected based on 

solubility of different peptides with special consideration for the hydrophobic peptides 

(Swergold and Rubin 1983, Irvine and Shaw, 1986, Vijayalakshmi et al 1986). 

    Ten peptides of known molecular weight, including homoarginine-HCl, were used 

for calibration of the column (TABLE 3). These peptides and homoarginine-HCl 

were dissolved in the mobile phase (0.1%, wt/v) and filtered through a 0.1 µm 

Millipore filter (Sigma, St. Louis, MO) before they were individually run on the 

column. Mobile phase was degassed with In-line Degasser (Waters Inc., Milford, 

MA). The injection volume was 20 µL, and the flow rate was 0.51 mL/min. The 

detection wavelength was set at 214 nm to detect the individual peaks.  

    The elution time of each peptide of known molecular weight was used to develop a 

regression equation. Regression of log10MW on elution time was performed with 

PROC REG procedure (Version 7, SAS Institute Inc., Cary, NC 1998) using the 

model: 

ii10i10 TYlog ε+⋅β+β=    (2) 

where Yi was the molecular weight (Dalton) of the ith peptide (or homoarginine-HCl), 

Ti was the elution time (min) for the ith peptide (or homoarginine-HCl), εi was the 

measurement error, and β0 and β1 were the parameters to be estimated by regression. 

    For size separation of the ileal indigestible peptides, ileal juices were first 

centrifuged at 1,000 g. The supernatants were then dried at 35 °C using an evaporator 
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(Centrivap Console, Labconco, Kansas City, MO). Dried supernatants were pooled on 

an equal weight basis according to diet treatment, and then re-suspended in mobile 

phase (with magnetic stirring) at 0.2 g/mL. The re-suspensions were filtered with 

No.4 filter paper (Whatman International Ltd., Maidstone, England) and washed with 

an equal volume of mobile phase. The final concentration of the re-suspension was 

around 0.1 g/mL. The filtrates were further filtered with 0.45 µm Millipore before 

loading onto the column. 

    For size separation of in vitro peptides, in vitro digesta of the three guanidinated 

MBM also underwent centrifugation, drying, re-suspension, and filtration as the ileal 

sample did. Since the in vitro digesta should contain much higher concentration of 

homoarginine than ileal juice, the dried supernatant was re-suspended in mobile phase 

at lower concentration (0.05 g/ml) than the ileal samples. 

    In vitro and ileal samples thus prepared were loaded on the column and run at 

conditions as described for the calibration of the column. The eluent was collected 

with a fraction collector (Model FC-80K, Gilson Medical Electronics Inc., Middleton, 

WI) at 1 min interval from time zero to 36 min post loading.  To ensure there was 

sufficient homoarginine for amino acid analysis, each ileal juice sample was run at 

least 12 times, and each in vitro digesta sample was run at least 7 times. The eluents 

were pooled according to sample and elution time and analyzed for homoarginine 

contents to determine homoarginine profiles according to peptide molecular sizes. 

    In vitro digestibility assay. The three guanidinated MBM samples were 

maximally digested in order to measure the in vitro amino acid digestibility. The 

digestion was conducted in triplicate (three test tubes per sample) at conditions as 

described previously (Qiao and van Kempen 2001a). Briefly, animal meal protein was 

first incubated at 12.5 mg/L with 0.25% pepsin (pepsin to substrate ratio) in 20 mL 
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citrate buffer solution for 24 hours. Then, phosphate buffer solution and pancreatic 

protease cocktail were added. The final volume was 50 mL, the pH was adjusted to 8, 

and the substrate concentration was diluted to 5.0 mL. Pancreatic proteases were 

added at 7.5% (enzyme to substrate ratio). After addition of pancreatic proteases, the 

digestion was continued for another 96 hours. 

   Maximal in vitro digestion of the 25 animal meal samples with known in vivo 

amino acid digestibility was also performed as above for determination of in vitro 

amino acid digestibility. The 25 reference samples were consisted of 19 MBM (crude 

protein: 44.6±4.1%) and 6 feather meals (crude protein: 77.2±3.0%), which were 

digested in duplicate. The mean of the duplicate in vitro digestibility was used to 

compare with the in vivo digestibility. 

    To correct for enzyme contamination on in vitro assays, enzyme blanks were 

incubated in duplicate at conditions identical to MBM sample incubations. 

    Soluble peptides were considered as digestible. Soluble fractions were obtained 

after centrifugation at 15,000 g for 20 min. The amino acids in the supernatants of the 

enzyme blanks were considered as contamination. The in vitro amino acid 

digestibility was calculated with the following formula:  

MBM

tsupernatanEnzyme_in_tantin_superna_MBM

AA
AAAA

ityDigestibil
−

=   (3) 

    To detect sample difference in in vitro amino acid digestibility coefficients of the 

three-guanidinated MBM samples, the in vitro amino acid digestibility coefficients 

were analyzed with PROC GLM procedure (SAS, Version 7, SAS Institute Inc., Cary, 

NC 1998) using the model: 

ijjijY ε+τ+µ=     (4) 
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where Yij = response variable for ith replicate (test tube) and jth sample , µ = overall 

mean, i = replicate, τj = MBM sample effect, εij = residual error with mean of 0 and 

variance of σ2. Pairwise differences among samples were tested with Tukey’s 

procedure using the MEANS statement of PROC GLM procedure. 

    To compare treatment effects (in vitro versus in vivo) on the digestibility 

coefficients of the three-guanidinated MBM samples, the in vitro and in vivo amino 

acids digestibility coefficients were analyzed with PROC MIXED procedure (SAS 

version 7.0, SAS Inc, Cary NC) using the model: 

ijk)i(k)i(jijjiijk )D(P)D(A)DS(DSY ε+++++++µ=   (5) 

where Yijk = response variable (amino acid digestibility coefficient) for the ith sample 

(Si, i=1, 2, 3) jth digestion treatment (Dj, digestion treatment= in vivo, in vitro) and kth 

period (k=6 levels (6 animals, 6 period) for in vivo trial, k=1 level (3 test tubes, 1 

period) for in vitro trial), Si = MBM sample effect, Dj = digestion effect, (DS)ij= 

interaction between sample and digestion, A(D)j(i)= animal (test tube) effect within the 

digestion treatment, P(D)k(i)= period effect within the digestion treatment, µ = overall 

mean, εijk = residual error with mean of 0 and variance of σ2. The effects A(D)j(i) and 

P(D)k(i) were treated as random effects by using the Random statement. RMSE was 

calculated as the square root of the ‘Residual’ estimated by the covariance parameters.  

    The mean of the duplicated in vitro amino acid digestibility coefficients of the 25 

reference samples was compared with the known in vivo amino acid digestibility 

coefficient. The null hypothesis ‘in vitro-in vivo =0’ was tested by a two-tailed paired 

t-test using the PROC TTEST procedure. 

    Regression of in vivo amino acid digestibility on the average in vitro amino acid 

digestibility, and regression of in vivo amino acid contents on the average in vitro 
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digestible amino acid contents of the 25 reference samples were performed with 

PROC REG procedure using the model: 

ii10i xY ε+⋅β+β=     (6) 

where Yi was the in vivo property (amino acid digestibility or amino acid contents, 

respectively) for the ith sample, xi was the in vitro property (amino acid digestibility 

or amino acid contents, respectively) for the ith sample, β0 and β1 were the parameters 

to be estimated, εi was the error term. RMSE, the root mean square error, was 

obtained from the regression model. 

 

Results 

    Size exclusion chromatography of homoarginine-containing peptides in ileal 

juices and in vitro digesta. Column calibration (log molecular weight as a function 

of elution time) is presented in FIGURE 1. Good correlation between log10MW 

(molecular weight, Da) and elution time was found (log10MW=-0.223(0.016)*time 

(min) + 7.030(0.285), R2=0.96, numbers in parentheses are standard errors). 

   For small peptides, the elution time was affected significantly by the electric 

charges (ion-exchange) in addition to by their molecular sizes, and small peptides in 

mobile phase of pH lower than the pI would appear later than would be expected 

(Irvine and Shaw 1986). To ensure peptides were cleared each run, the running time 

was extended to 36 min for size separation of in vitro and in vivo peptides. 

    Amino acid analysis of the collected fractions showed that in vitro homoarginine-

containing peptides were eluted from 16 min to 32 min post loading. In vivo 

homoarginine-containing peptides (pre-digested in vitro or not) all appeared later than 

22 min post loading.  
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    Homoarginine eluted in fractions smaller than 383 Da (appearing later than 21 min) 

was considered as 383 Da. Homoarginine elution recovered in different fractions 

expressed relative to the total amount of homoarginine eluted, termed as 

homoarginine profiles, are presented in FIGURE 2.  

    Even though the fractions were collected starting from time of injection to 36 min 

post injection and all the fractions were analyzed for homoarginine, homoarginine 

was only observed from 16-32 min post injection. In vivo (as-is or pre-digested in 

vitro), no homoarginine was discovered in fractions of molecular weight greater than 

1 kDa, which would suggest that all the unabsorbed peptides were of small sizes 

instead of big sizes. The size distributions of the two in vivo treatments (as-is or pre-

digested in vitro) were nearly identical to each other, indicating no effect of pre-

digestion of MBM on the size distribution. In vitro, 88±3.1% of the homoarginine was 

found in fractions of molecular weight less than 1 kDa with the remainder in fractions 

between 1 kDa and 5 kDa. Although the calibrated column could quantify peptides up 

to 15 kDa, no such homoarginine-containing peptides were found.  

    When in vitro digesta was fed to pigs, those in vitro peptides between 1 kDa and 5 

k Da were missing in ileal juices, indicating that further digestion of in vitro digested 

peptides occurred in vivo. Thus, the large-sized in vitro digested peptides should not 

be considered as indigestible in vivo. No molecular weight cut-off could be defined, 

as all unabsorbed peptides were small in size. It appeared that whether the peptides 

could be digestible in vivo was determined by factors other than their sizes. 

    Homoarginine distribution in vivo. MBM Homoarginine was divided into three 

fractions: digestible, indigestible but soluble, and indigestible and insoluble. The 

digestible fraction equals to the true ileal homoarginine digestibility. The unabsorbed 

homoarginine in the ileal juices was centrifuged into soluble and insoluble fractions. 
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The digestible fraction and the two indigestible fractions were expressed relative to 

feed homoarginine. The distribution is shown in TABLE 4. Regardless of the ileal 

homoarginine digestibility, the soluble and insoluble homoarginine in ileal juices was 

nearly equal and not significantly different.  

    Comparison of in vivo and in vitro amino acid digestibility of guanidinated 

MBM samples.  Statistical analyses of in vivo and in vitro digestions of the three 

guanidinated MBM samples are summarized in TABLE 5. In the Latin Square trial, 

sample effect on apparent amino acid digestibility was significant (P<0.05). Animal 

and period effects were not significant. The apparent digestibility for homoarginine is 

also the true and real digestibilities because there is no endogenous homoarginine 

secretion in the gut. The apparent digestibility for lysine was low because lysine 

content in guanidinated MBM was low compared to endogenous secretion.  

    Significant sample differences (P<0.05) in apparent ileal digestibility coefficients 

were found for homoarginine and phenylalanine but not for other amino acids. No 

significant sample differences (P<0.05) in the in vitro digestibility coefficients were 

found for any amino acids. 

    For homoarginine, histidine, and methionine, the apparent ileal amino acid 

digestibility was greater (P<0.05) than the in vitro amino acid digestibility. For lysine, 

threonine, and valine, the apparent ileal apparent amino acid digestibility was lower 

(P<0.05) than the in vitro amino acid digestibility. For isoleucine, leucine, and 

phenylalanine, the in vivo ileal apparent amino acid digestibility was not different  

(P>0.05) from the in vitro amino acid digestibility. Significant interaction between 

digestion treatments and samples (P<0.05) was found for homoarginine, histidine, 

methionine, and phenylalanine. 
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    Comparison of in vitro and true ileal amino acid digestibility for the 25 

reference samples. In vivo and in vitro amino acid digestibility coefficients of the 25 

samples, and the results of the paired T-test are presented in TABLE 6. The in vivo 

digestibility was significantly higher (P<0.05) than the in vitro digestibility for 

histidine, isoleucine, leucine, and phenylalanine. But the in vivo and in vitro 

digestibility was not significantly different for lysine, methionine, threonine, and 

valine. 

    The absolute difference between in vivo and in vitro amino acid digestibility (|in 

vitro-in vivo|) are presented in TABLE 7. Overall, about half of the samples had 

differences of the two digestibility coefficients within ±10%, which is roughly the 

average standard deviation of the differences between the two digestibility 

coefficients for all tested amino acids (9.2%). 

    No correlation between in vitro and in vivo digestibility coefficients was found for 

any amino acids, indicating in vivo digestibility coefficients could not be predicted by 

in vitro digestibility by regression. An example is shown with lysine in FIGURE 3a.  

    However, despite no correlation between in vivo and in vitro amino acid 

digestibility coefficients, for all tested amino acids, in vivo digestible amino acid 

contents could be predicted from in vitro digestible amino acid contents by regression. 

The predictions of in vivo digestible amino acid contents from in vitro digestible 

amino acid contents are shown in TABLE 8. An example is shown with lysine in 

FIGURE 3b, where 85% of variation in true ileal digestible lysine contents was 

explained by total amino acid contents.  

 

Discussion 
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    Simulation of in vivo digestion and absorption is a complex process. With today’s 

in vitro techniques, conditions such as usages of pepsin and pancreatic proteases, pH, 

enzyme to substrate ratios, and incubation time can all be controlled, and maximal 

digestion of the protein substrate by pepsin and pancreatic proteases can be realized. It 

is practically very difficult, though, to introduce brush border membrane (which has 

amino-peptidases and transporters) into the in vitro system, for functioning of the 

brush border membrane requires living cells of the small intestinal tissues. The brush 

border membrane carries out two essential functions: digestion and absorption. 

Membrane-bound amino-peptidases further digest peptide bonds remaining after 

pepsin and pancreatin (Kidder and Manners 1978, Sangild et al 1991, Matsumoto et al 

1995, Lizardo et al 1997, Zhang et al 1997), and membrane-bound peptide 

transporters absorb amino acids and short peptides (Silk et al. 1985, Webb 1986, 

Grimble 1994, Boyd 1995). In essence, the difference between in vitro and in vivo is 

that the in vitro system lacks membrane-associated functions present in vivo. 

   The present study suggests that the maximally digested in vitro peptides (by pepsin 

and pancreatin) are further broken down in vivo. The size distribution of the in vitro 

peptides ranged up to 5 kDa, while the ileal peptides from feeding of the in vitro 

digesta to the pig were smaller than 1 kDa. The in vitro peptides ranging from 1 kDa 

to 5 kDa (equivalent to approximately 8 to 40 amino acid residuals) were removed in 

vivo (FIGURE 2). Contemporary knowledge of amino acid and peptides absorption 

suggests it is unlikely that the intestinal peptide transporters directly take up these 

peptides from 1 kDa to 5 kDa (Silk et al 1985, Webb 1986, Grimble 1994, Boyd 

1995). If the in vitro digesta fed to the pigs was truly maximally digested by pepsin 

and pancreatic proteases, then it is logical to assume that it was the amino-peptidases 

that removed the large soluble peptides. 
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    It is interesting to note that about half of the ileal homoarginine was soluble and in 

small molecular weight peptides (TABLE 4), which means a significant amount of 

homoarginine was digested into small peptides but escaped absorption. This might be 

a natural physiological phenomenon, or it might be a result of processing and 

guanidination of the MBM. Processing of meat and bone meals requires high 

temperature, pressure and moisture. Guanidination of meat and bone meals was 

conducted under high alkaline pH, long reaction time, and room temperature. These 

adverse conditions are known to result in carbonyl amine reactions (Swaisgood and 

Catignani 1991), racemization (Swaisgood and Catignani 1991, Piva et al 2001), and 

β-elimination of amino acid residuals in MBM proteins (Piva et al 2001). These 

adverse conditions may hinder the absorption of the digested peptides. 

    The size separation results challenged the idea that in vitro peptides greater than a 

critical molecular size could not be considered as digestible in vivo. On one hand, 

large peptides (up to 5 kDa) from the in vitro digestion disappeared in vivo, indicating 

that size of the peptide was not a problem for utilization of amino acids, suggesting all 

in vitro soluble peptides should be regarded as digestible in vivo. On the other hand, 

all of the in vivo un-absorbed peptides were smaller than 1 kDa (approximately 8 

amino acid or less), which comprised about 50% of indigestible ileal peptides 

(TABLE 4). Even though all un-absorbed peptides were small in molecular size, we 

certainly could not regard all small peptides from in vitro digestion as indigestible in 

vivo, as probably most of the in vitro small peptides would be digestible in vivo. 

Thus, we assumed that the soluble peptides should be considered as digestible in vivo, 

acknowledging that the best in vitro method would over-estimate the in vivo amino 

acid digestibility. 
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    With this strategy, we assumed that all in vitro soluble peptides should be 

considered as digestible in vivo. In other words, we assumed that all in vitro insoluble 

peptides were indigestible in vivo. For guanidinated MBM samples, the results 

showed that the obtained in vitro amino acid digestibility coefficients were lower than 

in vivo for homoarginine, histidine, and methionine, higher for valine, threonine, and 

lysine (this may not be very meaningful since lysine contents in guanidinated MBM 

were too low and endogenous lysine contamination was not corrected for), and no 

difference for isoleucine, leucine, and phenylalanine (TABLE 5). 

    Since neither the enzymes nor the endogenous secretion contained any 

homoarginine, the in vitro and vivo homoarginine digestibility coefficients can be 

compared with best accuracy. Comparison of the two digestibility coefficients 

revealed that for MBM A and C, the in vitro digestibility coefficients were 

significantly lower than the in vivo digestibility (there was significant treatment by 

sample interaction for homoarginine digestibility, TABLE 5). In other words, even if 

all the in vitro soluble homoarginine was taken as 100% digestible in vivo, it still 

underestimated in vivo digestibility. This means that the insoluble homoarginine in 

the in vitro digesta must have been further digested in vivo.  

    Possible candidates carrying out the further digestion are pepsin, pancreatic 

proteases, and amino-peptidases. It is not known whether the amino-peptidases can 

digest insoluble peptides/protein, but if the in vitro digestion is indeed complete as 

demonstrated with the o-phthaldialdehyde assay (Qiao and van Kempen 2001a), then 

it can be concluded that the amino-peptidases can digest the insoluble peptides. If the 

in vitro digestion by pepsin and pancreatic proteases is incomplete, then all digestive 

proteases may be responsible for the digestion of the insoluble fractions. 
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    Compared to known in vitro amino acid digestibility data (Brule and Savoie 1988, 

Savoie et al 1989, Valette et al 1993), ours approached in vivo more closely. On 

average, in vitro digestibility equaled to in vivo digestibility for lysine, methionine, 

phenylalanine, and valine (TABLE 6), suggesting for these amino acids, in vitro 

estimation of digestibility was not significantly different from in vivo. About 50% of 

the reference samples had differences of in vitro and in vivo digestibility coefficients 

within 10% (TABLE 7). This progress owed first to more complete digestions in our 

assay, and second to a more appropriate separation method to obtained the digestible 

fraction. The published assays had very short period of incubation time (at most 6 

hours for pepsin incubation and 24 hours for pancreatic protease incubation) 

compared to ours. In these assays, peptides greater than 1 kDa were assumed not 

digestible, while in our assay, all soluble peptides were assumed digestible.  

    The result in TABLE 7 indicated that the in vitro digestibility coefficients did not 

match precisely to the in vivo digestibility coefficients for all individual samples. The 

mismatch of in vitro to in vivo digestibility coefficients might be responsible for no 

correlation between the in vitro and in vivo digestibility coefficients (FIGURE 3a). 

The digestibility coefficients are known to have limited variability compared to 

measurement errors (Moughan et al 1989).   

    In contrast to no correlation between in vitro and in vivo digestibility coefficients, 

there was good correlation between in vitro and in vivo digestible amino acid contents 

(FIGURE 3b), and the in vivo digestible amino acid contents could be predicted from 

the in vitro digestible amino acid contents with good precision (TABLE 8). For 

example, 85% of variation in true ileal digestible lysine contents was explained by in 

vitro digestible lysine contents by regression. This result indicated that variation in 

ileal digestible amino acid contents is mainly caused by variation in total amino acid 
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contents rather than by variation in digestibility coefficients. Variations in amino acid 

contents are greater than variation in digestibility coefficients, and measurement of 

amino acid content is more accurate than measurement of in vitro digestibility 

coefficients. For example, lysine contents in MBM samples may vary from 1.6% to 

4.2%, but the accuracy of lysine measurement with HPLC may get close to 0.10%. 

Thus amino acid contents are more sensitive than amino acid digestibility coefficients 

for detection. It is perhaps more practical to quantify protein quality by its digestible 

amino acid contents than by the digestibility coefficients. After all, the most direct 

indication of protein quality is digestible amino acid contents, not digestibility 

coefficients alone. 

    Size separation of the ileal peptides has been performed previously (Asche et al 

1989a, b). But since their feed protein was not labeled and the peptides examined 

contained un-absorbed feed peptides and endogenous peptide losses, the size 

distribution did not clearly reflect the property of the un-absorbed peptides of the 

feed. However, comparison of this publication to our results may yield information on 

how large the endogenous peptides are. These authors found that over one third of the 

soluble ileal peptides were greater than 15 kDa, and the largest peptides were 500 

kDa. In our study, ileal peptides greater than 15 kDa were observed, but these 

peptides did not contain any homoarginine, suggesting these peptides were from 

endogenous loss. All ileal feed peptides were smaller than 1 kDa. The comparison 

suggests that the large soluble peptides found in the ileum were of endogenous origin. 

These endogenous ileal peptides were so large in molecular weight probably because 

they came from a region (e.g., lower portion of the small intestines) where very little 

proteolytic activity could work on them. The comparison suggests that predicting 

endogenous amino acid losses through acid precipitation of peptides larger than 10 
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kDa (Donkoh and Moughan 1999) probably results in an underestimation of the 

endogenous losses; a more appropriate threshold would be to measure all soluble 

proteins larger than 1 kDa.  

    In summary, no large soluble peptides derived from the feedstuffs were observed in 

ileal juices, suggesting that any protein solubilized is degraded into small peptides of 

less than 1 kDa. Not all these small peptides, though, were absorbed, likely because 

the proteins were exceedingly damaged by guanidination. Solubility of peptides was 

used as simulation of absorption, which led to a better in vitro digestibility assay than 

currently existing ones. The resulting in vitro digestibility coefficients, however, did 

not match in vivo digestibility coefficients precisely for all individual samples and all 

amino acid. 
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TABLE 1. 

Amino acid composition of three guanidinated meat and bone meals used in the 

in vivo and in vitro assays 

Meat and bone meal Amino acid 
(%) A B C 

Ala 3.32 3.46 3.99 
Arg 3.65 3.13 3.94 
Asp 3.79 3.82 4.62 
Cys 1.16 0.38 1.27 
Glu 6.25 6.63 7.76 
Gly 6.03 5.29 6.19 
His 0.81 1.11 1.28 
Ile 1.71 1.67 2.05 
Leu 3.41 3.20 4.19 
Lys 0.47 0.90 0.66 
Homoarginine1 1.86 1.69 2.50 
Met 0.63 0.77 0.84 
Phe 1.94 1.76 2.33 
Pro 4.66 3.19 4.22 
Ser 3.02 1.65 2.84 
Thr 1.93 1.70 2.21 
Tyr 1.21 1.22 0.87 
Val 2.68 2.30 3.14 

 
1Homoarginine, converted from guanidination of the lysine residuals. Conversions 

(homoarginine/(homoarginine+lysine)) are 80.0%, 65.0%, and 79.0% for sample A, 

B, C, respectively. 
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TABLE 2 

Composition of experimental diets fed to ileum-cannulated pigs 

Dietary composition 
Ingredient Content (%) 
Corn starch 40.67 
Sucrose 20.70 
Corn oil 2.07 
Salt 0.35 
Di-calcium phosphate 3.11 
Limestone 0.52 
Mineral & vitamin mix1 0.35 
Chromium oxide 0.55 
MBM2 31.68 

 

1Provides per kilogram diet: 2,000 IU Vitamin A; 300 IU vitamin D3; 20 

IU vitamin E; 1.0 mg Vitamin K (menadione); 4 mg thiamine; 15 mg 

niacin; 4 mg riboflavin; 12 mg pantothenic acid; 15 µg vitamin B12; 2 mg 

pyridoxine; 0.1 mg d-biotin; 0.5 mg folic acid; 0.6 g choline, 90 mg Fe 

(ferrous sulfate); 5 mg Mn (manganese oxide); 8 mg Cu (copper sulfate); 

0.20 mg I (potassium iodate); 0.21 mg Se (sodium selenite), and 90 mg 

Zn (Zinc sulfate). 

2MBM: Three meat and bone meals, A, B, and C were used. Regular non-

guanidinated meat and bone meals were fed to pigs in adaptation days, while 

guanidinated meat and bone meals were fed to pigs on collection day.  
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TABLE 3 

Peptides used to calibrate size exclusion column1 

Name MW (Da) 

Leucylglycine 176 
Homoarginine-HCl 225 
Gly-Gly-Phe-Phe 455 
Casein fragment 913 
Bombesin 1620 
Diazepam binding inhibitor (DBI, fragment 51-70) 2150 
Insulin 5730 
Ubiquitin 8565 
Cytochrome C 12327 
Lysozyme 14400 

 
1HPLC grade, purchased from Sigma (St. Louis, MO). 
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TABLE 4.  

Ileal digestible and indigestible (soluble and insoluble) homoarginine expressed 
relative to total meat and bone meal homoarginine contents1 

 

Percent homoarginine in sample (%) 
Ileal indigestible3 Sample 

Ileal digestible2 
Soluble Insoluble 

A (n=5) 89.5 ± 0.4 4.6 ± 0.5 5.9 ± 0.5 
B (n=4) 79.4 ± 1.6 8.7 ± 1.8 11.9 ± 1.9 
C (n=6) 85.7 ± 1.4 7.3 ± 0.8 7.0 ± 0.8 

 
1Expressed as mean ± SEM (s/√n). 

2Measured using chromium oxide as marker.  

3Measured by centrifugation of the ileal juices. 
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TABLE 5 

Apparent ileal digestibility and in vitro digestibility of amino acids in three guanidinated meat and bone meals by pigs 
Apparent ileal digestibility5 

(%) 
In vitro digestibility6 

(%) 
In vivo-in vitro7 

(%) 
Sample Sample 

A B C A B C 
Amino acid1, 2, 3, 4 

(n=5) (n=4) (n=6)

Mean 
(n=15) RMSE8

(n=3) (n=3) (n=3) 

Mean 
(n=9) RMSE8 Mean RMSE8

Homoargininea, α, β 89.5 79.4 85.7 85.3 3.3 70.9 79.7 77.9 76.1 4.0 9.2 3.2 
Lysα 22.6 21.8 9.2 17.0 22.4 61.9 78.7 72.1 70.9 7.9 -53.9 17.4 
Hisα, β 79.6 72.2 79.7 77.6 3.6 69.1 75.1 68.9 71.0 5.0 6.6 4.9 
Ile 81.1 72.1 75.8 76.6 5.2 78.2 81.7 81.5 80.5 5.5 -3.9 5.0 
Leu 81.1 74.8 79.9 78.9 3.8 76.3 79.4 76.0 77.2 5.6 1.7 4.8 
Metα, β 87.7 81.8 87.8 86.2 3.0 70.4 79.4 72.7 74.2 5.6 12.0 4.3 
Phea, β 81.6 68.6 87.8 80.6 3.9 75.5 75.6 77.1 76.1 5.2 4.6 4.4 
Thrα 70.7 64.7 64.3 66.6 7.4 76.8 75.4 71.5 74.6 6.1 -8.0 6.4 
Valα 80.1 72.5 78.5 77.4 4.4 82.5 83.2 81.5 82.4 6.4 -5.0 5.4 

 
1Significant sample difference (P<0.05) in apparent ileal amino acid digestibility is denoted with Roman superscript (a) on the amino acid. 2No 

significant sample difference (P>0.05) in the in vitro amino acid digestibility was observed. 3Significant treatment effect (P<0.05) is denoted 

with Greek superscript (α) on the amino acid. 4Significant interaction between treatments and samples is denoted with Greek superscript β. 

5Aanalyzed with model (1). 6Analyzed with model (4). 7Analyzed with model (5). 8RMSE: Root mean square error (%) was estimated from the 

corresponding models. 
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TABLE 6 

Summary of the in vivo and in vitro amino acid digestibility coefficients and comparison between in vivo and in vitro amino acid 

digestibility of the 25 animal meal samples 

Treatment In vivo In vitro 
True ileal digestibility (%) In vitro digestibility (%) 

In vivo-in vitro1 

(%) Amino 
acid Mean Min Max SEM2 Mean Min Max SEM2 Mean SEM2 
Hisα 76.1 60.2 88.6 1.7 70.8 58.9 95.7 2.1 7.9 3.0 

Ileα 84.5 76.6 91.6 0.8 74.8 60.1 90.0 1.5 8.6 2.0 

Leuα 84.8 75.8 92.1 1.0 76.2 59.6 92.6 1.3 7.1 2.2 

Lys 78.7 54.0 90.5 2.2 76.7 65.1 90.4 1.5 1.4 2.4 

Met 80.6 53.0 92.6 1.9 74.9 49.5 97.1 2.7 3.0 4.2 

Pheα 87.4 27.3 98.7 2.7 81.6 63.3 96.6 1.7 9.7 3.4 

Thr 79.2 67.6 89.2 1.4 72.3 48.8 99.3 2.7 4.3 2.6 

Val 82.7 75.4 89.8 0.9 81.7 59.9 98.4 2.0 3.5 1.8 
 

1Analyzed with paired T-test. Significant difference (P<0.05) between in vivo and in vitro amino acid digestibility coefficients is denoted with 

Greek superscript (α) on the amino acid. 2SEM: standard deviation divided by square root of n (s/√n) where n=25.
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TABLE 7 

Absolute differences between in vivo and in vitro amino acid digestibility 

coefficients of 25 reference animal meals1 

 
Absolute difference 
|in vivo-in vitro| (%) Percent sample within variation Amino 

acid 
Mean Min Max SEM2 <|10%| |10-20%| >|20%| 

His 13.2 1.0 32.9 2.1 48.0 20.0 32.9 
Ile 10.5 0.8 26.1 1.5 44.0 40.0 16.0 
Leu 10.3 0.1 28.2 1.2 48.0 44.0 8.0 
Lys 9.0 0.1 34.8 1.8 64.0 28.0 8.0 
Met 15.5 1.6 37.3 2.2 48.0 32.0 20.0 
Phe 13.7 0.3 59.9 2.5 32.0 36.0 32.0 
Thr 13.1 0.6 36.5 2.1 52.0 32.0 16.0 
Val 9.3 0.8 23.0 1.2 68.0 32.0 0.0 
Average 11.8 0.7 34.8 1.8 50.5 33.0 16.6 

 

1Samples with known poultry ileal amino acid digestibility were assayed in vitro in 

duplicate. The mean in vitro amino acid digestibility was used for comparison.  

2SEM: standard deviation divided by square root of n (s/√n) where n=25. 
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TABLE 8 

Prediction of in vivo digestible amino acids from in vitro digestible amino acids 

for animal mealsa 

Linear regression model: Y = β1X +β0 
X In vitro digestible amino acid 

Y Ileal digestible amino acid 
Amino 
acid R2 RMSE (%)b 

His 0.72 0.15 
Ile 0.93 0.25 
Leu 0.85 0.49 
Lys 0.85 0.27 
Met 0.57 0.06 
Phe 0.82 0.39 
Thr 0.82 0.29 
Val 0.93 0.40 

 

aTwenty five animal meals (19 meat and bone meal samples, 6 feather meal samples) 

were analyzed in duplicate with the in vitro technique. The true ileal digestible amino 

acid contents of the samples were known. 

bRMSE: Root mean square error (%), estimated from regression using model (6). 



 

 175

 

FIGURE 1. Size exclusion chromatography of soluble peptides of known molecular 

weight (MW). The column used was 2000 SWXL (Tosohaas, Montgomeryville, PA 

18936). Flow rate was 0.51 mL/min. 
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FIGURE 2. Homoarginine profiles (percent of total homoarginine eluted and 

distributed according to molecular weight) of soluble peptides of guanidinated meat 

and bone meals digested in vivo or in vitro. Values are expressed as mean ± SEM 

(SD/√n, where n=3 meat and bone meals). a. In vivo ileal (fed as-is or predigested). b. 

In vitro. 

a 
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FIGURE 3. a. Lysine digestibility coefficients in vivo versus in vitro. b. Prediction of 

true ileal digestible lysine contents from in vitro digestible lysine contents. 
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Chapter VII.  

Convenient techniques to predict digestible amino acid contents in animal meals1 

 

Key words: •animal meal •digestible amino acids •infrared •quality control 

                                                 
1Supported by the Fats and Protein Research Foundation, and the Animal and Poultry 
Waste Management Center 
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Abstract. The objective of this study was to develop rapid techniques suitable for 

routine evaluation of true ileal digestible amino acids of animal meals. In vitro 

digestible amino acids of twenty-five animal meals with known  true ileal digestible 

amino acids were obtained and used to predict true ileal digestible amino acids. Cross 

validation showed that true ileal digestible amino acids were better predicted from 

total amino acids than from in vitro digestible amino acids. Thus total amino acids 

rather than in vitro digestible amino acids should be used for prediction. Samples with 

known true ileal digestible amino acids and total amino acids were scanned with near 

infrared reflectance spectroscopy (NIRS), Fourier transform infrared spectroscopy 

(FTIR), and Raman spectroscopy as rapid techniques to develop calibrations for 

protein quality evaluation. No correlation between amino acid contents and Raman 

spectra was found due to poor spectral quality. Cross validation showed that true ileal 

digestible lysine and total lysine could be predicted by NIRS with an accuracy of 0.23 

and 0.25%, respectively. Prediction error for true ileal digestible methionine and total 

methionine by NIRS was  0.11 and 0.10%, respectively. FTIR predicted true ileal 

digestible lysine and total lysine with an accuracy of 0.26 and 0.25%. FTIR predicted 

true ileal digestible methionine and total methionine with an accuracy of 0.06 and 

0.10%. NIRS and FTIR can predict total and digestible amino acids with acceptable 

accuracy. Total amino acids rapidly predicted by NIRS or FTIR can be used to predict 

true ileal digestible amino acids by linear regression equations.  
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Introduction 

    Animal meals, particularly meat and bone meals, are probably the most variable 

feed ingredients used in swine and poultry diets. For meat and bone meals, the 

average total lysine content is 2.51% with a coefficient of variation of 19.9%, and the 

average total methionine content is 0.68% with a coefficient of variation of 23.5% 

(AmiPig 2000). True ileal digestible amino acid contents, which describe the needs of 

the animals more precisely than total amino acid contents  (Parsons 1986, Darragh 

and Hodgkinson 2000), vary in similar ranges. The true ileal digestible amino acid 

content is traditionally determined from the total amino acid content multiplied by the 

true ileal amino acid digestibility coefficient of the sample. However, routine 

determination of true ileal amino acid digestibility coefficients is difficult, as it is 

lengthy, costly, and involves use of animals. To handle such variable ingredients as 

meat and bone meals, feed mills require convenient analytical tools that allow them to 

rapidly quantify the true ileal digestible amino acid contents of the samples. 

    The in vitro technique is perhaps the best well-known convenient method for 

indirect quantification of true ileal digestible amino acid contents. In terms of speed, 

the in vitro assay requires long incubation time and wet chemical analysis of amino 

acids. Therefore, in vitro assays are still not suitable for use in feed mills where brisk 

decisions need to be made as to whether the incoming ingredient should be accepted, 

where it should be stored, and how it should be utilized. 

    Infrared spectroscopy, which yields infrared spectra with information about the 

sample, is a convenient technique to indirectly quantify protein quality. Near infrared 

reflectance spectroscopy (NIRS) has been used to quantify digestible protein and 

amino acids (van Leeuwen et al 1991, van Kempen and Bodin 1998). Other infrared 

spectroscopic techniques such as Fourier transform infrared spectroscopy (FTIR) and 
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Raman spectroscopy may also find their ways in measuring protein quality (van 

Kempen 2001).  

    Like the in vitro technique, infrared spectroscopy requires samples with known 

composition for extrapolation. Its valuable advantages over the in vitro and in vivo 

assays are that it is very rapid (the analysis is performed in one to two minutes), and it 

can simultaneously estimate a number of biological properties of the samples if 

properly used. Infrared spectroscopic techniques are promising tools not only to 

replace the in vitro and in vivo assays on a routine basis, but also to reduce the 

dependence on wet chemistry for amino acid analysis.  

    In this paper, predictions of true ileal digestible amino acid contents from 

regressions of total amino acid contents and in vitro digestible amino acid contents are 

described. Rapid predictions of true ileal digestible amino acid contents and total 

amino acid contents by near infrared reflectance spectroscopy (NIRS) and Fourier 

transform infrared spectroscopy (FTIR) were also developed. Application of Raman 

spectroscopy as a rapid tool to predict amino acid contents was discussed. A new 

technique, which combines regression of total amino acid contents and spectroscopic 

prediction of total amino acid contents, is proposed as a rapid tool to quantify true 

ileal digestible amino acid contents of the samples.  

 

Materials and Methods 

    Sample database. 141 meat and bone meal samples were collected from major 

North American producers over a period of two years. These samples included 

regularly produced samples as well as specifically requested over and under-

processed samples so that the variability in the database was maximized.  
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    These samples were scanned as-is using a NIRS spectrometer (NIRSystems Model 

6500, Foss Inc, Silver Spring, MN, USA) in the reflectance mode using a full size 

transport cell. Spectra (log 1/R) were obtained using a full-size transport cell and 

recorded between 1100 nm and 2500 nm with 64 scans co-added over a period of 

approximately 2 minutes. The scanning resolution was 2 nm. Subsequently, 44 

samples were selected using the ‘sample select’ routine from ISI (Infrasoft 

International, Port Matilda, PA) such that these 44 samples uniformly covered the 

variation in the original dataset. These 44 samples, together with 25 animal meals (19 

meat and bone meals and 6 feather meals) assayed in vivo, were used for developing 

infrared calibrations for total amino acids. The 25 samples, whose true ileal amino 

acid digestibility coefficients were assayed with the standard caecectomized cockerel 

procedure (Parsons 1986), were obtained from Fats and Protein Research Foundation 

(Bloomington, IL). Prediction of true ileal digestible amino acid contents from total 

amino acid contents and in vitro digestible amino acid contents, as well as infrared 

calibrations for true ileal digestible amino acid contents were developed with the 25 

samples assayed in vivo. 

    The amino acid compositions of these 69 samples (assayed by HPLC, University of 

Missouri 2000, http://www.missouri.edu/~aswww/amino.htm) are listed in TABLE 1. 

As variation in this dataset was maximized through the sample selection procedure, 

variation in amino acid content should not be used as an indicator for variation in 

amino acid content of animal meals in the market place.  

      In vitro digestion assays of the 25 samples assayed in vivo. The samples were 

digested in duplicate as described earlier (Qiao and van Kempen 2001). In brief, the 

samples were incubated with 0.25% pepsin (enzyme percentage is relative to meat 

and bone meal protein) in 20 mL citrate buffer solution (0.05 mol/L, pH 2.0) for 24 
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hours. Then phosphate buffer solution (0.1 mol/L, pH 8.0) and 7.5% trypsin-enriched 

pancreatin (trypsin:pancreatin=1:5, enzyme percentage is relative to meat and bone 

meal protein) was added. The final volume was 50 mL, and the pH was 8. The 

incubation was continued for another 96 hours. The substrate protein concentration 

was 12.5 mg/mL (w/v) in the first stage, and 5.0 mg/mL (wt/v) in the second stage. 

All buffers contained 0.06% (wt/v) sodium azide (Sigma, St Louis, MO) to prevent 

microbial growth. After in vitro digestion, the digesta was centrifuged at 15,000 g for 

20 min. Amino acids and peptides in the supernatant fractions were considered as 

digestible (Qiao and van Kempen 2001). Enzyme contamination was corrected with 

amino acid contents in the supernatants of duplicated enzyme-only incubations treated 

identical to animal meals. Amino acid contents in the samples and in the soluble 

fractions were analyzed with HPLC (University of Missouri 2000, 

http://www.missouri.edu/~aswww/amino.htm) at the Experimental Station Chemical 

Laboratories (University of Missouri-Columbia, MO 65211).  

    Near infrared reflectance spectroscopy (NIRS). Samples were scanned as 

received with a near infrared reflectance spectrometer (NIRSystems Model 6500, 

Foss Inc, Silver Springs, MD, USA) as described earlier in ‘Sample database’. 

    Fourier transform infrared spectroscopy (FTIR). Samples were scanned with a 

FTIR Spectrometer (Nicolet Model Magna 760, Madison, WI, USA) equipped with 

an extended KBr beam-splitter and an MCT-A D* detector. The scanning was 

conducted while the sample was pressed on a Gemini multi-bounce horizontal 

attenuated total reflection (ATR) accessory with a 40° zinc selenide through crystal 

(Spectratech, Shelton, CT).  Prior to scanning, samples were ground through a 0.5 mm 

screen with a grinder (Retsch Model ZM100, F. Kurt Retsch GmbH & Co KG, Haan, 

Germany). Absorbance spectra (log 1/R) were recorded from 4000 to 650 cm-1, with 
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64 scans co-added over a period of approximately 1 minute. The scanning resolution 

was 2 cm–1.  

    Raman spectroscopy. Samples were scanned with a FT-Raman spectrometer 

(Nicolet Model Nexus 670, Madison, WI, USA) equipped with a KBr beam-splitter, 

an InGaAs detector, and a Raman laser operating at 9393 cm-1. Samples were scanned 

as-is in clear glass bottles (scintillation vials). Raman scattering intensity spectra were 

recorded from 3800 to 400 cm-1, with 512 scans co-added over a period of 

approximately 10 minutes. The scanning resolution was 4 cm–1.  

    Statistical analysis. To predict true ileal digestible amino acid contents from total 

amino acid contents (assayed by HPLC) and in vitro digestible amino acid contents, 

linear regressions were performed for 25 reference samples whose true ileal amino 

acid digestibility were known using the model: 

ii10i xY ε+⋅β+β=     (1) 

where Yi was the in vivo digestible amino acid content for the ith sample, xi was the 

total amino acid contents assayed by HPLC (
iHPLCx ) or xi was the in vitro digestible 

amino acid contents (
ivitroInx − )for the ith sample, β0, and β1 were the parameters to 

be estimated from the regressions, and εi was the error term. The accuracy, RMSE 

(root mean square error), was obtained from the regressions. 

    To facilitate prediction of amino acid contents from infrared spectra, the spectral 

data were first modified. NIRS spectra data were first smoothed using a quadratic 

function based on 5 data points, then derivatized to the second order. FTIR spectra 

were first baseline offset in type zero, then reduced to a resolution of 8 cm-1, then 

derivatized to the first order with a quadratic function based on 5 data points, and 

finally smoothed using a quadratic function based on 5 data points. Various 

modifications of Raman spectra, namely, reduction, smoothing, baseline offset, and 
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derivatization to different degrees were performed to find the appropriate data 

pretreatment judged by the R2, the variation explained by subsequent partial least 

squares regressions (PLS1). Smoothing and derivatizations were performed with the 

Savitzky-Golay routine (Esbensen et al 1996).  

    Calibrations for amino acid contents were developed with partial least squares 

regressions (PLS1) using full cross validation (Esbensen et al 1996). When PLS1 was 

done, the dependent variable was one specific amino acid, and the independent 

variables were the spectral data. Samples that were poorly predicted with cross-

validation and had a large leverage, which were observed from the plots of the 

software, were considered outliers and were removed. Spectral modifications and 

PLS1 regressions were performed with The Unscrambler (version 7.5, Camo Inc. 

Trondheim, Norway, 1999).  

    For lysine, methionine, and histidine, calibrations (with partial least square) were 

developed from both MBM and feather meals because, for these three amino acids, 

the amino acid contents were in the same range. For isoleucine, leucine, 

phenylalanine, threonine, and valine, the calibrations were developed based on MBM 

only. This was because these 5 amino acids were distinctively higher in feather meal 

than in MBM. Thus, feather meals (n=6) were deleted when calibrations were made 

for these 5 amino acids. 

    The prediction error, Root mean square error of prediction (RMSEP), was 

calculated with 

∑ −=
n

i

2
prediction,ireference,i )yy(

n
1RMSEP   (2) 

which was calculated for all cross-validations of PLS1 regressions. 
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Results 

    Prediction of true ileal digestible amino acid contents from total amino acid 

contents and in vitro digestible amino acid contents. These prediction results are 

presented in TABLE 2. True ileal digestible amino acid contents could be predicted 

from simple linear regression with two parameters using the model Y=β1X+β0, as 

illustrated with lysine in FIGURE 1. With this model, 91% of the variation in true 

ileal digestible lysine contents could be explained by total lysine contents with RMSE 

(Root mean square error, RMSE) of 0.21%, and 85% by in vitro digestible lysine 

contents with RMSE (Root mean square error, RMSE) of 0.27% (TABLE 2). The 

results indicated in vitro digestible amino acid contents were less accurate than total 

amino acid contents in predicting true ileal digestible amino acid contents.  

    Prediction of amino acid contents with NIRS. A typical NIRS spectrum of meat 

and bone meal is presented in FIGURE 2a. Second order derivatized spectra were 

used for partial least square (PLS1) regression because they yielded better calibrations 

(Norris et al 1976, Aufrere et al 1996). The regions between 1100 nm to 1500 nm 

(where one peak was distinct and regression coefficients were smaller) was not 

important to develop calibration, as inclusion of this region improved neither the R2 

nor the accuracy (RMSEP, root mean squared error for prediction) of the calibrations.  

    Predictions for total amino acid contents based on all selected samples or based on 

in vivo reference samples, as well as the prediction of true ileal digestible amino acid 

contents based on the in vivo reference samples were summarized in TABLE 3. 

Prediction of total lysine based on all samples including the in vivo reference samples 

and prediction of digestible lysine based on the in vivo reference samples alone are 

illustrated in FIGURE 3. For lysine, NIRS spectra explained 83% of the variations 

(R2) in total lysine contents with a prediction error (RMSEP) of 0.25% based on all 
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selected samples including the in vivo reference samples, while NIRS explained 88% 

of the variations (R2) in true ileal digestible lysine contents with a prediction error 

(RMSEP) of 0.23%. For methionine, NIRS spectra explained 67% of the variations 

(R2) in total methionine contents with a prediction error (RMSEP) of 0.10% based on 

all selected samples including the in vivo reference samples, while NIRS explained 

58% of the variations (R2) in true ileal digestible methionine contents with a 

prediction error (RMSEP) of 0.11%. For the in vivo reference samples alone, NIRS 

appeared to have explained more variation for total amino acids than for digestible 

amino acids (TABLE 3). The R2 for predictions of true ileal digestible isoleucine, 

threonine, and cysteine was exceptionally lower than that for predictions of total 

isoleucine, threonine, and cysteine contents, but the RMSEP was comparable to the 

RMSEP for prediction of total contents for these three amino acids.  

    Prediction of amino acid contents with FTIR. A typical FTIR spectrum of meat 

and bone meal is presented in FIGURE 2b. Since FTIR prediction of amino acid 

contents in feedstuffs have not been reported in the literature, various modifications of 

the spectra data were evaluated in order to best calibrate the amino acid contents. 

Partial least square (PLS1) regressions based on un-derivatized, 1st order derivatized, 

and 2nd order derivatized data were performed. The 1st order derivatization, however, 

gave the best prediction judged by the R2 and the accuracy (RMSEP). The most 

sensitive region for calibrations was the far mid infrared range of 1800-700 cm-1, and 

re-calibrations without other regions increased the R2 and the accuracy (RMSEP).  All 

reported calibrations were obtained with this region. 

    Predictions for total amino acid contents based on all selected samples or based on 

in vivo reference samples, as well as the prediction of true ileal digestible amino acid 

contents based on the in vivo reference samples were summarized in TABLE 4. 
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Prediction of total lysine based on all samples including the in vivo reference samples 

and prediction of digestible lysine based on the in vivo reference samples alone are 

illustrated in FIGURE 3. For lysine, FTIR spectra explained 81% of the variations 

(R2) in total lysine contents with a prediction error (RMSEP) of 0.25% based on all 

selected samples including the in vivo reference samples, while FTIR explained 85% 

of the variations (R2) in true ileal digestible lysine contents with a prediction error 

(RMSEP) of 0.26%. For methionine, FTIR spectra explained 66% of the variations 

(R2) in total methionine contents with a prediction error (RMSEP) of 0.10% based on 

all selected samples including the in vivo reference samples, while FTIR explained 

90% of the variations (R2) in true ileal digestible methionine contents with a 

prediction error (RMSEP) of 0.06%. For the in vivo reference samples alone, FTIR 

appeared to have explained more variation for total amino acids than for digestible 

amino acids (TABLE 4). The R2 for predictions of true ileal digestible isoleucine was 

exceptionally lower than that for predictions of total isoleucine, but the RMSEP 

appeared better than the RMSEP for prediction of total isoleucine. No successful 

calibration was developed for prediction of true ileal digestible threonine.  

    Prediction of amino acid contents with Raman spectroscopy. Unlike NIRS and 

FTIR spectra, it was very difficult to find distinctive peaks with Raman spectroscopy. 

The spectra of all samples bore similarity that several large peaks were observed. A 

typical Raman spectrum of meat and bone meal is illustrated in FIGURE 2c. Raman 

spectra yielded an extremely poor signal to noise ratio, even when the sample 

acquisition time was as long as 10 minutes (co-adding 512 spectra). Treatments of the 

spectral data were applied similar to FTIR, but no successful calibrations were 

developed due to the poor quality of spectral data. 
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Discussion 

    Generally, true ileal digestible amino acid contents describe the quality of the 

protein sources better than total amino acid contents (Darragh and Hodgkinson 2000). 

True ileal digestible amino acid contents are defined by total amino acid contents and 

their respective digestibility coefficients, which two parameters are often listed in 

different handbooks. This expression, however, has somehow caused the impression 

that the true ileal amino acid digestibility coefficient is more of a concern than true 

ileal digestible amino acid contents as an indicator of the protein quality. People often 

comment on the protein quality of a sample by its true ileal amino acid digestibility 

coefficient without mentioning its total amino acid contents. In reality, true ileal 

digestible amino acid contents, the most comprehensive indicator of the protein, are 

predominantly affected by total amino acid content, and the true ileal digestibility 

coefficients only account for less than 9% of the variation (TABLE 2). Thus, the true 

ileal amino acid digestibility coefficients may only become the determinant of the 

protein quality if total amino acid contents of the samples are the same or similar. To 

develop rapid techniques to aid quality control and other utilizations of protein 

feedstuffs, researchers need to focus on prediction of true ileal digestible amino acid 

contents rather than prediction of true ileal amino acid digestibility coefficients alone 

wherever possible.  

    True ileal digestible amino acid contents are typically measured with 

caecectomized cockerels for poultry or ileum-cannulated pigs for swine (Parsons 

1986, Donkoh and Moughan 1999). Results from current study illustrate that total 

amino acid contents are a more accurate predictor for true ileal digestible amino acid 

contents than in vitro digestible amino acids (FIGURE 1, TABLE 2). As measuring in 

vitro digestible amino acids is more complicated and time-consuming than measuring 
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total amino acids by HPLC, and in vitro amino acids are less accurate than total amino 

acids in predicting true ileal digestible amino acids, the usefulness of the current in 

vitro assay is not attractive for feed mills.  

    The finding that true ileal digestible amino acid contents can be predicted from 

total amino acid contents using simple linear regression equations suggests another 

way to predict true ileal digestible amino acid contents with infrared spectroscopic 

techniques. This is to predict total amino acid contents and extrapolate true ileal 

digestible amino acid contents using the two-parameter regression equations 

presented in TABLE 2. Thus, prediction of true ileal digestible amino acid contents 

depends only on measuring the total amino acid contents. As total amino acid contents 

of the samples are easily determined with wet chemistry, any laboratory can build its 

own total amino acid database for calibration with infrared spectroscopy. This 

strategy is distinctively different from using in vivo samples for infrared 

spectroscopic calibration. In the past, if a lab is to develop infrared spectroscopic 

calibrations for true ileal digestible amino acid contents, then it must have in vivo 

analyzed samples, for which it is cost-prohibitive to build a large database. Now, with 

this strategy, the problem can be by-passed. If any lab is able to develop calibrations 

for total amino acid contents, then it can predict true ileal digestible amino acid 

contents with published regressions.  

    Total amino acid contents predicted by NIRS and FTIR were used to predicted true 

ileal digestible amino acid contents using simple linear regression equations obtained 

in Table 2. The prediction of true ileal digestible lysine contents from infrared 

predicted total lysine contents is shown in TABLE 5. The RMSEP (root mean square 

error of prediction) based on NIRS predicted total lysine contents was 0.26%, and the 

RMSEP (root mean square error of prediction) based on FTIR predicted total lysine 
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contents was 0.28%. Note the error for predicting true ileal digestible lysine contents 

directly from NIRS was 0.23% (RMSEP) (TABLE 3), and the error for predicting 

true ileal digestible lysine contents directly from FTIR was 0.26% (RMSEP) (TABLE 

4). The R2 values are also comparable (0.85 for regression based on NIRS predicted 

total lysine versus 0.88 for direct NIRS prediction of digestible lysine, and 0.85 for 

regression based on FTIR predicted total lysine versus 0.85 for direct FTIR prediction 

of digestible lysine). Thus, predicting true ileal digestible amino acid contents with 

infrared predicted total amino acids with simple linear regression equations [model 

(1)] is as good as direct infrared prediction of true ileal digestible amino acid contents 

using in vivo reference samples.  

    The deviations between the true ileal digestible lysine predicted from total lysine 

obtained from infrared spectroscopy and that predicted from total lysine measured by 

HPLC are also given in TABLE 5. The sensitivity of predictions can be further 

improved by increasing the reference sample size.  

    It is necessary to point out that the regressions of true ileal digestible amino acids 

on total amino acids may not be applicable to samples whose variability are beyond 

the scope of the reference samples. In other words, regression for prediction of true 

ileal digestible amino acids was developed with samples not completely 

representative of all the animal meals in the field, so the results of using this equation 

to predict true ileal digestible amino acids from total amino acids for samples outside 

the variability of the reference samples is not safeguarded. 

    For both NIRS and FTIR, the prediction errors for ileal digestible amino acid 

contents with only 25 samples were comparable to the prediction errors for total 

amino acids with over 60 samples. This was probably due to different ways of 

samples selection. The samples used for total amino acids calibration were selected 
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based on maximal variations, while the samples used for true ileal amino acid 

calibration were not such selected. Thus, the calibrations for total amino acids were 

more robust than the calibrations for true ileal digestible amino acids. When only the 

25 reference samples were used, the prediction errors for total amino acids appeared 

to be better than the prediction errors for digestible amino acids (Table 3 and Table 4), 

indicating prediction for total amino acids were more accurate than prediction of 

digestible amino acids. 

    The accuracy of our NIRS prediction of total lysine, methionine, and threonine 

contents (total and true ileal digestible) was similar to other available reports (van 

Kempen et al 1997). Compared to NIRS, which has over two decades of history of 

application in determining nutrients for animals (Norris et al 1976), FTIR has been 

only recently used to predict free fatty acids in palm olein (Man and Setiowaty 1999) 

and lignin contents in wood (Rodrigues et al 1998, Silva et al 1999), but its 

application in prediction of amino acid contents has not been documented.  

    It is of practical value to compare NIRS and FTIR for determination of amino acid 

contents. The ratios of RMSEP (FTIR/NIRS) were 0.55 for true ileal digestible 

methionine and 0.62 for true ileal digestible cysteine. Thus, FTIR prediction for true 

ileal digestible sulfur-amino acids seemed superior to NIRS. This superiority may be 

due to the fact that the sulfur bonds (-S-CH3, -S-CH2-) exhibit medium to strong 

absorbance in FTIR wavenumber ranges from 2955 cm-1 to 685 cm-1 (Dean 1987), 

parts of which ranges were used for regression. In contrast, NIRS frequencies only 

absorb H related chemical bonds (-H), unable to recognize sulfur bonds. A 

comparison of NIRS to FTIR is further illustrated with the R2 values in FIGURE 5. 

For other total and in vivo amino acids, the two infrared spectroscopic techniques 

appeared to be equally powerful.  
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   Technically, FTIR obtains more and better quality information on the sample if the 

sample is presented properly to the instrument. In our experiment, an attenuated total 

reflectance (ATR) was used for the FTIR. This may not be the best method for 

scanning solid samples, as this method does not provide good light penetration for 

solid samples. The penetration depth of infrared light using an attenuated total 

reflectance (ATR) crystal is a function of the wavelength of the light, and the 

problems with the FTIR spectra were more pronounced at higher wavenumbers 

(lower wavelengths), where sample penetration depth is much less and signal to noise 

ratio is greater. This may explain that better calibrations could be developed without 

the higher wavenumbers (lower wavelengths) regions. Thus, although the attenuated 

total reflectance (ATR) worked (after grinding the sample), a better method is needed 

to scan samples in FTIR. If a better way of sample presentation is applied, FTIR 

should yield better calibrations than NIRS. 

    In terms of user-friendliness, NIRS did not seem to require pre-grinding of samples, 

while FTIR with an attenuated total reflectance (ATR) did. In the authors’ opinion, 

NIRS with a large transport cell and FTIR with a horizontal attenuated total 

reflectance (ATR) are equally powerful in predicting amino acid contents. 

    It was unexpected that calibration from Raman spectral data was unsuccessful as it 

is a technique that, on paper, has a lot of potential. Raman spectroscopy is able to 

recognize most chemical bonds in proteins, including -S-S- bonds (Ozaki 1999). 

However, the signal observed from the samples was so weak that even with a 10-

minute data acquisition per sample the signal to noise ratio was unacceptable. The 

reason for this is unknown, but may be related to the loose packing of the sample and 

the high light absorption by the sample (the samples actually charred during 

scanning). Thus, for Raman spectroscopy, additional work is needed on sample 
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presentation before a conclusion can be reached as to its suitability for predicting 

amino acids in animal meals.  

    To conclude, the true ileal digestible amino acid contents of animal meals are 

predominantly determined by the total amino acid contents of the samples. Rapid 

prediction of true ileal digestible amino acid contents can be achieved by fitting total 

amino acid contents into simple linear regression equations developed from in vivo 

reference samples. The total amino acid contents can be rapidly predicted by NIRS or 

FTIR. 
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TABLE 1.  
 

Summary of amino acid compositions of studied animal meals1 
 

Population statistics for animal meals 
(n=69) Amino 

acid 
Min Max Mean CV (%) 

His 0.59 1.83 1.16 22.41 
Ile 0.94 2.22 1.58 20.89 
Leu 2.07 4.62 3.37 16.62 
Lys 1.64 4.15 2.92 18.15 
Met 0.43 1.16 0.78 19.23 
Phe 1.23 2.58 1.88 14.89 
Thr 1.06 2.51 1.70 17.65 
Val 1.45 3.47 2.34 16.24 

 

1Analyzed by HPLC. Animal meals (n=69) were comprised of meat and bone meals 

(n=63) and feather meals (n=6).  
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TABLE 2 
 

Prediction of true ileal digestible amino acids from total and in vitro digestible amino acids for animal meals1, 2, 3 

Linear regression model: Y = β1*X + β0 
Y Ileal digestible amino acid  

X Total amino acid In vitro digestible amino acid 

AA β1 β0 R2 RMSE β1 β0 R2 RMSE 
His 0.97(0.06) -0.23(0.07) 0.93 0.08 1.43(0.20) -0.26(0.17) 0.72 0.15 
Ile 0.85(0.02) -0.01(0.05) 0.99 0.10 0.78(0.18) 0.43(0.23) 0.93 0.25 
Leu 0.75(0.03) 0.38(0.12) 0.97 0.20 0.87(0.07) 0.64(0.27) 0.85 0.49 
Lys 1.10(0.07) -0.83(0.20) 0.91 0.21 1.19(0.12) -0.40(0.28) 0.85 0.27 
Met 0.98(0.06) -0.12(0.04) 0.92 0.05 0.98(0.22) 0.07(0.12) 0.57 0.06 
Phe 0.84(0.05) 0.09(0.15) 0.91 0.27 0.90(0.09) 0.34(0.19) 0.82 0.39 
Thr 0.67(0.03) 0.25(0.06) 0.97 0.12 0.92(0.12) 0.24(0.20) 0.82 0.29 
Val 0.80(0.02) 0.09(0.07) 0.99 0.16 0.88(0.05) 0.35(0.15) 0.93 0.40 

 

1Twenty five animal meals (19 meat and bone meal samples, 6 feather meal samples, with known true ileal digestible amino acid contents) were 

digested in vitro in duplicate. In vitro digestible amino acid contents were estimated from the soluble fraction.  

2Regression parameters (β1 and β0) are expressed with standard errors in the parentheses.  

3RMSE: Root mean square error (%), obtained from regression using model (1).  
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TABLE 3 

 
Cross validation results for prediction of total and true ileal digestible amino acid contents from NIRS spectra obtained from animal 

meal samples scanned as-is1, 2 

Total (N=68) In vivo digestible (N=25) Total (N=25)3 AA 
n PC R2 RMSEP n PC R2 RMSEP n PC R2 RMSEP 

Cys 50 5 0.49 0.08 18 4 0.10 0.08 16 2 0.52 0.06 
His 64 6 0.56 0.18 23 3 0.79 0.14 24 4 0.82 0.12 
Ile 60 4 0.58 0.20 18 1 0.06 0.25 16 3 0.50 0.14 
Leu 59 4 0.69 0.31 17 2 0.52 0.27 16 5 0.81 0.17 
Lys 64 6 0.83 0.25 23 3 0.88 0.23 24 4 0.87 0.21 
Met 66 4 0.67 0.10 23 1 0.58 0.11 23 2 0.63 0.09 
Phe 60 4 0.62 0.17 17 6 0.71 0.11 17 6 0.73 0.10 
Thr 61 4 0.64 0.18 18 4 0.21 0.16 16 7 0.35 0.13 
Val 57 4 0.59 0.21 18 3 0.46 0.22 17 5 0.76 0.11 

 

1Samples were scanned as-is in the near infrared region (1100-2500 nm). For lysine, methionine, and histidine, the samples used for regression 

were composed of meat and bone meals and feather meals (n=6). For other amino acids, samples were composed of meat and bone meal only. 

2N: scanned samples, n: samples used to develop calibration (N minus n was the number of outliers), PC: principal components used in 

calibration, R2: explained variation, RMSEP: root mean square error of prediction (%). 3In vivo reference samples only. 
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TABLE 4 
 

Cross validation results for prediction of total and true ileal digestible amino acid contents with FTIR spectra obtained from ground 

animal meal samples1, 2 

Total (N=62) In vivo digestible (N=25) Total (N=25)3 AA 
n PC R2 RMSEP n PC R2 RMSEP n PC R2 RMSEP 

Cys 47 7 0.72 0.06 15 2 0.49 0.05 16 9 0.72 0.04 
His 52 11 0.64 0.16 21 2 0.76 0.15 24 3 0.58 0.19 
Ile 55 5 0.56 0.20 15 5 0.18 0.14 13 6 0.59 0.12 
Leu 52 6 0.64 0.32 18 10 0.37 0.38 15 2 0.45 0.27 
Lys 56 18 0.81 0.25 21 3 0.85 0.26 21 3 079 0.26 
Met 57 12 0.66 0.10 20 6 0.90 0.06 21 6 0.87 0.07 
Phe 53 5 0.64 0.16 18 6 0.48 0.17 17 7 0.83 0.09 
Thr 53 5 0.58 0.19 No calibration successful 14 2 0.48 0.12 
Val 51 4 0.56 0.20 13 2 0.53 0.15 15 5 0.42 0.18 

 

1Samples were scanned in the mid infrared region (650 cm-1 to 4000 cm-1) after grinding (0.5mm). For lysine, methionine, and histidine, the 

samples used for calibration were composed of meat and bone meals and feather meals (n=6). For other amino acids, samples were composed of 

meat and bone meal only. 2N: scanned samples, n: samples used to develop calibration (N-n was the number of outliers), PC: principal 

components used in calibration, R2: explained variation, RMSEP: root mean square error of prediction (%). 3In vivo reference samples only.
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TABLE 5 

Predictions of true ileal digestible lysine from total lysine predicted by infrared 

spectroscopy using regression equations for the 25 reference samplesa 

Predictionb Deviation from reference Total lysine 
assayed with Accuracy (%) R2 Min (%) Max (%) 

HPLC 0.21 0.91 0.01 0.44 

NIRS 0.26 0.85 0.00 1.09 

FTIR 0.28 0.85 0.05 0.88 
 
aDigestible lysine contents was estimated with Yi=1.10*Xi-0.83 (obtained with 

regression of digestible lysine on total lysine (HPLC measured) using model (1), 

listed in Table 2) where Yi was the in vivo digestible lysine content for ith sample, Xi 

was the total lysine content predicted from NIRS or FTIR spectroscopy (
iNIRSx or 

iFTIRx ) for the ith sample.  

bPrediction accuracy was root mean square error (RMSE, %) obtained from regression 

equation (1) when total lysine was assayed with HPLC method, and was root mean 

square error of prediction (RMSEP, %) calculated from equation (2) when total lysine 

was assayed with NIRS or FTIR.  
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FIGURE 1. Prediction of true ileal digestible amino acid contents by regressions. a. 

From total amino acid contents. b. From in vitro digestible amino acid contents. 
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FIGURE 2. Infrared spectra of a meat and bone meal. a. NIRS. b. FTIR. c.  Raman. 
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FIGURE 3. Prediction of lysine contents in animal meals with NIRS. a. Total lysine. 

b. True ileal digestible lysine. 
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FIGURE 4. Prediction of lysine contents in animal meals with FTIR. a. Total lysine. 

b. True ileal digestible lysine.  
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FIGURE 5. The R2 values of predictions of amino acids with NIRS and FTIR 

spectroscopy. a. Prediction of total amino acid contents. b. Prediction of true ileal 

digestible amino acid contents. 
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Chapter VIII. 

Synopsis 

 

 In the absence of substrate, the rate of autolysis of pepsin slowed down if 

pepsin concentration was increased. So was true for the pancreatic protease 

mixture.  

 The rates of autolysis of both pepsin and pancreatic protease mixture was 

decreased when the pH was changed from favorable to less favorable. 

 Presence of substrate decreased the rate of autolysis of the pancreatic protease 

mixture.  

 Higher substrate concentration resulted in lower extent of substrate digestion 

by pepsin, but not by the pancreatic protease mixture. 

 Maximal digestion of meat and bone meal could be achieved without pepsin. 

Maximal digestion was achieved with as little as 6.5% enzymes in an in vitro 

amino acid digestibility assay. 

 All un-absorbed soluble peptides were smaller than 1 kDa in molecular size. 

Absorption of peptides was not determined simply by size.  

 Taking all soluble in vitro peptides as digestible in vivo was the best method 

to estimate in vitro amino acid digestibility. However, the in vitro amino acid 

digestibility assay did not succeed in replacing the in vivo assay.  

 Variation in digestible amino acids was mainly caused by variation in total 

amino acids. 

 Near infrared reflectance spectroscopy (NIRS) and attenuated total reflectance 

Fourier transform infrared spectroscopy were able to predict total and 

digestible amino acid contents in feed proteins. 
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 Attenuated total reflectance Fourier transform infrared spectroscopy (FTIR) 

appeared to be superior to near infrared reflectance spectroscopy (NIRS) in 

predicting sulfur-containing amino acids. 

 Given the sample database, total amino acids seemed to be better predicted 

than digestible amino acids with infrared spectroscopy.  

 The accuracy of predicting digestible lysine from infrared predicted total 

lysine was comparable to the accuracy of predicting digestible lysine from 

HPLC measured total lysine.  

 Raman scattering spectroscopy can predict one’s IQ by scanning one’s 

palm☺. 


