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DETERMINING THE EFFICACY OF A BIOSENSOR TO
DETECT CALPASTATIN, A MEAT TENDERNESS INDICATOR
Christy Lynn Greenhaw Bratcher
Dr. Carol L. Lorenzen, Dissertation Supervisor
ABSTRACT
An instrumental tenderness detection system that can be used at the time of grading to
sort beef carcasses based on their predicted tenderness value would be a valuable tool for
the beef industry. A biosensor that can accurately predict calpastatin, the inhibitor of the
enzyme responsible for increased tenderness due to aging, has been investigated as a
tenderness detection system. Two trials were conducted to determine the efficacy of
developed biosensors. Longissimus dorsi samples from between the 12th and 13th rib of
the beef carcass (n = 21 and n = 11) were extracted from beef carcasses at 0, 24, 36 and
48 h postmortem for trial one and at 0 and 48 hr for trial two. These samples were
assayed for calpastatin by traditional laboratory methods and with the newly-developed
biosensors. The biosensor used in trial one was an optical fiber biosensor and trial two
was a capillary tube biosensor. Warner-Bratzler shear force was also performed on a
steak from each carcass. In trial one, correlations were generated from each sampling
period to determine the most closely correlated sampling times between the traditional
assay and the biosensor. The results indicated that the measurement with highest
correlations between the calpastatin and optical fiber biosensor were taken at 48 hr
postmortem (r = 0.5966, P = 0.007), suggesting that this is the best time for use of the
biosensor in an online grading system. While the correlation was lower for the capillary
tube biosensor in trial two, there was less variation in the 0 hr capillary tube biosensor
x

than the 0 hr pre-column (P = 0.006) and post-column optical fiber biosensors (P =
0.047), therefore this is a more promising system. This research further advances the
development of the biosensor and makes online assessment of calpastatin one step closer
to reality. The current biosensor would be useful in laboratory determination of the
presence of biologically active calpastatin concentrations because of the reduction in time
in laboratory procedure.
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CHAPTER 1
INTRODUCTION

The final report of the 1995 National Beef Quality Audit listed low overall
palatability and inadequate tenderness among the top 10 concerns of the beef industry
(Smith et al., 1995). Consumers have ranked tenderness as being the most important
factor influencing satisfaction (Savell et al., 1987, 1989; Smith et al., 1987). Consumers
are also willing to pay more for steaks that reach a certain level of tenderness (Miller et
al., 2001; Shackelford et al., 2001). If there is a possibility of identifying a specific level
of tenderness in the carcass, the total value of the carcass can be increased. The premium
that consumers are willing to pay however, should outweigh costs associated with sorting
of tender beef carcasses and costs of genetic improvement of progeny.
There are numerous accepted methods of measuring tenderness, such as WarnerBratzler shear force (WBSF), an objective measure of tenderness, and consumers can
differentiate among steaks varying in WBSF (Miller et al., 1995; Huffman et al., 1996).
Other common methods of measuring beef tenderness that have been employed include
slice shear force and sensory panels. Beef palatability research studies often use traits
such as marbling score, WBSF, and consumer or trained taste panel evaluations of
tenderness, juiciness and flavor as indicators of beef palatability (Platter et al., 2003).
Regardless of the above mentioned measures of tenderness, these are all invasive to the
carcass and are expensive due to sample collection and are destructive of valuable steaks.
Samples are generally taken from the longissimus dorsi which is a valuable part of the
carcass and cannot then be sold for profit.
1

It has been suggested that calpain-mediated proteolysis of key myofibrillar
proteins is responsible for improvement in meat tenderness during post-mortem storage
of carcasses or cuts of meat at refrigerated temperatures. A great deal is known about the
proteinase calpain (Goll et al., 2003). It was discovered in the initial studies on
purification of m-calpain that muscle extracts having calpain activity also contained an
inhibitor of the activity (Goll et al., 2003).
Koohmaraie (1992) stated that proteases must have the following characteristics
to be considered as possible candidates in causing postmortem muscle protein
degradation and calpains are all of these: 1) located within skeletal muscle cells; 2) are
localized on the myofibril structures that are affected during postmortem storage (highest
concentration on Z-disks); and 3) have the ability to precisely reproduce postmortem
changes in myofibrils under in-vivo conditions. Goll et al. (1997) reported that
increasing Ca2+ in postmortem muscle results in increased tenderness. Koohmaraie
(1992) also reviewed studies that prove that calpains, as well as the inhibitor calpastatin,
are calcium activated. The amount of µ-calpain is considered to be relatively constant
between animals of the same species; therefore the amount of calpastatin regulates the
calpain proteolytic system and postmortem degradation. Calpastatin levels vary between
species (Koohmaraie et al., 1991), different breeds within species (Shackelford et al.,
1991, 1994), and between various muscles (Koohmaraie et al., 1988; Lorenzen et al.,
2000). Since the amount of µ-calpain is relatively constant, efforts have been made to
detect the amount of calpastatin in beef and therefore enable the identification of possibly
less tender carcasses.
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Extensive efforts are currently devoted to developing non-invasive instrument
grading techniques for evaluation of beef quality in abattoirs (Brondum, 1998).
Fluorescence is a spectroscopic technique to illuminate the sample with a light at a
specific excitation wavelength which provides an energy contribution to the electron in
the media and causes them to enter a higher energy stage. The intensity of the excitation
can be measured with a spectrophotometer (Brondum, 1998). Swatland (1995)
developed a prototype of a connective tissue probe consisting of UV illumination, UV
sensitive sensors, a fiber optic cable, and an insertion probe with an optical window.
Near-infrared reflectance (NIR) has also been employed by the meat industry for
tenderness detection. Hildrum et al. (1994) reported that the NIR spectra of beef muscles
changed during aging. Given that a variation in the rate of aging causes a lot of variation
in the tenderness of longissimus dorsi steaks from carcasses, NIR was researched by Park
et al. (1998) to attempt to predict variation in tenderness.
The traditional technique for tenderness determination related to level of
calpastatin in a muscle has been reported by Koohmaraie (1990) and further refined by
Shackelford et al. (1995). Since the proteolytic system of calpain and its inhibitor,
calpastatin, plays a key role in the tenderization process in postmortem storage of meat, it
was reasonable to identify a method for quantification of the components of this system.
Another method to quantify calpastatin was developed previously and consisted of an
enzyme-linked immunosorbent assay (ELISA) by Doumit et al. (1996). Others have
tried to improve calpastatin quantification procedures through ion-exchange stepwise
methods (Geesink and Koohmaraie, 1999) or recommending standardized extraction
buffers (Veiseth and Koohmaraie, 2001). These improvements have refined the
3

procedures for determining calpastatin biological activity but do not allow for actual
quantification of the amount of calpastatin in the muscle (Grant et al., 2005). Geesink et
al (2005) used an optical surface plasmon resonance biosensor for quantification of
calpastatin. The authors reported the reasoning for this is that the immunological
detectable amount of calpastatin decreases faster during postmortem storage than the
amount detectable in the enzymatic assay, thus the biosensor is not suitable to study the
evolution in calpastatin activity during postmortem storage of muscle (Geesink et al.,
2005).
Methods to detect calpastatin with biosensors have also been researched at the
University of Missouri by Grant et al.. (2005). This method does not currently allow for
the actual quantification of calpastatin, but it is in the developmental process. The
reported technique combines the principle of a chemical transduction method known as
fluorescence resonance energy transfer (FRET) with the dual binding ability of
calpastatin (Grant et al., 2005). There was a reported change in fluorescence when the
labeled binding agents, µ-calpain and monoclonal antibody combined with calpastatin
which established the viability of using a FRET biosensor to detect calpastatin in a heated
meat extract (Grant et al., 2005). The authors reported that the next step was to
determine if the biosensor can detect specific, biologically active levels of calpastatin in
meat and determine if those levels are correlated with tenderness measurements. These
research necessities led to the research presented in this dissertation to identify a system
that could be used for detection of varying levels of calpastatin in meat samples.
The objectives of the current research were to immobilize sensing elements onto
optical fibers for trial one and capillary tubes for trial two and test in a series of
4

homogenized beef samples. This biosensor was built upon noncompetitive binding
utilizing FRET technology. The second goal was to establish a relationship between the
biosensors, traditional calpastatin assays, and WBSF.

5

CHAPTER 2
LITERATURE REVIEW

2.1 Importance of Tenderness
Consumers have ranked tenderness as being the most important factor influencing
eating satisfaction (Savell et al., 1987, 1989; Smith et al., 1987). The final report of the
1995 National Beef Quality Audit listed low overall palatability and inadequate
tenderness among the top 10 concerns of the beef industry (Smith et al., 1995). This
concern was warranted because a number of studies have shown that a significant
proportion of retail meat cuts can be considered tough (Koohmaraie and Geesink, 2006).
During the National Beef Tenderness Symposium (National Cattlemen’s Association,
1994) it was revealed that 1) one in every four steaks is less than desirable in tenderness
and overall palatability (Smith et al., 1992), 2) one tough carcass may affect as many as
542 eating experiences (Harris and Savell, 1993), and 3) beef industry leadership was
adamant about increasing market-share, with increasing beef tenderness being the key to
this change in positioning (George et al., 1997).
Over 16 years, three National Beef Tenderness Surveys have been conducted to
evaluate the tenderness of beef available to consumers. The first in 1991 (Morgan et al,
1991) focused solely on the retail sector, and reported that shear force values indicated
that a high percentage of retail cuts from the chuck and round would receive overall
tenderness scores less than ‘slightly tender’ (Shackelford et al., 1991b). The 1991
National Beef Tenderness Survey reported that improvement was needed in improving
meat tenderness in the chuck and round. The 1998 National Beef Tenderness Survey
6

(Brooks et al., 2000) incorporated the foodservice sector and reported that average postfabrication aging times were 32 d for foodservice subprimals and 19 d for retail cut
samples. The percentages of retail top round, eye of round, and bottom round steaks with
a Warner-Bratzler shear force (WBSF) of greater than 3.9 kg, the 68% confidence level
to assure a ranking of ‘slightly tender’ of Shackelford et al. (1991b), were 39.5, 55.9, and
68.0, respectively. These data indicate that improvements in the tenderness of retail cuts
from the round were needed; however tenderness in the chuck had improved from the
1991 study. The 2006 National Beef Tenderness Survey (Savell et al., 2006) reported
that the average post fabrication aging times were 31 d for foodservice and 22 d for retail
cut samples. The 2006 Survey also reported that the percentages for all cuts exceeding
3.9 kg WBSF were lower than the two previous studies, indicating that tenderness
improvements have been made. The final conclusions were that there is still a need for
improvement in postmortem attention to increasing tenderness to ensure acceptability of
retail cuts from the round (Savell et al., 2006).
Warner-Bratzler shear force is an objective measure of tenderness and consumers
can differentiate among steaks varying in WBSF (Miller et al., 1995; Huffman et al.,
1996). As WBSF decreased, tenderness scores increased, indicating that consumers
could detect changes in tenderness similar to those found in instrumental measurement
(Miller et al., 1998). Consumers are also willing to pay more for steaks that reach a
certain level of tenderness (Miller et al., 2001; Shackelford et al., 2001). If there is a
possibility of increasing tenderness in beef cuts, the value of the total carcass can be
increased. The premium that consumers are willing to pay however, should outweigh
costs associated with sorting of tender beef carcasses. Boleman et al. (1997) suggested
7

that consumers can discern between categories of tenderness and are willing to pay a
premium for improved tenderness. In that study, 94.6% of families chose steaks that
were tender over intermediate and tough steaks even though a $1.10/kg price difference
was placed between each category. Shackelford et al. (2001) reported that 50% of
consumers were willing to pay $1.10/kg more for assurance of tender steaks using the
Tender Select concept. Lusk et al. (2001) also found that 51% of consumers were willing
to pay $4.05/kg more for guaranteed tender beef. And lastly, Feldkamp et al. (2005)
reported that consumers were willing to pay a $2.79/kg premium for guaranteed tender
steaks.
A large effort has been devoted to the development of systems to classify
carcasses according to tenderness (Koohmaraie and Geesink, 2006). One of the most
successful has been that of slice shear force measurement of the longissimus dorsi.
Accurately segregating carcasses based on longissimus dorsi tenderness also sorts other
muscles for tenderness (Wheeler et al., 2000; Wheeler et al., 2002). However, the
industry is reluctant to implement slice shear force because it is perceived as too costly
(Wheeler et al., 2002) at $4.35 per carcass (Wheeler et al., 1999). Implementation of
non-invasive approaches would be much less costly than slice shear force and should
make it easier to develop a profitable marketing strategy for products with more
consistent and/or superior tenderness (Koohmaraie and Geesink, 2006).

2.2 Direct Measurement of Tenderness
Three common methods of measuring beef tenderness have been employed by
meat researchers: WBSF, slice shear force and sensory panels. A mechanical objective
8

measure of tenderness, WBSF, was standardized by L. J. Bratzler and Mr. Warner in
1948, however original studies were conducted in 1928 (Bratzler, 1949). The
standardized machine used a shearing blade 0.10 cm in thickness, and measured amount
of force required to shear a 2.54 cm diameter cylindrical core of meat (Bratzler, 1949).
Varying thicknesses of meat and modifications of the machinery have been made over
time. The American Meat Science Association Guidelines (AMSA) (1995) has a
document reporting the currently accepted method. Briefly, steaks are cooked to 35°C,
turned once and removed from heat at 71°C. They are then cooled to 4°C and cored into
1.27 cm cylindrical cores. A V-shaped blade then shears the core and reports the amount
of force taken to sever the muscle fibers.
Slice force is another measurement of tenderness that has been studied. Whereas
six cylindrical, 1.27 cm diameter cores are typically removed from each steak for WBSF
determination, a single 1 cm-thick, 5 cm long slice is removed from the lateral end of
each longissimus dorsi steak for slice shear force. For either technique, samples are
removed parallel to the muscle fiber orientation and sheared across the fibers. Whereas
WBSF uses a V-shaped blade, slice shear force uses a flat blade with the same thickness
(1.016 mm) and degree of bevel (half-round) on the shearing edge (Shackelford et al.,
1999). Wheeler et al. (1999) established the longissimus dorsi to be tender if the day
three postmortem WBSF was < 5.0 kg when cooked to 70°C. This value was equivalent
to 23 kg of slice shear force that Shackelford et al. (1999) used to test the efficacy of
tenderness classification.
Trained sensory panel is also a measurement of tenderness in many studies.
Sensory evaluation is structured to evoke, measure, analyze and interpret human
9

responses to the sensory properties of foods and other materials, as they are perceived
through the five senses (Civille, 1994). Sensory methods include discrimination methods
and affective methods. Discrimination tests, including difference and descriptive
methods, objectively determine if differences exist among samples (Civille, 1994).
Affective tests measure pleasure responses, the subjective feel about a product, in terms
of personal preference (Civille, 1994). Trained sensory panels encompass a series of
potentially expensive events; recruitment of panelists, screening, and training of the
methods to be used. All panelists must be trained with a series of uniform and
representative samples according to what the desired sensory evaluation method is
(AMSA, 1995). Due to great expense and the difficulty of maintaining a well-trained
sensory panel, tenderness of cooked meat samples can be assessed much more easily by
way of WBSF than trained sensory panel analysis (Shackelford et al., 1995). Harris and
Shorthose (1988) state that WBSF does not accurately reflect tenderness differences
among muscles when compared to differences found in sensory panel scores, however
most investigators rely upon the WBSF machine for objective estimates of tenderness
(Smith et al., 1978). Results of correlations between sensory panel tenderness ratings and
WBSF values for the same muscles have suggested that WBSF is sufficiently reliable to
use instead of taste panel results (Brady, 1937; Hay et al., 1953; Kropf and Graf, 1959;
Doty and Pierce, 1961; Pearson, 1963; Alsmeyer et al., 1966).
Beef palatability research studies often use traits such as marbling score, WBSF,
and consumer or trained taste panel evaluations of tenderness, juiciness and flavor as
indicators of beef palatability (Platter et al., 2003). Platter et al. (2003) revealed
moderate to high correlations (P < 0.05) among mean marbling scores, WBSF, and mean
10

consumer panel palatability ratings. The correlation between consumer tenderness
ratings and WBSF was moderately high (r = 0.63). Marbling scores were correlated with
WBSF, consumer tenderness ratings, consumer juiciness ratings, and consumer flavor
ratings (r = -0.31, -0.27, -0.34, -0.22, respectively). High, positive correlations (r =
0.80 to 0.84) were observed among all consumer sensory ratings (Platter et al., 2003).
The marbling and the WBSF models, which included WBSF value, marbling score, and
mean consumer sensory rating for tenderness, juiciness, and flavor, were R2=0.053 and
0.225, respectively, for determining whether two-thirds of consumers would have rated
steaks as acceptable.
Smith et al. (1978) demonstrated that the correlation for sensory panel overall
tenderness rating for 14 muscles and WBSF values were r = 0.48. These data suggested
that WBSF and sensory panel tenderness ratings are sufficiently correlated to justify use
of either measure for assessing the tenderness of muscles in a beef carcass (Smith et al.,
1978). However, Lorenzen et al. (2003) reported a low correlation (range from r = -.05 to
-.26) for top round, top loin and top sirloin steaks between trained sensory panels and
consumer sensory panels. There is inherent difficulty in predicting consumer responses
from objective laboratory procedures, such as trained sensory panels and WBSF. There
will continue to be important future uses for trained sensory panels, WBSF
determination, and in home or other consumer evaluations of meat. How they can be
used to predict each other is a question that will be asked by meat science researchers for
years to come (Lorenzen et al., 2003).
Regardless of the above mentioned measure of tenderness, these are all invasive
to the carcass and are expensive due to sample collection. Samples are generally taken
11

from the longissimus dorsi which is a valuable part of the carcass which cannot then be
sold for profit.

2.3 Indirect Measurement of Tenderness
Indirect methods of determining beef tenderness have also been researched. One
method researched by Wulf and Wise (1999) used beef color, L*, a* and b* to indicate
beef quality, an indirect measurement of tenderness. Beef muscle color affects
consumers’ purchasing decisions, is a factor in determining USDA grades, and has been
shown to be useful in sorting carcasses according to palatability (Wulf and Wise, 1999).
Therefore, this study was conducted to determine the effects of measurement conditions
on L*, a* and b* values to determine relationships among USDA quality grading factors,
muscle pH, electrical impedance, and colorimeter readings, and to develop a
classification system that could be used to sort beef carcasses with respect to color (Wulf
and Wise, 1999). The L*, a* and b* values were correlated with lean maturity scores (0.67, -0.30, and -0.40, respectively), dark cutter discount (-0.60, -0.76, and -0.73,
respectively), muscle pH (-0.57, -0.79, -0.78, respectively), and electrical impedance (0.27, -0.21, -0.25, respectively). Wulf and Wise (1999) proposed two muscle color
classification systems based L* and b*. The main advantage of the L* over the b*
system was that the L* was less sensitive to bloom time, but the b* was slightly more
precise at segregating carcasses based on muscle pH (Wulf and Wise, 1999). This
research provided procedural guidelines for measuring beef color and showed that a
colorimeter could effectively aid researchers and graders in determining beef quality
(Wulf and Wise, 1999).
12

Another indirect measure of beef tenderness has been researched by Vote et al.
(2003). This research evaluated the effectiveness of a commercial online video image
analysis system (BeefCam) to predict tenderness online at chain speeds (Vote et al.,
2003). Longissimus dorsi samples were evaluated with the BeefCam and then obtained
from carcasses and WBSF was measured after 14 d postmortem aging. The BeefCam
output variable for muscling area, adjusted for carcass weight (cm2/kg), was correlated
with WBSF values, and the lean color measurements, a* and b*, were effective in
segregating carcasses into groups that produced longissimus dorsi steaks differing in
WBSF (Vote et al., 2003). Fat color was ineffective in segregating carcasses into groups
with differing WBSF (Vote et al., 2003). Online measurements of beef carcasses using
the BeefCam were useful in predicting the tenderness of longissimus dorsi steaks (Vote et
al., 2003). However, studies by Wheeler et al. (2002) to certify the colorimeter and
BeefCam instruments, stated that colorimeter and BeefCam measurements did not
significantly reduce errors in certification of the two systems. According to the research
by Wheeler et al. (2002), these indirect systems would not accurately identify “tender”
beef.
The above mentioned methods were using the assumptions that the measured
variables were a measure of tenderness. Since calpastatin has been implicated in the
proteolysis of beef muscle, although it is an indirect method of measurement of beef
tenderness, it is a cause and effect relationship. By using the biosensor to evaluate the
amount of calpastatin in a beef sample, the level of calpastatin is an indicator of the
tenderness of that sample. Therefore, the current research focused on evaluating the
amount of calpastatin in a beef sample as a measure of tenderness.
13

2.4 Mechanism of Aging
Postmortem storage of carcasses at refrigerated temperature has been known to
improve meat tenderness for many years and still remains the most important procedure
for producing tender meat. Although improvement in meat tenderness is measurable both
subjectively and objectively, the exact mechanism of improvement in tenderness as a
result of postmortem storage still remains unclear. However there appears to be general
agreement that proteolysis of myofibrillar protein is the major contributor to meat
tenderization during postmortem storage (Dutson, 1983; Goll et al., 1983).
Three major cytoskeletal structures are degraded when meat is tender: Z- to Zline attachments by intermediate filaments (most commonly composed of desmin), Zand M-line attachments to the sarcolemma by costameric proteins and the elastic filament
protein titin (Taylor et al., 1995). Koohmaraie et al. (1995) illustrated the importance of
these attachments with a model of callipyge sheep. For several weeks postmortem little
degradation of desmin occurs, and Z- to Z-line attachments remain largely intact
(Koohmaraie, 1995). Titin also remains largely intact for several weeks postmortem in
muscles from callipyge sheep (Koohmaraie, 1995). Detachment of the Z- and M-lines
from the sarcolemma is probably not a limiting factor for tenderization (Koohmaraie and
Geesink, 2006). However Taylor and Koohmaraie (1998) observed that the detachment
of these structures was almost complete in both callipyge and control sheep at 14 d
postmortem. Titin and desmin are likely key substrates that determine meat tenderness
(Koohmaraie and Geesink, 2006).
Tenderization begins either at slaughter or shortly after slaughter, which results
from weakening of the myofibrils caused by proteolysis of proteins responsible for
14

maintaining structural integrity of the myofibrils (Wheeler and Koohmaraie, 1994).
There are some animals that go through the tenderization process rapidly and could be
consumed after 1 d, whereas others could be consumed after 3, 7, or 14 d, and still others
would not be acceptable even after extended postmortem storage (Wheeler and
Koohmaraie, 1994). The mechanism of postmortem aging is a very controversial issue
and many researchers have made an attempt to determine the specific mode of action.
Smith et al. (1978) demonstrated a characteristic improvement in beef tenderness during
postmortem aging in response to myofibrillar protein degradation by endogenous
proteases.
Koohmaraie (1995) suggested that calpain-mediated proteolysis of key
myofibrillar proteins was responsible for improvement in meat tenderness during
postmortem storage of carcasses or cuts of meat at refrigerated temperatures. Differences
in the potential proteolytic activity of the calpain system resulted in differences in the rate
and extent of postmortem tenderization. Koohmaraie (1995) collected evidence
indicating that, within a species, 24 hr rather than at-death, calpastatin activity is related
to meat tenderness. In beef, for example, calpastatin activity at 24 hr post-mortem is
highly related to beef tenderness after 14 d of postmortem storage (Koohmaraie, 1995).
The estimates for the relationship between calpastatin activity and meat tenderness vary,
but up to 40% of the variation in beef tenderness is explained by calpastatin activity at 1
d postmortem (Koohmaraie, 1995). Although endogenous enzyme systems are capable
of softening or degrading collagen (Dutson et al., 1980; Kopp and Valin, 1980-81; Wu et
al., 1981), those enzymes have not been shown to be released in sufficient quantities
postmortem to initiate such changes (Harris et al., 1992).
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Calcium activated factor (CAF), also known as calcium-dependent protease
(CDP), and later named calpain, is an endogenous structural protease active in
postmortem beef muscle and is responsible for myofibrillar protein degradation
(disappearance of troponin T and appearance of a 30,000 Dalton component) indicating
postmortem aging (Olson et al., 1977). Of the proteases located inside skeletal muscle,
calpain and lysosomal enzymes appear to be the best candidates for bringing about the
tenderness changes during postmortem storage (Dutson, 1983; Goll et al., 1983). Calpain
was initially identified in skeletal muscle by Busch et al. (1972) and later purified by
Dayton et al. (1976). Mellgren (1980) reported the existence of a second form of calpain.
These two forms of the protease were referred to as CDP-I and CDP-II, according to the
sequence of elution from a DEAE-cellulose column at pH 7.5. CDP-I requires only very
low concentration of calcium for 50% activation, whereas CDP-II requires much higher
calcium concentration (Goll et al., 1983). CDP-I is currently referred to as μ-calpain
because it requires micromolar concentrations of calcium for activation, and CDP-II as
m-calpain because it requires millimolar concentrations of calcium for activation. Both
of these proteases are located primarily in the cytosol.
A second group of proteases that have been implicated in postmortem
tenderization are lysosomal enzymes. Of 13 reported lysosomal enzymes, only seven
have been shown to exist in the lysosome of skeletal muscle cells (Goll et al., 1983).
These enzymes have acidic pH optima and, therefore, if involved in postmortem
tenderization, they are most involved once muscle approaches its ultimate pH. To
explain a basis for meat tenderization during postmortem storage, it has been postulated
that one class of these proteases or the synergistic action of both classes of proteases
16

(calpains and lysosomal enzymes) is responsible for postmortem changes (Dutson, 1983;
Goll et al., 1983; Pearson et al., 1983). It is logical to assume that the class of proteases
responsible for postmortem aging should have higher activity in the carcasses with a high
aging response and vice versa (Koohmaraie et al., 1988). Illian et al. (2001) reported a
third calpain, and stated that the primary role of μ-calpain and this third calpain were
associated with meat tenderness in vivo due to the high activity of these two enzymes. A
large number of studies have shown that the calpain proteolytic system plays a central
role in postmortem proteolysis and tenderization (Geesink and Koohmaraie, 2006).
When activated by calcium, the calpains not only degrade subtrates, but also autolyze,
leading to loss of activity (Geesink and Koohmaraie, 2006). m-Calpain does not autolyze
in postmortem muscle and is therefore not involved in postmortem tenderization, so
current research efforts should focus on µ-calpain and calpastatin (Geesink and
Koohmaraie, 2006).

2.5 Role of Calpain and Calpastatin
A great deal is known about calpains (Goll et al., 2003). The large subunit of
calpain has a molecular mass of near 80 kDa, µ-calpain being slightly larger than mcalpain. Molecular mass for the small unit is near 28 kDa. There are six total domains,
four in the large subunit and two in the small (Koohmaraie, 1994). Domain IV is the
calcium binding domain (Koohmaraie, 1994). It was discovered in the initial studies on
purification of m-calpain that muscle extracts having calpain activity also contained an
inhibitor of the activity (Goll et al., 2003).
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The name, calpastatin, was proposed for this inhibitor in 1979 by Takashi
Murachi, and is the only known inhibitor of calpain (Goll et al., 2003). The molecule is
in a random coil conformation and is labile to proteolytic degradation and it is likely that
the harsh conditions used to purify calpastatin cause proteolytic degradation (Goll et al.,
2003). The molecular weight of calpastatin migrates in SDS-PAGE at 70 kDa (Goll et
al., 2003).
Koohmaraie (1992) stated that proteinases must have the following characteristics
to be considered as possible candidates in causing postmortem muscle protein
degradation and calpains are all of these: 1) located within skeletal muscle cells; 2) are
localized on the myofibril structures that are affected during postmortem storage (highest
concentration on Z-disks); and 3) have the ability to precisely reproduce postmortem
changes in myofibrils under in-vivo conditions. Goll et al. (1997) reports that increasing
Ca2+ in postmortem muscle results in increased tenderness. Koohmaraie (1992) also
reviewed studies that prove that calpains are calcium activated. The following is a
summary of the research:
1. Incubation of muscle slices with calcium chloride induces proteolysis of
myofibrillar proteins, fragmentation and activates calpains (Koohmaraie et al., 1988).
However, incubation of muscle slices with calcium chelators (EDTA and EGTA)
prevents proteolysis of myofibrillar proteins, myofibril fragmentation and calpains
activation (Koohmaraie et al., 1988). Davey and Gilbert (1969) demonstrated that
incubation of fiber pieces with EDTA prevented both weakening of lateral attachments
and the disappearance of Z-disks. Busch et al. (1972) demonstrated that myofibril
fragmentation and disappearance of Z-disks were accelerated by incubating muscle slices
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with calcium chloride and both processes were inhibited by using EDTA instead of
calcium chloride.
2. When carcasses were infused with different concentrations of calcium chloride
(75, 150 and 300 mM), acceleration of meat tenderness occurred only at the
concentration which activated calpains (300mM; Koohmaraie et al., 1989).
3. Alarcon-Rojo and Dransfield (1989) reported that the calcium chloride
acceleration of postmortem tenderization was inhibited in the presence of inhibitors that
are specific for calpains.
4. Infusion of carcasses with zinc chloride, which is a potent inhibitor of calpains,
inhibited proteolysis of myofibrillar proteins, myofibril fragmentation and tenderization
during 14 d postmortem storage (Koohmaraie, 1990).
5. Of the three proteolytic systems thought to be involved in postmortem
proteolysis and tenderization, only calpains are activated by calcium. Calcium has no
effect on the multicatalytic proteinase complex (Koohmaraie, 1994) and has no
stimulatory effect on the lysosomal proteinases. In fact at 10 mM, calcium chloride
inhibits the activity of cathepsin B by 39% (Barrett, 1973).
6. Muscle from animals fed β-adrenergic agonist (BAA) does not undergo (or
undergoes minimal) postmortem proteolysis and produces tough meat. Lack of
postmortem proteolysis and meat tenderization in BAA fed animals has been attributed to
a reduction in the activity of the calpain proteolytic system (Wang and Beermann, 1988;
Kretchmar et al., 1989, 1990; Fiems et al., 1990; Koohmaraie and Shackelford, 1991;
Koohmaraie, 1992; Pringle et al., 1992; Wheeler and Koohmaraie, 1992). However,
calcium chloride infusion of carcasses from BAA-fed lambs induces activation of
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calpains, degradation of myofibrillar proteins and meat tenderization (Koohmaraie and
Shackelford, 1991).
The amount of µ-calpain is considered to be relatively constant between animals
of the same species; therefore the amount of calpastatin regulates the calpain proteolytic
system and postmortem degradation. Calpastatin levels vary between species
(Koohmaraie et al., 1991), different breeds within species (Shackelford et al., 1991a,
1994), and between various muscles (Koohmaraie et al., 1988; Lorenzen et al., 2000).
Animal age was not correlated to 24 hr calpastatin activity in beef (Wulf et al.,
1996). However, Ou et al. (1991) reported that calpain and calpastatin activities in
weaned and market lambs were 30 and 45% less than activities expressed in newborn
lambs. In the Wulf et al. (1996) study, all of the steers were market ready, newborn
calves were not considered, so the decline in calpain and calpastatin of the lambs from
the Ou et al., (1991) research most likely would not be seen in differences in a 13 month
old calf compared with a 16 to 18 month old steer. Huff-Lonergan et al. (1995) reported
that the degradation of titin was slower in older animals (cows) in comparison to the
younger steers, so it is possible that the younger the animal, the more calpain present and
the faster the rate of titin degradation. A comparison should be done to determine if
harvesting an animal 3 or 4 months earlier might provide more postmortem degradation
of muscle fibers. If those animal had a higher level of calpastatin, the calpain proteolytic
system could be slowed. Therefore, it is also necessary to determine a quicker way to
detect calpastatin than is currently employed and maybe to even begin selecting for
higher calpain and lower calpastatin activities in breeding stock (Huff-Lonergan et al.,
1995).
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2.6 Techniques for Meat Quality Through Calpastatin Detection
Extensive efforts are currently devoted to developing techniques for evaluation of
the quality of beef meat in abattoirs, and to a large extent is being defined from the
scientific ability to measure it (Brondum, 1998). There is currently a variety of research
that has been conducted regarding the development of online techniques to reproduce
laboratory measurements with a faster technique that is applicable directly on the
slaughter line (Brondum, 1998). One technique that is presented in Brondum (1998) is
that of fluorescence. Fluorescence is a spectroscopic technique to illuminate the sample
with a light at a specific excitation wavelength which provides an energy contribution to
the electron in the media and causes them to enter a higher energy stage. The intensity of
the excitation can be measured with a spectrophotometer (Brondum, 1998). Swatland
(1995) developed a prototype of a connective tissue probe consisting of UV illumination,
UV sensitive sensors, a fiber optic cable, and an insertion probe with an optical window.
When passing through the meat, fluorescence peaks were registered and the research
reported a correlation of 0.85 between the biochemically determined collagen and the
fluorescence in beef (Swatland, 1995). Correlations were also reported from 0.63 to 0.86
between the fluorescence signals and taste panel evaluation (Swatland, 1995). Nearinfrared reflectance (NIR) has also been employed by the meat industry for tenderness
detection. Hildrum et al. (1994) reported that the NIR spectra of beef muscles changed
during aging. Given that a variation in the rate of aging causes variation in the tenderness
of longissimus dorsi steaks from carcasses, NIR was researched by Park et al. (1998) to
attempt to predict variation in tenderness. In comparing the NIR and WBSF, the R2 =
0.67 and 89% of samples were correctly classified into tenderness categories when
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comparing the NIR partial least squares with the actual WBSF (Park et al., 1998). The
authors reported that with refinement of this technique, a nondestructive measurement of
beef longissimus dorsi tenderness could be performed at the processing plant.
Since the proteolytic system of calpain and its inhibitor, calpastatin play a key
role in the tenderization process in postmortem storage of meat, it was reasonable to
identify a method for quantification of the components of this system. The traditional
technique for calpastatin determination in a muscle has been reported by Koohmaraie
(1990) and further refined by Shackelford et al. (1995). Koohmaraie (1990) compared
hydrophobic and ion-exchange chromatography. Ion-exchange (DEAE-Sephacel) proved
to be far superior and effectively separated µ-calpain and calpastatin. The
characterization of the assay system for components indicated that the proteolytic
degradation of casein was linear up to 60 min at 25°C and that it was linear up to 0.4 to
0.45 units of activity (Koohmaraie, 1990). It is recommended that unfrozen samples be
used since the inhibitor lost its activity with frozen storage (Koohmaraie, 1990).
Shackelford et al. (1995) researched and compared the method in Koohmaraie (1990) to a
method that incorporated a heating step and reduction of the total amount of meat needed
for the procedure and found this to be comparable in results; therefore, this modified
method has been adopted.
Another method to quantify calpastatin was developed previously by the
development of an enzyme-linked immunosorbent assay (ELISA) by Doumit et al.
(1996). Polyclonal antibodies were raised in a rabbit against recombinant calpastatin,
corresponding to domains 2, 3 and 4 of bovine skeletal muscle calpastatin. Western blot
revealed that these antibodies specifically recognize an immunoreactive calpastatin
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protein of approximately 130 kDa in prerigor skeletal muscle extracts. The intensity of
the bands corresponded qualitatively with assayable calpastatin activity. The ELISA
method developed was an indirect antibody procedure. Longissimus dorsi muscle
extracts were prepared as in the traditional calpastatin assay (Koohmaraie, 1990);
calpastatin ELISA results were linearly related to calpastatin activity of heated
longissimus dorsi muscle homogenates from prerigor lamb skeletal muscles (R2 = 0.89)
and post rigor beef samples aged for 24 or 48 hr (R2 = 0.90; Doumit et al., 1996).
Although this method allows for rapid and simultaneous quantification of calpastatin, it
still requires the laborious preparation of muscle homogenates as does the Koohmaraie
(1990) with modifications of Shackelford et al. (1995) research.
Other researchers have tried to improve calpastatin quantification procedures
through ion-exchange stepwise methods (Geesink and Koohmaraie, 1999) or
recommending standardized extraction buffers (Veiseth and Koohmaraie, 2001). These
improvements have refined the procedures for determining calpastatin biological activity
but do not allow for actual quantification of the amount of calpastatin in the muscle
(Grant et al., 2005).
Geesink et al. (2005) used an optical surface plasmon resonance biosensor for
quantification of calpastatin. Geesink et al. (2005), obtained longissimus dorsi from
sheep at two day and ten day postmortem for calpastatin activity, and hearts at two day
and eight day postmortem for determination of calpastatin activity. Also, steers were
sampled at two day postmortem from the longissimus dorsi for calpastatin determination
and in a third experiment, calpastatin was determined at one day postmortem from cattle
using the longissimus dorsi. The assay was developed on a BIACORE Q biosensor
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system (Biacor, Uppsala, Sweden) controlled by a BIACORE Q Software package. The
standard curve was determined by use of human erythrocyte calpastatin (Calbioshem, San
Diego, CA). Results from Geesink et al (2005) reported that the biosensor method
correlated well with activity measurements, but the intercept of the line did not pass
through zero. The authors reported the reasoning for this is that the immunological
detectable amount of calpastatin decreases faster during postmortem storage than the
amount detectable in the enzymatic assay, thus the biosensor is not suitable to study the
evolution in calpastatin activity during postmortem storage of muscle (Geesink et al.,
2005).
Methods to detect calpastatin with biosensors has also been researched at the
University of Missouri by Grant et al. (2005). This method too does not currently allow
for the actual quantification of calpastatin, but it is in the developmental process. The
reported technique combines the principle of a chemical transduction method known as
fluorescence resonance energy transfer (FRET) with the dual binding ability of
calpastatin (Grant et al., 2005). The principles of FRET have been derived in terms of
the relative dipole orientation of the donor and the acceptor fluorophores, and the
distance between these two fluorophores (Lakowicz, 1999). The FRET system has a
donor fluorophore (D) and acceptor fluorophore (A). The D absorbs a photon to generate
an excited state, D*. The D must then either re-emit a photon or transfer excitation
energy to a nearby A. In the case of energy transfer, A* now emits a photon at its
characteristic emission wavelength (Grant et al., 2005). The detection of emission from
A* after excitation of D indicates that the donor and acceptor are in close proximity or
are within their Forster distance, R0 (Wu and Brand, 1994). The success of the dual
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binding sensing method requires the integration of two binding agents, µ-calpain and a
monoclonal antibody (Mab) which are tagged with donor and acceptor fluorophores,
respectively (Grant et al., 2005). During the binding event where the labeled binding
agent bind to calpastatin, the distance between the two fluorophores is changed which
nonradiatively transfers the energy from the donor to the acceptor (Grant et al., 2005).
There was a reported change in fluorescence when the labeled binding agents, µ-calpain
and Mab combined with calpastatin which established a viability of using a FRET
biosensor to detect calpastatin in a heated meat extract (Grant et al., 2005). The FRET
dual binding technique was tested in heated and unheated meat extracts and a limit of
detection for calpastatin was 120 ng/mL in heated meat extract with no significant
response in the unheated meat extract (Grant et al., 2005). Stable response times were
achieved within 5 min after initiation of the reaction (Grant et al., 2005). The authors
reported that the next step was to determine if the biosensor can detect specific,
biologically active levels of calpastatin in meat and determine if those levels are
correlated with tenderness measurements. These research necessities lead into the
research presented in the current dissertation.

2.7 Biosensor Application
Optical fibers have a glass core surrounded by a cladding made of a lower index of
refraction material that allows the fiber to transmit light efficiently (Eggins, 2002). Total
internal reflection (TIR) and evanescent wave excitation are optical techniques used in
optical biosensors to determine a biosensor reading. The reading is a determination of
the reflection or refraction, which occurs when a light wave strikes an interface between
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two mediums with different indices of refraction. Light traveling from a higher (n1) to
lower (n2) index of refraction will be reflected if the incident angle (θ) is greater than the
critical angle (θc) (Thomas, 2006). This is represented by the equation θc = sin-1 n2/n1.
In TIR, all incident light is reflected back to the higher index of refraction material.
With TIR, light can propagate down the waveguide into a detector with minimal
scattering and loss of intensity (Thomas, 2006). An evanescent wave is a by-product of
TIR. When light is reflected back into the lower index of refraction material, there is a
finite electrical field that crosses the boundary (Eggins, 2002). This is confined within a
penetration depth and the evanescent wave is used to excite fluorophores within that
depth (Rabbany, et al., 1994). The fluorophore emission is captured by the waveguide
and transmitted to a detector (Thomas, 2006). This is also applied in capillary biosensors
(Ligler, et al., 2002).
An immunological approach can be applied in the development of biosensors.
Immunosensors are immunologically based biosensors that use the antibody antigen
relationship as the foundation of the biological recognition component of the sensor
(Sandana, 2002). The transducer measures the antibody binding event (Rabbany et al.,
1994). This approach takes advantage of an antibody's affinity for a specific antigen
(Eggins, 2002). To use a fluorescent based biosensor, at least one part of the measured
biological system must be conjugated to a fluorophore in order to produce a fluorescent
signal, either the antibody or the antigen (Thomas, 2006). If the labeled component is
immobilized to the transducer, then the change in fluorescence from the binding event
can be measured (Thomas, 2006). Alternatively, if the labeled element is in solution,
then the collected signal monitors the binding to the immobilized component (Thomas,
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2006). In both cases, the transducer is measuring changes occurring in the optical
characteristics of the antibody antigen complexes (Rabbany et al., 1994).

2.8 Capillary Biosensors
This medium for detection in a capillary biosensors utilizes capillary tubes as the
optical waveguide. The biological components are immobilized to the inner surface of
the capillary (Thomas, 2006). Filling the capillary with an aqueous medium helps
preserve the biological components allowing for long-term storage. The capillaries can be
made in advance and used when needed, a desirable attribute for a commercial product
(Thomas, 2006).
Capillary biosensors are integrated sensors in that they serve as both a sampling
device and an optical waveguide (Weigl and Wolfbeis, 1994). The capillary tubes
support fluid flow through the interior and light propagation in the walls (Weigl and
Wolfbeis, 1994). This allows for both sampling and analysis in one location. Capillary
tubes can easily be adapted to automated devices (Thomas, 2006). Eventually, it is
envisioned that entire capillary biosensor systems will be small, portable, automated
devices capable of sampling and analyzing with minimal human intervention (Thomas,
2006).
Capillary tubes used as waveguides provide advantages over other waveguide
systems. These advantages are reduced volumes of needed sample and reduced
incubation times which lead to reduced cost of sampling (Weigl and Wolfbeis, 1994).
Capillary tubes are also less expensive compared to other optical waveguides such as
optical fibers (Thomas, 2006). Low cost and mass production allow capillary tubes to be
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a disposable component of the biosensor that is cost effective (Misiakos and Kakabakos,
1998).
Capillary waveguide biosensors have been developed (Ligler et al., 2002). This
technique used the capillary as both a location for the immunoreaction and signal
transduction. The biological components were immobilized to the inner walls of the
capillary and serve as capturing agents. There are different excitation and emission
collection techniques that can be used. Fluorescent emission can be captured by the
capillary, propagated down its axis and collected at the end of the capillary. This
technique is analogous to techniques used with optical fibers (Thomas, 2006).
Alternatively, a detector can be placed perpendicular to the capillary for data collection
(Thomas, 2006). When collected at the end of the capillary, fluorophores along the entire
length of the capillary are being excited, and a portion of the emissions from all the
fluorophores is captured by the capillary and propagated down the waveguide (Thomas,
2006). The signal accumulates as light propagates down the waveguide, thereby
increasing signal. With the perpendicular method, the detector is placed perpendicular to
the capillary and data collection does not rely on light propagation down the capillary
(Thomas, 2006). The fluorophore emission from the capillary region directly in front of
detector is collected. This signal is theoretically less than the integrated signal from the
former method (Thomas, 2006).

28

CHAPTER 3
OPTICAL FIBER RESEARCH
3.1. Introduction
The development of instrument grading tools has been a priority of the beef
industry for a number of years. Great strides have been made through this research and
the USDA Agricultural Marketing Service has adopted standards that allow graders to
use both yield and quality grade factors collected by instruments on-line. While these
technologies are precise and accurate for USDA yield and quality grades, they only
evaluate predictors of tenderness (Belk et al., 2000). They do not evaluate calpastatin,
which is a cause and effect relationship on tenderness. The more clapastatin, the less
tender a steak is expected to be.
Numerous research projects have lead to the general belief that calpastatin, the
inhibitor of the calpain proteolytic system, is responsible for the increase in tenderness
due to aging (reviewed by Koohmaraie, 1994). Our research has focused on developing a
biosensor that can accurately predict calpastatin and then be incorporated into an
instrument that can be used at the time of grading to sort cattle based on their predicted
tenderness value.
A biosensor has been previously developed using a dual binding technique
coupled with fluorescence resonance energy transfer (FRET; Grant et al., 2003; Grant et
al., 2005). FRET is advantageous because it allows sensor stability and ratiometric
measurements, which are not subject to signal interferences and component variations.
In the dual binding technique, an antibody that binds to calpastatin was labeled with a
donor fluorescent dye and calpain was labeled with an acceptor fluorescent dye. In the
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presence of calpastatin, both the antibody and calpain bind to calpastatin and
fluorescence changes (Grant et al., 2003). The results showed that in the presence of
calpastatin, the labeled μ-calpain and antibody would bind to calpastatin, eliciting a
measurable change in fluorescence (Grant et al., 2005). The limit of detection for
calpastatin was 120 ng/mL and a stable response time was achieved within 5 min (Grant
et al., 2005). However, it was problematic to immobilize both binders, calpain and
antibody, to an optical fiber while maintaining proper separation distances. The Grant et
al. (2005) research was an in-solution technique and the next step is to use a whole meat
sample utilizing an optical fiber.
Geesink et al. (2005) reported on quantification of calpastatin using an optical
surface plasmon resonance (SPR) biosensor. According to this research, biosensor
results for several experiments were linearly related to calpastatin activity measurements
with correlation coefficients ranging from 0.51 to 0.99. It was also reported that
calpastatin content at one d postmortem was correlated to shear force at 14 d postmortem
(r = 0.75). The main difference in the SPR biosensor and our optical fiber biosensor is
that we utilized a fluorescence intensity based system while SPR utilized a resonance
shift based system. Our detection equipment is more user-friendly and less expensive.
The SPR biosensor system is bulky and not easily amendable to compact size.
The current research had two goals. First was to immobilize the sensing elements
onto optical fibers and test in a series of complex homogenized beef samples. This
biosensor was build upon noncompetitive binding utilizing FRET technology. An
antibody labeled with donor fluorophores was immobilized onto optical fibers.
Following exposure to calpastatin, a secondary antibody labeled with the acceptor
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fluorophores was then exposed to the fibers. FRET occurred due to calpastatin binding.
Figure 3.1 displays the biosensing technique. The second goal was to establish a
relationship between our optical fiber biosensor technique, traditional calpastatin assays,
and Warner-Bratzler shear force (WBSF).

Donorlabeled
labeled
antibody
Donor
antibody
Calpastatin

Calpastatin

Acceptor labeled antibody
Acceptor labeled antibody
Figure 3.1. Schematic of the fluorescence resonance energy transfer (FRET) optical fiber
biosensor.
3.2. Materials and Methods
3.2.1 Quantification of muscle calpastatin with standard assay
Standard calpastatin assays were performed according to Koohmaraie (1990)
except that the samples were heated before they were dialyzed whereas Koohmaraie
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(1990) dialyzed before heating. Longissimus muscle samples (n = 21) were collected at
0, 24, 36, and 48 h postmortem and used for calpastatin activity determination to simulate
potential grading time in industry. A fresh 25 g sample of longissimus muscle was
homogenized in 3 volumes of extraction buffer (50 mM Tris, 10 mM EDTA for pre-rigor
muscle and 100mM Tris, 10mM EDTA for post-rigor muscle). After centrifugation, the
supernatant was heated to 95oC and cooled in an ice bath. They were then dialyzed in
elution buffer (2 mM Tris, 0.025 mM EDTA) for at least 18 h. The supernatant was
purified on a 10 mL DEAE-Sephacel column that was equilibrated with the elution
buffer. The sample was eluted from the column using the elution buffer + 200 mM NaCl.
Calpastatin activity was determined according to procedures of Koohmaraie
(1990). The fractions that were eluted were screened to determine which fractions were
active for calpastatin. The active and partially active fractions were pooled. Each assay
was run in triplicate. The assay reaction consisted of: the sample, elution buffer, purified
m-calpain, assay media (100 mM Tris, 1 mM NaN3, 7 mg/mL Casein), and 100 mM
CaCl2. The reaction will then incubated in 25oC water bath and the reaction was stopped
with 2 mL of 5% TCA. After centrifugation, the supernatant was read on a Beckman
Spectrophotometer Model DU-640 (Fullerton, CA) at a UV wavelength of 278 nm.

3.2.2 Warner-Bratzler shear force determination
As an instrumental measure of tenderness, Warner-Bratzler shear force (WBSF)
was performed on 2.54 cm longissmus muscle steaks 14 d postmortem. Steaks were
removed from the 12/13th rib interface of the carcass during the 48 hr sampling time and
subsequently stored in a vacuum package until 14 d postmortem. The steaks were then
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frozen until WBSF could be determined. WBSF were performed according to AMSA
guidelines (1995). Briefly, steaks were cooked using a Hamilton Beach Portfolio
Indoor/Outdoor Grill (Washington, NC) to 35°C, flipped once, and removed from the
grill at 71°C. Steaks were cooled at 4oC for 24 h and then allowed to equilibrate to room
temperature (approximately 22oC). Six cores (1.27 cm diameter) were removed from
each steak parallel to the muscle fiber. Cores were sheared perpendicular to the long axis
of the cores (AMSA, 1995). Shear force measurements were completed on the United
STM ‘SMART-1’ TEST SYSTEM SSTM-500 (United Calibration Corp., Huntington
Beach, CA). Settings for the system were as follows: force units (kg), linear units (mm),
cycling (1 x 70 mm), test speed (250 mm/min), return speed (500 mm/min), and setup
scales (CAP = 226.8). The mean WBSF value for the six cores was reported for each
steak.

3.2.3 Biosensor preparation
Using a procedure modified from Molecular Probes labeling kits (Eugene, OR),
mouse anti-calpastatin IgG was labeled to the donor fluorophores, Alexa Fluor 546
(AF546), while secondary antibodies (mouse anti-calpastatin IgG2) were labeled to the
acceptor fluorophores, Alexa Fluor 594 (AF594). The tips of silica optical fibers (600
μm core diameter) were tapered using hydrofluoric acid. Tapering increases the capture
of fluorescence into the fiber tip and results in higher signals. Next, Protein A was
immobilized to the optical fibers by way of silanization. Approximately 0.5 to up to 2.0
cm of the fiber tip was silanized followed by immobilization of Protein A. Silanization is
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one of the most commonly used covalent immobilization methods of attaching proteins to
glass (Bhatia et al., 1989). Protein A was first immobilized onto the fibers, because
Protein A allows a specific arrangement of the antibody so that the epitope sites remain
available.
The silanization procedure was as follows: briefly, a thiol-terminal silane
methyltrichlorosilane (MTS) was attached via the hydroxyl groups of the silica fiber tips.
Then a bifunctional N-gamma-maleimidobutyryloxy-succinimide ester (GMBS), a
heterobifunctional crosslinker, was attached which allows amide binding to the terminal
amino group of Protein A. After treatment with GMBS, the tips of the optical fibers were
incubated for one hr in Protein A followed by various concentrations of the donor-labeled
antibodies in phosphate buffer solution (PBS). The surface was then rinsed in PBS,
exposed in a 1 M solution of ethanolamine to quench any unreacted residues, and rinsed
with Triton X-100 to reduce nonspecific adsorption.
The Protein A solution was removed from the fiber optic tips, which was then
rinsed in a large volume of PBS (~300 mL) with stirring for at least 5 min. Each optical
fiber was scanned to obtain a background absorption spectrum in the Fluoromax 3
Spectrofluorometer (Edison, NJ) by way of a specially-designed fiber optic stage. The
optical fiber tips were immersed into PBS in a 4 mL cuvette in a completely dark
environment. The scans were taken over 560 nm to 650 nm wavelength emission of the
fibers when excited at 546 nm.
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3.2.4 Biosensor testing
The following solutions were prepared in 100 μL amounts in separate 0.4 mL
polyethylene microcentrifuge tubes for each optical fiber tip to be examined: 0.10 g/L
AF546 – M-anti calpastatin D10 in PBS, 0.5 g/l nonfat milk blocking agent in PBS, and
0.10 g/l AF594 – M-anti calpastatin D6 in PBS. The calpastatin samples to be analyzed
were transferred into microcentrifuge tubes for each optical fiber tip. Eight solutions
were analyzed from each sample set: four pre-purification column samples aged 0, 24, 36
and 48 hr, and four post-purification column samples aged 0, 24, 36 and 48 hr.
Each optical fiber tip was then exposed to AF546 – M-anti calpastatin D10 for 15
min, followed by a 5 min rinse in PBS with stirring. The spectrofluorometer scans were
repeated with the same parameters as described above to obtain donor-only emission
spectra. The fibers were then exposed to the nonfat milk blocking agent for 15 min,
followed by the calpastatin solutions for 15 min and finally to the AF594 – M-anti
calpastatin D6 for 15 min. After immersion in each solution, the optical fiber tips were
rinsed in PBS with stirring for 5 min. When the dual-binding sandwich assay was
completed, the fibers were scanned again to obtain the final AF546/AF594 interaction
spectra for each fiber. As shown in Figure 3.2, the raw spectra of before and after
calpastatin exposure is displayed. Selectivity was also an important parameter to
examine; therefore, the fiber optic biosensors were tested in bovine serum albumin (BSA)
(nonspecific analyte) as a specificity test. The donor to acceptor ratios were determined
and the response of the “specific” calpastatin biosensors and to “nonspecific” BSA
biosensors was compared.
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Figure 3.2. Raw spectra of donor (D), isobestic (I), and acceptor(A) peaks for optical
fibers before and after calpastain exposure.

3.2.5 Calculations
The fiber’s background scan was subtracted from the donor-only and final scans.
To quantify the amount of binding that had taken place, a ratio of donor peak / isosbestic
point (D/I) was found. The donor peak was calculated by averaging the intensity values
from 570 to 575 nm, and the isosbestic point was calculated by averaging the intensity
values near the point where the curves intersect, from 590 to 595 nm. The average donor
peak intensity value was divided by the average isosbestic point intensity value to give
the D/I value. Finally, the percent change in D/I was calculated. The result is a relative
measure of calpastatin concentration in the test sample.
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3.2.6 Statistical analysis
All statistical procedures were performed using SAS (SAS Inst. Inc., Cary, NC).
Correlations were generated using PROC CORR for pre- and post-column optical
biosensors, traditional calpastatin assays and WBSF, as well as the means, standard
deviations and minimum and maximum for each of these parameters. Scatter plots were
generated for relevant data.

3.3 Results
3.3.1 Binding of calpastatin vs. BSA
In order to demonstrate that the proposed biosensor was able to detect calpastatin,
the system was tested using a known concentration of calpastatin and compared to the
same concentration of a nonspecific analyte, BSA. In this manner, the system was tested
to ensure that calpastatin could not only be detected, but could also be detected with
specificity. The donor fluorescence to acceptor fluorescence (D/A) ratio of the specific
analyte was compared to the D/A of the nonspecific.
As shown in Figure 3.3, after addition of either specific or nonspecific antigen
and the acceptor-labeled antibody, there was a greater decrease in D/A for the optical
fiber exposed to calpastatin than the optical fiber exposed to BSA. This indicated a
decreased donor signal, and thus, energy transfer to the acceptor occurred.
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Figure 3.3. Averaged Donor / Acceptor ratio optical fiber biosensor to determine specific
(calpastatin) and non-specific binding (Bovine Serum Albumin).
The drop in D/A value for the optical fiber exposed to calpastatin showed that
higher levels of binding compared to the fiber exposed to BSA. These experiments
illustrated that the biosensors specifically detect calpastatin. The D/A and D/I ratios both
illustrated binding of calpastatin. Because of ease of calculation and reporting, the D/I
values were chosen in reporting results.
Five experiments were performed using four fiber optic cables. While all of the
fiber optic biosensors demonstrated selectivity toward calpastatin, the experiments
illustrated that the biosensors imparted variable results in detecting calpastatin. These
variable results implicated the inherent background demonstrated by the fiber optic
cables. Most of the optical fibers had different sensitivities which results in a variety of
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attenuation of fluorescence down the fiber. Other possible sources of error include
ineffective blocking of Protein A by nonfat milk.

3.3.2

Correlation between assays and optical sensor
The means, minimum, maximum, and standard deviations for the current study

are shown in Table 3.1. The minimum and maximum values for the traditional
calpastatin assay are 0.04 to 2.54 units of activity which are numerically lower than those
reported by other researchers.
There was a strong correlation between the fiber optic biosensor and the 48 hr
pre-column biosensor readings (r = 0.5966, P = 0.007) as well as 48 hr post-column with
the 48 hr postmortem traditional calpastatin assay (r = 0.5009, P = 0.029; Table 3.2)
indicating a relationship between the biosensor and amount of calpastatin activity in a
beef homogenate 48 hr postmortem. The regression equations are shown in Figures 3.4
and 3.5 for 48 hr pre-column and 48 hr post-column traditional calpastatin assays
compared with the corresponding biosensor readings indicating a positive relationship
between the biosensor and amount of calpastatin activity. While the highest correlation
was elicited with 36 hr pre-column and 48 hr traditional assay, since these are not within
the same time period it was not rational to make a recommendation for these
measurements.
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Table 3.1. Means, standard deviations, minimum and maximum (n=21) for calpastatin
assay, biosensor, and Warner-Bratzler shear force.
Mean

Std Dev

Minimum

Maximum

0 hr

1.13d

0.62

0.14

2.40

24 hr

0.75e

0.56

0.08

1.94

36 hr

0.92de

0.49

0.04

1.66

48 hr

1.04d

0.64

0.35

2.54

33.55f

7.90

18.68

46.79

fg

8.73

17.32

46.25

gh

9.17

12.0

45.99

h

9.31

5.85

42.68

0 hr

25.91

6.02

14.08

35.29

24 hr

26.18

10.05

9.35

46.12

36 hr

27.61

8.93

12.30

43.71

48 hr

29.99

10.28

8.44

49.73

3.38

0.85

2.15

5.52

Calpastatin Assaya

Pre-Column Biosensor

b

0 hr
24 hr

31.03

36 hr

27.65

48 hr

25.87

Post-Column Biosensor

b

WBSFc, kg
14 d
a

Expressed as activity = the amount of calpastatin that inhibits one unit of µ-calpain
(Koohmaraie, 1990)
b

Expressed as percent change in Donor/Isobestic is a quantitative measure of the amount
of acceptor bound to the system relative to the amount of donor

c

Warner-Bratzler shear force (kg)

d,e,f,g,h

Means with common superscripts within the same method are not different (P>0.05)
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Figure 3.4. Relationship between 48 hr calpastatin assay and pre-column 48 hr optical
fiber biosensor.
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Figure 3.5. Relationship between 48 hr calpastatin assay and post-column 48 hr optical
fiber biosensor.
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There were also correlations with significant P values with the 0 hr traditional
calpastatin assay and the 48 hr pre-column biosensor (P = 0.025), however, since these
times are not within the same time period, it was not rational to make a recommendation
for these measurements. There are three sampling times within the pre-column biosensor
that were significantly correlated to the traditional calpastatin readings and only one from
the post-column biosensor. It is possible that since there is more protein in the precolumn samples, that the biosensor was detecting proteins that were similar to
calpastatin. Also, it is possible that during the elution process, the calpastatin was
coeluted with other proteins which would decrease the amount of purified calpastatin or
that the calpastatin was not completely eluted from the columns with the salt
concentration used. Koohmaraie (1990) reported that if the salt concentration was not at
least five column volumes, then there could be coelution of calpastatin and calpain.
As shown in Table 3.2, there are no significant correlations with WBSF at 14 d
postmortem and traditional calpastatin assay. This is contradictory to research done
previously in other laboratories. The low correlations and lack of significance could be
due to the storage time and degradation of calpastatin after purification.
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Table 3.2. Correlations and p-values of traditional calpastatin assay, pre-column and post-column biosensors, and Warner-Bratzler
shear force.
Calpastatin Assay
Calpastatin
Activity

0 hr
24 hr
36 hr
48hr

Pre-Column
Biosensor

0 hr
24 hr
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36 hr
48 hr
Post-Column
Biosensor

0 hr
24 hr
36 hr
48 hr

0 hr
1

24 hr
.4585
(.042)
1

36 hr
.3711
(.107)
.4821
(.037)
1

Pre-Column Biosensor
48 hr
.4914
(.028)
.4055
(.085)
.6552
(.002)
1

0 hr
.0161
(.945)
-.0597
(.802)
-.2093
(.376)
.1673
(.481)
1

24 hr
-.2033
(.377)
-.2517
(.284)
.1302
(.584)
-.2757
(.239)
.3131
(.167)
1

36 hr
.2950
(.207)
.2187
(.368)
.3483
(.132)
.6556
(.002)
.2977
(.202)
.1976
(.404)
1

Post-Column Biosensor
48 hr
.4982
(.025)
.3285
(.170)
.3717
(.117)
.5966
(.007)
-.0774
(.746)
-.3561
(.123)
.4224
(.072)
1

0 hr
.0287
(.902)
-.1521
(.522)
.2633
(.262)
.2383
(.312)
-.0574
(.805)
-.2896
(.203)
-.2110
(.372)
.0895
(.708)
1

24 hr
-.0666
(.787)
-.3363
(.159)
.0412
(.871)
-.0427
(.866)
.2940
(.222)
.2386
(.325)
.2611
(.295)
-.0305
(.904)
.1232
(.615)
1

36 hr
.2627
(.292)
-.1891
(.467)
-.0881
(.728)
.2318
(.355)
.1671
(.508)
.2210
(.378)
.1203
(.634)
.4529
(.068)
.1354
(.592)
.3305
(.211)
1

WBSF
48 hr
.1593
(.515)
.2193
(.382)
.2448
(.328)
.5009
(.029)
-.1643
(.501)
-.1830
(.453)
.2951
(.235
.1824
(.469)
-.018
(.942)
.0185
(.944)
-.1311
(.616)
1

14 d
.1005
(.665)
.0215
(.928)
.0459
(.848)
.2962
(.205)
.3458
(.125)
.0950
(.682)
.1767
(.456)
.0174
(.942)
-.0249
(.918)
.2247
(.355)
-.0005
(.998)
.2378
(.327)

3.4 Discussion
The research performed in this trial reported lower values for the traditional
calpastatin assay than previous papers which have followed the same protocol as
Koohmaraie (1990). Wulf et al. (1996) found a mean calpastatin activity of 2.58 from
114 purebred and crossbred Limousin steers, and Shackelford et al. (1994) reported a
mean calpastatin activity of 2.8 in 555 animals from two different breeding projects.
Although the calpastatin assays were processed as stated by the heated calpastatin
column protocol as described in Koohmaraie et al. (1995), which was a modified
procedure of Shackelford et al. (1994), and samples should have been stable after
processing, it is possible that the samples could have lost activity during the time that
they were stored at 4°C prior to the assay for activity. The samples were stored at 4°C
after processing but prior to the time that the biosensors were ready for measurements. It
has been shown by many researchers that calpastatin degrades over time of storage due to
autolysis (Koohmaraie et al., 1995; Boehm et al., 1998; Doumit et al., 1999; Kristensen et
al., 2006); therefore, the lower values of calpastatin in this research could be due to the
degradation over time of storage. Boehm et al. (1998) reported ranges of 17 to 67% of
at-death activity after 1 day postmortem and 15 to 38% after 7 days of postmortem
storage. It was however important in the current study to read the calpastatin assays and
the biosensor assays around the same time frame to assure that the biosensor readings
were true to the amount of calpastatin present in the sample.
Geesink et al. (2005) reported that the use of the SPR biosensor could not be used
for quantification of calpastatin because the immunological detectable amount of
43

calpastatin decreases faster during postmortem storage than the amount detectable in the
enzymatic assay. Also, Goll et al. (2003) stated that the calpastatin molecule is in a
random coil conformation and is labile to proteolytic degradation and it is likely that the
harsh conditions used to purify calpastatin cause proteolytic degradation. Therefore, it is
likely that the calpastatin degraded leading to lower values that previously reported
research.
Although the current research did not report a high correlation of traditional
calpastatin activity with WBSF, there was a small sample size that did encompass a
variety of cattle types, which would hopefully present a large variety of WBSF and
calpastatin values. This variety was essential to the development of the biosensor to
assure that calpastatin was the actual protein that was being detected and so that it could
be assured that the biosensor could be used over the variety of cattle that are harvested
for the beef industry. Calpastatin levels vary between species (Koohmaraie et al., 1991),
different breeds within species (Shackelford et al., 1991a, 1994), and between various
muscles (Koohmaraie et al., 1988; Lorenzen et al., 2000). Geesink et al. (2005) found a
correlation of r = 0.75 with the use of an optical surface plasmon resonance biosensor.
The highest correlation of calpastatin activity with WBSF was 0.2962 with P =
0.205 for this study. Our correlations were at the lower end of the range reported by
other researchers who reported ranges from 0.27 to 0.66 (Whipple et al., 1990;
Shackelford et al., 1991a; 1994; Lonergan et al., 1995; Woodward et al., 2000).
However, the WBSF range reported from the current research was 2.15 to 5.52 ± 0.87 kg,
and 19% were above, or tougher than, the consumer acceptable level of tenderness of
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2.27 to 3.58 kg (Boleman et al., 1997). From the 1991 National Beef Tenderness Survey
(Morgan et al., 1991), it was reported that most of the carcasses fall within 2.00 to 3.99
kg of shear force. In the 1998 National Beef Tenderness Survey Brooks et al. (2000)
reported that with the exception of top loin steaks in the USDA Prime quality grade, all
ribeye and top loin steaks in each USDA quality grade had WBSF of less than 3.0 kg.
Miller et al. (1998) reported a 100% consumer acceptance of top loin with WBSF 3.0 kg
or less and Shackelford et al. (1991) reported that steaks having a WBSF less than 4.6 kg
should have a 50% chance of being rated slightly tender or higher and with a WBSF of
less than 3.9 kg have a 68% chance.
Our results showed that the calpastatin activity of 48 hr postmortem most closely
correlated with pre-column biosensor readings at 48 hr. Therefore it was determined that
measurements at 48 hr were the most promising for further development, which agrees
with Geesink et al. (2005) who also reported the highest correlation at 48 hr with SPR
biosensor measurements. In theory, post-column calpastatin is more purified than that of
pre-column since the calpastatin is concentrated on the column; however it is possible
that the biosensor is saturated when using the post-column samples. Previous research by
Grant et al. (2005) showed a detection limit of 120 ng/mL of calpastatin in solution
measurements. In that research pure known concentrations of calpastatin were used, not
meat extracted calpastatin. The calpastatin was added from 30 ng/mL up to an amount of
240 ng/mL with the detection limit being at 120 ng/mL which might have been due to
less proteinaceous material in solution. The extracts with more proteinaceous material
may crowd the solution and prevent the binding of the monoclonal antibody to
calpastatin. Additionally, the utilization of fiber optic cables showed an inherent signal
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variability that may be caused by 1) different background signals for inherent defects in
the optical fibers, connectors and/or 2) autofluorescence of the cladding material. This
led to different sensitivities of the fiber optic sensors and thus variability between the
calpastatin biosensors. Current research is in progress to eliminate the use of optical
fibers and instead, utilize liquid core waveguides.
For trial two, it was recommended to use the purified sample post-column
because it would allow the refinement of the biosensors ability to detect calpastatin and
to ascertain that calpastatin was the protein that was being detected. Also, by purifying
the calpastatin sample, it was more stable, which allowed for more time since it was not
possible to prepare and run all of the samples in one day.

3.5 Conclusions
The aim of this research was to determine if the previously developed biosensor
was capable of detecting specific, biologically active levels of calpastatin in meat and to
determine if those levels are correlated with tenderness measurements. This was
accomplished with the research and the most correlated measurements between the
optical fiber biosensor and the traditional calpastatin assays were taken at 48 hr
postmortem, suggesting that this is the optimal time for use of the biosensor. Though
there is still development that must take place before the integration of this biosensor as a
tool in online meat tenderness evaluation, significant progress has been made. The
current biosensor would be useful in laboratory determination of differences in
biologically active calpastatin concentrations.
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CHAPTER 4
CAPILLARY TUBE RESEARCH
4.1 Introduction
A previously developed biosensor utilized a dual binding technique coupled with
fluorescence resonance energy transfer (FRET; Grant et al., 2003; Grant et al., 2005).
This dual binding technique was built upon in-solution testing and was tested in pure
calpastatin samples from beef muscle (Chapter 3). The next generation FRET based
system immobilized calpastatin antibodies to an optical fiber in the form of a sandwich
immun assay to detect the level of calpastatin present in homogenized meat samples. An
antibody labeled with donor fluorophores were first immobilized onto the fibers and then
following exposure to calpastatin, a secondary antibody labeled with the acceptor
fluorophores was exposed to the fibers (Chapter 3). The results were then compared to
traditional calpastatin assays (Koohmaraie, 1990) and to Warner-Bratzler shear force
(WBSF), an objective measure of tenderness.
In the presence of calpastatin, both antibodies bind to calpastatin and fluorescence
changes (Grant et al., 2005). This sandwich assay is amendable to immobilization onto
optical fibers and was successful in eliciting FRET, as with the research presented in
Grant et al. (2005); however, the optical fibers were highly variable both within and
between fibers (Chapter 3). Though there is still development that must take place before
the integration of this biosensor as a tool in online meat tenderness evaluation, significant
progress has been made. The results from the optical fiber research (Chapter 3)
demonstrated that the measurement with highest correlations between the traditional
calpastatin assay and biosensor were taken at 48 hr postmortem before the homogenized
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beef samples were loaded and purified over a DEAE-Sephacel column (r = 0.5966, P =
0.007), suggesting that this is the best time for use of the biosensor in an online grading
system. For further protein purification, the 48 hr postmortem samples were loaded on
the DEAE-Sephacel column (Chapter 3). The samples were also correlated with the
traditional calpastatin assay (r = 0.5009, P = 0.029). While the current biosensor would
be useful in laboratory determination of differences in biologically active calpastatin
concentrations, the results from the optical fiber biosensors were variable within and
among fibers; therefore the aim of the current research was to use the same system with a
less variable waveguide such as capillary tubes.
Capillary biosensors are integrated sensors in that they serve as both a sampling
device and an optical waveguide (Weigl and Wolfbeis, 1994). The capillary tubes
support fluid flow through the interior and light propagation in the walls (Weigl and
Wolfbeis, 1994). This allows for both sampling and analysis in one location. Capillary
tubes can easily be adapted to automated devices (Thomas, 2006). Eventually, it is
envisioned that entire capillary biosensor systems will be small, portable, automated
devices capable of sampling and analyzing with minimal human intervention (Thomas,
2006).
Capillary tubes used as waveguides (total internal light reflection) provide
advantages over other waveguide systems. These advantages are reduced volumes of
needed sample and reduced incubation times which lead to reduced cost of sampling
(Weigl and Wolfbeis, 1994). Capillary tubes are also less expensive compared to other
optical waveguides such as optical fibers (Thomas, 2006). Low cost and mass production
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allows capillary tubes to be a disposable component of the biosensor that is cost effective
(Misiakos and Kakabakos, 1998).
The current research had two goals which built upon the principle of the optical
fiber. First was to immobilize the sensing elements into capillary tubes and test in
homogenized beef samples. This capillary tube biosensor, like the optical fiber biosensor
was build upon noncompetitive binding utilizing FRET technology. An antibody labeled
with donor fluorophores was immobilized into the capillary tubes. Following exposure
to calpastatin, a secondary antibody labeled with the acceptor fluorophores was then
exposed to the fibers. FRET occurred due to calpastatin binding. Figure 4.1 displays the
biosensing technique. The second goal was to establish a relationship between our
biosensor technique, calpastatin assays, and WBSF with less variability than the optical
fiber biosensor presented in Chapter 3.

Donor labeled
labeled antibody
antibody
Donor
Calpastatin
Calpastatin
Acceptor
Acceptor labeled
labeled antibody
antibody

Figure 4.1. Schematic of the fluorescence resonance energy transfer (FRET) capillary
tube biosensor.
49

4.2 Materials and Methods
4.2.1 Sample preparation
Standard calpastatin assays were performed according to Koohmaraie (1990).
Longissimus dorsi muscle samples (n = 11) were collected at 0 and 48 h postmortem and
used for calpastatin activity determination to simulate potential grading time in industry.
A fresh 5 g sample of longissimus dorsi muscle was homogenized in 5 volumes of
extraction buffer (50 mM Tris, 10 mM EDTA for pre-rigor muscle and 100mM Tris,
10mM EDTA for post-rigor muscle). After centrifugation, the supernatant was dialyzed
in elution buffer (2 mM Tris, 0.025 mM EDTA) for at least 18 h. The dialyzed sample
was then heated to 95oC and cooled in an ice bath. The supernatant was purified on a 10
mL DEAE-Sephacel column that was equilibrated with the elution buffer. The sample
was eluted from the column using the elution buffer + 200 mM NaCl. The samples were
purified on the DEAE-Sephacel in order to reduce the crude protein content in the sample
to refine the ability of the biosensor to the detection of calpastatin. The purified samples
were used due to the stability of the proteins after purification. The samples were
assayed at the time of biosensor testing, therefore the purified samples were used due to
the longer storage time needed for biosensor preparation.

4.2.2 Quantification of muscle calpastatin with standard assay
Calpastatin activity was determined according to procedures of Koohmaraie
(1990). The fractions that were eluted were screened to determine which fractions were
active for calpastatin. The active and partially active fractions were pooled. Each assay
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was run in triplicate. The assay reaction consisted of: the sample, elution buffer, purified
m-calpain, assay media (100 mM Tris, 1 mM NaN3, 7 mg/mL Casein), and 100 mM
CaCl2. The reaction was then incubated in 25oC water bath and the reaction was stopped
with 2 mL of 5% TCA. After centrifugation, the supernatant was read on a Beckman
Spectrophotometer Model DU-640 (Fullerton, CA) at a UV wavelength of 278 nm.

4.2.3 Warner-Bratzler shear force determination
As an instrumental measure of tenderness, WBSF was performed on 2.54 cm
longissmus muscle steaks 14 d postmortem. Steaks were removed from the 12/13th rib
interface of the carcass during the 48 hr sampling time and subsequently stored in a
vacuum package until 14 d postmortem. The steaks were then frozen until WBSF could
be determined. WBSF were performed according to AMSA guidelines (1995). Briefly,
steaks were cooked using a Hamilton Beach Portfolio Indoor/Outdoor Grill (Washington,
NC) to 35°C, flipped once, and removed from the grill at 71°C. Steaks were cooled at
4oC for 24 h and then allowed to equilibrate to room temperature (approximately 22oC).
Six cores (1.27 cm diameter) were removed from each steak parallel to the muscle fiber.
Cores were sheared perpendicular to the long axis of the cores (AMSA, 1995). Shear
force measurements were completed on the United STM ‘SMART-1’ TEST SYSTEM
SSTM-500 (United Calibration Corp., Huntington Beach, CA). Settings for the system
were as follows: force units (kg), linear units (mm), cycling (1 x 70 mm), test speed (250
mm/min), return speed (500 mm/min), and setup scales (CAP = 226.8). The mean
WBSF value for the six cores was reported for each steak.
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4.2.4 Protein analysis
Crude protein was also determined on a fresh ground 5 g sample collected at
harvest by the University of Missouri Agricultural Experiment Station by Kjeldahl
(AOAC, 1984).

4.2.5 Biosensor preparation
Using a procedure modified from Molecular Probes (Eugene, OR) labeling kits,
mouse anti-calpastatin IgG was labeled to the donor fluorophores, Alexa Fluor 546
(AF546), while secondary antibodies (mouse anti-calpastatin IgG2) was labeled to the
acceptor fluorophores, Alexa Fluor 594 (AF594). The capillaries were cut in half from
the stock ordered capillaries and cleaned by a 30 min immersion in a boiling water bath.
Next, Protein A was immobilized to the capillary tubes by way of silanization. The entire
interior surface of the capillary was silanized followed by immobilization of Protein A.
Silanization is one of the most commonly used covalent immobilization methods of
attaching proteins to glass (Bhatia et al., 1989). Protein A was first immobilized onto the
capillaries, because Protein A allows a specific arrangement of the antibody so that the
epitope sites remain available.
The silanization procedure is as follows: briefly, a thiol-terminal silane
methyltrichlorosilane (MTS) was attached via the hydroxyl groups of the interior of the
capillaries. Then a bifunctional N-gamma-maleimidobutyryloxy-succinimide ester
(GMBS), a heterobifunctional crosslinker, was attached which allows amide binding to
the terminal amino group of Protein A. After treatment with GMBS, the capillaries were
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incubated overnight with Protein A. The Protein A solution was removed from the
capillaries, which were then rinsed in a large volume of phosphate buffer solution (PBS).
Each fiber was scanned to obtain a background absorption spectrum in the Ocean Optics
spectrofluorometer (Dunedin, FL).

4.2.6 Biosensor testing
The following solutions were prepared to fill the capillaries: 0.10 g/L AF546 – Manti calpastatin D10 in PBS, 0.5 g/L nonfat milk blocking agent in PBS, and 0.10 g/L
AF594 – M-anti calpastatin D6 in PBS. The calpastatin samples to be analyzed were
transferred into microcentrifuge tubes for each capillary. Two samples were analyzed
from each animal set in triplicate: samples that were aged 0 and 48 hr.
Each capillary was then exposed to AF546 – M-anti calpastatin D10 for 15 min,
followed by a rinse in PBS. The spectrofluorometer scans were repeated with the same
parameters to obtain donor-only emission spectra. The capillaries were then exposed to
the nonfat milk blocking agent for 15 min, followed by the calpastatin solutions for 15
min and finally to the AF594 – M-anti calpastatin D6 for 15 min. After filling with each
solution, the capillaries were rinsed in PBS. When the dual-binding sandwich assay was
completed, the fibers were scanned again to obtain the final AF546/AF594 interaction
spectra for each fiber.
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4.2.7 Calculations
The fiber’s background scan was subtracted from the donor-only and final scans.
To quantify the amount of binding that had taken place, a ratio of donor peak / acceptor
peak (D/A) was found. The donor peak was calculated by averaging the intensity values
from 565 to 575 nm, and the acceptor peak was calculated by averaging from 605 to 615
nm. The average donor peak intensity value was divided by the average acceptor peak
intensity value to give the D/A value. Finally, the percent change in D/A was calculated.
The result is a relative measure of calpastatin concentration in the test sample.

4.2.8 Statistical analysis
All statistical procedures were performed using SAS (SAS Inst. Inc., Cary, NC).
Correlations were generated using PROC CORR for biosensors, calpastatin assays,
protein and WBSF, as well as the means, standard deviations and minimum and
maximums. Scatter plots were generated for relevant data. The variability of the two
biosensors were also compared to the standard calpastatin assays and WBSF using an Ftest statistic.

4.3 Results
The means, minimum, maximum and standard deviations for the current study are
shown in Table 4.1. The minimum and maximum values for the traditional calpastatin
assay were numerically higher for this research as compared to our optical fiber research,
0.51 and 2.73 versus 0.04 to 2.54 (Chapter 3). While these are still lower than values
reported by other researchers, the values were determined at the time of the capillary tube
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measurements, after the samples had been stored at 4ºC for three months. The protein for
the samples had a narrow range (21.01 to 22.60%) and a small standard deviation (0.51).
The mean for the 11 samples was 21.86%.
Table 4.1. Means, standard deviations, minimum and maximum (n=11) for calpastatin
assay, biosensor, and Warner-Bratzler shear force.
Mean

Std Dev

Minimum

Maximum

0 hr

2.20d

0.46

1.51

2.73

48 hr

0.82e

0.22

0.51

1.15

0 hr

91.40f

3.53

85.46

95.68

48 hr

61.40g

9.92

38.94

76.22

14 d

3.36

0.82

2.39

5.10

Protein, %

21.86

0.51

21.01

22.60

Calpastatin Assaya

Biosensorb

WBSFc, kg

a

Expressed as activity = the amount of calpastatin that inhibits one unit of µ-calpain
(Koohmaraie, 1990)
b

Expressed as percent change in Donor/Acceptor is a quantitative measure of the amount
of acceptor bound to the system relative to the amount of donor

c

Warner-Bratzler shear force (kg)

d,e,f,g

Means with common superscripts within the same method are not different (P>0.05)
The correlations between the traditional calpastatin assay and the capillary tube

biosensors were low for both the 0 hr and the 48 hr measurements (r = -0.0069, P = 0.984
for 0 hr and r = -0.3890, P = 0.237 for 48 hr; Table 4.2). Although these were negative
correlations, the 48 hr was the highest correlation of the two, which was also reported
when using the optical fiber biosensor in the previous research. The regression equations
are shown in Figures 4.2 and 4.3 for 0 hr and 48 hr traditional assays compared with
capillary tube biosensors. The regression line is flat and the R2 values are very low for
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both the 0 and the 48 hr samples. However, when the samples are viewed over time and
the 0 hr and 48 hr are plotted on the same graph, the R2 value is increased to 0.6058 as
shown in Figure 4.4.
Table 4.2. Correlations and p-values of traditional calpastatin assay, biosensor, protein
and Warner-Bratzler Shear Force.
Calpastatin
Assay
0 hr
48 hr
Calpastatin
Activitya

0 hr

1

.4381
(.178)
1

Biosensor
0 hr

48 hr

-.0069
(.984)
-.1107
(.746)
1

-.1106
(.746)
-.3890
(.237)
.4502
(.165)
1

Protein

WBSF
14 d

.4533
(.161)
48hr
-.1436
(.674)
b
Biosensor
0 hr
-.4339
(.182)
48 hr
.0174
(.942)
Protein, %
-.0820
(.811)
a
Expressed as activity = the amount of calpastatin that inhibits one unit of µ-calpain
(Koohmaraie, 1990)
b

.2265
(.503)
.2454
(.467)
.7190
(.013)
.1501
(.660)
1

Expressed as percent change in Donor/Acceptor is a quantitative measure of the amount
of acceptor bound to the system relative to the amount of donor
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Calpastatin Assay

3.00

y = -0.001x + 2.2891
R 2= 0.00006

2.50
2.00
1.50
1.00
0.50
0.00
84.00

86.00

88.00 90.00 92.00 94.00
Capillary Tube Biosensor

96.00

98.00

Calpastatin Assay

Figure 4.2. Relationship between 0 hr calpastatin assay and 0 hr capillary tube biosensor.

y = -0.002x + 0.936
1.40
R2 = 0.028
1.20
1.00
0.80
0.60
0.40
0.20
0.00
0.00
20.00
40.00
60.00
80.00
Capillary Tube Biosensor

100.00

Figure 4.3. Relationship between 48 hr calpastatin assay and post-column 48 hr capillary
tube biosensor.
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Calpastatin Assay

3.00
2.50

y = 0.036x - 1.2396

2.00

R = 0.6058

2

1.50
1.00
0.50
0.00
0.00

20.00

40.00

60.00

80.00

100.00 120.00

Capillary Tube Biosensor

Figure 4.4. Relationship between 0 and 48 hr calpastatin assay and post-column capillary
tube biosensor.

There was a difference in the variability of the 0 hr pre-column optical fiber
biosensor (Chapter 3) and the capillary tube biosensor presented in the current research
(P = 0.006) and also in the 0 hr post-column optical fiber biosensor and the capillary tube
biosensor (P = 0.0473, Table 4.3). The variance is lower for the 0 hr post-column
capillary tube biosensor compared to both sampling times for the optical fiber biosensor
indicating that this is a more precise method for measuring calpastatin. The 48 hr
samples were not different. This could be due to the degradation in the activity of
calpastatin over time. All of the biosensor methods at all time points were different than
the traditional assays.
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Table 4.3. Comparison of variation in biosensing methods.

Variance

Test of Difference P value
Pre-Column
Post-Column
Capillary
Optical Fiber Optical Fiber
Tube
Biosensor
Biosensor
Biosensor

Pre-Column
Optical Fiber
Biosensora
(n = 21)

0 hr

62.4

0.116

0.006

48hr

86.7

0.331

0.386

Post-Column
Optical Fiber
Biosensora
(n = 21)

0 hr

36.2

0.116

0.043

48 hr

105.7

0.331

0.474

Capillary Tube
Biosensor
(n = 11)

0 hr

12.5

0.006

0.043

48 hr

98.4

0.386

0.474

Calpastatin
Assay Trial 1a
(n=21)

0 hr

0.38

<0.001

<0.001

48 hr

0.41

<0.001

<0.001

Calpastatin
Assay Trial 2
(n=11)

0 hr

0.21

<0.001

48 hr

0.05

<0.001

a

Variance of optical fiber biosensor and calpastatin assay calculated from standard
deviations in Chapter 3.
4.4. Discussion
The research from this experiment reported more similar traditional calpastatin
assay values than that of the optical fiber biosensor research to previous research reported
by those who used the same protocol as Koohmaraie (1990). Wulf et al. (1996) reported
mean calpastatin activities of 2.58 and Shackelford et al. (1994) reported meat calpastatin
activities of 2.8 at 0 hr which is comparable to the 2.20 reported in this study. There
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were much higher numbers of samples in these two papers, 114 and 555 respectively as
compared to only 11 in the current research. The calpastatin assays in the optical fiber
biosensor portion of this research (Chapter 3) were numerically lower; however, those
samples had been stored over a longer period of time (approximately six months). It has
been shown by many researchers that calpastatin degrades over time of storage due to
autolysis (Koohmaraie et al., 1995; Boehm et al., 1998; Doumit et al., 1999; Kristensen et
al., 2006). However, as with the optical fiber biosensor research (Chapter 3), it was
important to take the traditional calpastatin assay samples at the time of the biosensor
readings to assure that the readings from the biosensor were true to the actual activity of
known calpastatin. Further research needs to be conducted as to the percentage of
degradation of calpastatin activity that occurs over time. Also, there was a difference in
procedure with the order of heating and dialysis of the samples between the optical fiber
project (Chapter 3) and the current study. When following the protocol of Koohmaraie
(1990) and dialyzing the samples before heating them, the calpastatin activities were
numerically higher.
The correlations of traditional calpastatin assay with WBSF were in the middle
range of those reported by previous researchers that range from 0.27 to 0.66 (Whipple et
al., 1990; Shackelford et al., 1991b, 1994; Lonergan et al., 1995; Woodward et al., 2000).
The highest correlation reported was 0 hr calpastatin assay with 14 d WBSF of 0.4533
with P = 0.161 in the current study, which is approaching significance with the small
number of samples. However, as with the optical fiber biosensor research (Chapter 3),
we did have a small sample size (n = 11) that encompassed a variety of genetics, which
would hopefully present a large variation in WBSF and calpastatin values since
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calpastatin levels vary between species (Koohmaraie et al., 1991), different breeds within
species (Shackelford et al, 1991b, 1994), and between various muscles (Koohmaraie et
al., 1988; Lorenzen et al., 2000).
As with the optical fiber biosensor research (Chapter 3), there were a wide range
of WBSF values, 2.39 to 5.10 ± 0.82 kg. Of the 11 samples, 27% and a borderline 36%
were tougher than the consumer acceptable levels of tenderness of 2.27 to 3.58 kg
reported by Boleman et al. (1997). Miller et al. (1998) reported a 100% consumer
acceptance range of top loin steaks with 3.0 kg or less and Shackelford et al. (1991)
reported that with a WBSF of less than 4.6 kg should have a 50% chance of being rated
slightly tender or higher and with a WBSF of 3.9 kg or less there should be a 68%
chance. Therefore, many of the steaks used for sample in this research would not be
considered acceptable by consumers and would not fall into previous reported research
from the 1991 National Beef Tenderness Survey (Morgan et al., 1991) that most of the
carcasses harvested for meat consumption fall within the consumer acceptable range.
Our results showed that the 48 hr calpastatin activity was most closely related to the 48 hr
capillary tube biosensor reading at 48 hr, which are the same results as the optical fiber
biosensor research (Chapter 3) and Geesink et al. (2005) with a SPR biosensor. This
better aligns with the set up of a harvesting facility since carcasses are generally graded
at 24 to 48 hr postmortem. At 0 hr postmortem, the carcasses are moving at a fast pace
down the production line to complete the harvesting process and taking a measurement at
that time would be difficult most likely impractical at that time.
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Grant et al. (2005) reported a detection limit of 120 ng/mL of calpastatin in pure
know concentration measurements in-solution. At higher concentrations of calpastatin
up to 240 ng/mL, the calpastatin was not detected. This could have been due to large
amounts of proteinacious material in the samples that may have crowded the solution and
prevented binding on the antibodies to calpastatin. This could be the reason why the 48
hr biosensor reading is more correlated to the traditional calpastatin assay than the 0 hr
reading. The correlations of the capillary tube biosensor to crude protein in the samples
was higher for 0 hr (r = 0.7190, P = 0.013) as compared to 48 hr (r = 0.1501, P = 0.660).
With the lower correlation of the capillary tube biosensor to protein in the 48 hr sample,
it might be assumed that protein content had degraded over time therefore not crowding
the solution. The reported protein percentages were taken from 0 hr postmortem steaks.
We did not take a crude protein measurement at 48 hr, only the initial protein
measurement, but that is something that could be researched further. Further research
will be conducted to determine a detection limit with the capillary tube biosensor.
While the correlations were low when comparing the traditional assay to the
capillary tube biosensor, there was a numerical decrease in the readings from the 0 hr
samples and the 48 hr samples in both the traditional calpastatin assays and the capillary
tube biosensor. This data is shown in Appendix 8.
The optical fiber biosensor research (Chapter 3) showed inherent signal variability
within and among fibers which lead to variability in the calpastatin biosensor. The
standard deviations ranged from 6.02 to 10.28 with the optical fiber biosensor, whereas
with the capillary tube biosensor the standard deviations were 3.53 and 9.92. The 0 hr
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optical fiber biosensors were more variable statistically than the capillary tube biosensor,
and the 48 hr optical fiber biosensors were biologically different than the capillary tube
biosensor. The proteolysis of the 48 hr samples could explain why there is no
significance differences between the two biosensing methods. With the capillary tubes
being less variable at least at 0 hr, than the optical fibers at 0 hr, then with more
refinement of the system may prove to be a better measure of the amount of calpastatin in
a meat sample.
4.5. Conclusions
The goal of this research was to use the previously developed biosensing
technique and apply it to a different biosensing medium to hopefully refine the amount of
variability in the detection system. This goal was accomplished and showed that the
most correlated measurements were taken with 48 hr postmortem samples. There is still
development that needs to take place to move forward in making this an online process in
a harvesting facility. However, the current capillary tube biosensor results show more
potential than the optical fiber biosensor results and can be useful in laboratory
determination of differences in biologically active calpastatin concentrations.
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APPENDIX 1
CALPAIN EXTRACTION
Reference:
Koohmaraie, M. 1990. Quantification of Ca2+-dependent protease activities by
hydrophobic and ion-exchange chromatography. J. Anim. Sci. 68:659-665.
SOLUTIONS
Pre-rigor Extraction Buffer, 4°C, pH 8.3
50 mM Tris (CAS 77-86-1)
10 mM EDTA (CAS 6381-92-6)

2 liters
12.11 g
7.44 g

Adjust pH to 8.3 at 4°C with 6N HCl; qs to 2 liters. Store at 4°C. Day of use add
1 mL MCE (CAS 60-24-2) and inhibitors (except PMSF).
Inhibitors
100 mg/liter Ovomucoid (CAS 9035-81-8)
6 mg/liter Leupeptin (or 1 mg/liter E-64) (CAS 103476-89-7)
2 mM PMSF (CAS 329-98-6) (add to blender just before homogenizing;
PMSF falls out of solution at 4°C)
20X Elution Buffer, 4°C, pH 7.35
40 mM Tris (CAS 77-86-1)
0.5 mM EDTA (CAS 6381-92-6)

2 liters
192.00 g
7.44 g

Adjust pH to 7.35 at 4°C; qs to 2 liters.
To make 1X: 100 mL 20X + 1 mL MCE; qs to 2 liter.
100 mM CaCl2 (CAS 10035-04-8)
7.35 g/500 mL of deionized water. Store at 4°C.
50% TCA (Trichloroacetic acid) (CAS 76-03-9, RCRA D002)
1 kg TCA in 2 liters of water. Store at 4°C.
To make 5% TCA: dilute 50% stock 1:10 (10 mL stock + 90 mL water).
Make fresh daily.
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Casein Assay Media, pH 7.5
2 liters
100 mM Tris (CAS 77-86-1)
24.22 g
1 mM NaN3(CAS 26628-22-8, RCRA P105) 0.13 g or 2.0 mL from 1 M stock
7 mg/mL Casein (CAS 9000-71-9) 14.0 g
Dissolve Tris and NaN3 in 2 liter volumetric. Bring up to volume. Remove
130 mL of buffer and throw away. Transfer remaining buffer into a large
mouth Erlenmeyer flask. Gradually add Casein-Hammerstein. Allow stirring for
1-2 hr after all the Casein is added. Using a 50 mL syringe fitted with a 14-gauge
needle, slowly drip in 130 mL of 1N acetic acid (CAS 64-19-7, RCRA D001,
D002). Once all the acetic acid is added, stir for 1-2 hr. Check the pH and
adjust, if necessary, to 7.5 with 1N acetic acid. Store at 4°C. Add 4 µl/mL MCE
(CAS 60-24-2) just before use. Make a fresh batch of working stock (media +
MCE) daily.
Sample Extraction And Heating
1. Extract 500 g of lung tissue in 1500 mL Pre-Rigor Extraction Buffer (with
inhibitors added). Add 15 mL PMSF just before homogenation. Use a blender
and homogenize 3 x 30 sec with a 30 sec. rest between each homogenation. Pour
into centrifuge tubes and place the tubes on ice.
2. Using the Beckman JA-16.25 rotor, centrifuge samples at 9,500 rpm at 4°C for 2
hr.
3. After centrifugation, filter supernate through a cheesecloth/glass wool sandwich.
4. Supernate is now ready to be loaded onto column.
Column Packing & Regeneration
Packing:
1. Use large column size (2.6 x 40 cm). The DEAE Sephacel resin is stored in 20%
ethanol.
2. To remove the ethanol and prepare the resin, wash the appropriate volume with a
high Tris solution (1X + 20 g Tris => 2 liters). Wash the column with 200 mL of
high Tris and then with 1X-MCE. When the effluent reaches a pH of ~7.5, the
column is ready for use.
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3. Pack the columns with DEAE-Sephacel resin. Attach a funnel to the top of the
column. Using a glass rod, stir the resin and slowly pour the slurry down a glass
rod held against the wall of the funnel. This will help minimize the introduction
of air bubbles. Allow the 1X to flow through the column and add more resin as
needed to achieve desired bed volume (about 1 inch below top of column. Fill the
remainder of the column with 1X to keep the resin from drying out. Cap and plug
the columns until ready for use.
Regeneration:
4. After the completion of the elution process, the column must be
regenerated for the next extraction. To regenerate the column, wash it
with 1X + 1M NaCl until no A278 is detected in the outflow (about 2
column volumes).
5. Make sure the performance of the column is closely monitored. Since
phosphate buffer is not used, the chance of microbial growth is low,
assuming the quality of water is high. However, periodically wash the
column with 20% ethanol to prevent microbial growth.
6. If no samples are to be eluted for quite some time, the resin may be
removed from the columns. The resin may be regenerated in a beaker
and a Buchner funnel is used to remove the aqueous portion. Do not
add MCE to the elution buffer. It is important that the resin is never
allowed to dry out. Store the regenerated resin in 20% ethanol at 4°C.
Sample Elution
1. Load supernate on the column by pouring it on and allowing it to drip through the
resin.
2. Remove unbound proteins by washing the column with 1X Elution Buffer + 150
mM NaCl (+MCE) until A278 is <0.1.
3. Elute bound proteins with 1X Elution Buffer + 400 mM NaCl (+MCE). Collect
120, 5 mL fractions.
Salt Solutions: NaCl mw = 58.44
1 mM = 0.05844 g/l
25 mM = 1.46 g/l
150 mM = 8.77 g/l
200 mM = 11.68 g/l
350 mM = 20.44 g/l
400 mM = 23.36 g/l
1M = 58.44 g/l
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Assays
Localization of calpain activity:.
If no activity is present, the tubes will be clear.
1. Assay all fractions in a single tube/fraction while blanks are assayed in triplicate.
2. To each tube add, (in order):
25 µl fraction
975 µl 1X-MCE (also 1 mL for blanks)
1.0 mL assay media
100 µl 100 mM CaCl2
3. Mix and incubate at 25°C for 1 hr. Tubes that are cloudy represent activity.
4. Stop reaction with 2 mL of 5% TCA. Mix.
5. Centrifuge at 1500-2000 x g for 30 minutes at 4°C.
6. Read absorbance at 278nm.
Pooling Fractions:
7. Pool active fractions. Record total volume of pooled fractions( add 25 µL for the
amount used in screening).
8. Prepare dialysis tubing while screening. Use SpectraPor® Membrane MWCO:
12,000-14,000 (Spectrum Medical Industries, Inc. Laguna Hills, CA), cut into 1012 inch lengths, soak in cold deionized water. Make sure entire membrane is
permeated with water before use.
9. Prepare dialysis buffer (1X Elution Buffer) in dialysis container. Use one part
sample to 40 parts buffer for dialysis.
10. Dialyze against 1X elution buffer for approx. 18 hr at 4°C. Change buffer 2 times
in the 18-hr period. Remove from dialysis buffer and pass through glass wool to
clarify.
11. Reassay (10 - 50 µl aliquots) Use 1X elution buffer to have sample equal 1 mL
total fraction volume.
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Do all assays in triplicate.
To each tube add, (in order):
10– 50 µl pooled fraction
990 – 950 µl 1X (also 1 mL for Blanks)
1.0 mL assay media
100 µl 100 mM CaCl2
12. Mix and incubate at 25°C for 1 hr.
13. Stop reaction with 2 mL of 5% TCA. Mix.
14. Centrifuge at 1500-2000 x g for 30 minutes at 4°C.
15. Read absorbance at 278 nm.
Calculations:
Total Calpain Activity
=(avg A278 sample) – (avg A278 blanks) = net activity
Desired activity is samples with 0.3-0.4 activity.
Add 1mM NaN3 to the m-calpain and sterile filter. Store at 4°C.
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APPENDIX 2
HEATED CALPASTATIN EXTRATCION
References:
Koohmaraie, M. 1990. Quantification of Ca2+-dependent protease activities by
hydrophobic and ion-exchange chromatography. J. Anim. Sci. 68:659-665.
Shackelford, S. D., M. Koohmaraie, L. V. Cundiff, K. E. Gregory, G. A. Rohrer, and J.
W. Savell. 1994. Heritabilities and phenotypic and genetic correlations for bovine
postrigor calpastatin activity, intramuscular fat content, Warner-Bratzler shear force,
retail product yield and growth rate. J. Anim. Sci. 72:857-863.
Solutions
Pre-rigor Extraction Buffer, 4°C, pH 8.3
50 mM Tris (CAS 77-86-1)
10 mM EDTA (CAS 6381-92-6)

2 liters
12.11 g
7.44 g

Adjust pH to 8.3 at 4°C with 6N HCl; qs to 2 liters. Store at 4°C. Day of use add
1 mL MCE (CAS 60-24-2) and inhibitors (except PMSF).
Post-rigor Extraction Buffer, 4°C, pH 8.3
100 mM Tris (CAS 77-86-1)
10 mM EDTA (CAS 6381-92-6)

2 liters
24.22 g
7.44 g

Adjust pH to 8.3 at 4°C with 6N HCl; qs to 2 liters. Store at 4°C. Day of use add
1 mL MCE (CAS 60-24-2) and inhibitors (except PMSF).
Inhibitors
100 mg/liter Ovomucoid (CAS 9035-81-8)
6 mg/liter Leupeptin (or 1 mg/liter E-64) (CAS 103476-89-7)
2 mM PMSF (CAS 329-98-6) (add to blender just before homogenizing;
PMSF falls out of solution at 4°C)
20X Elution Buffer, 4°C, pH 7.35
40 mM Tris (CAS 77-86-1)
0.5 mM EDTA (CAS 6381-92-6)

2 liters
192.00 g
7.44 g

Adjust pH to 7.35 at 4°C; qs to 2 liters.
To make 1X: 100 mL 20X; qs to 2 liter.
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100 mM CaCl2 (CAS 10035-04-8)
7.35 g/500 mL of deionized water. Store at 4°C.
50% TCA (Trichloroacetic acid) (CAS 76-03-9, RCRA D002)
1 kg TCA in 2 liters of water. Store at 4°C.
To make 5% TCA: dilute 50% stock 1:10 (10 mL stock + 90 mL water).
Make fresh daily.
Casein Assay Media, pH 7.5
2 liters
100 mM Tris (CAS 77-86-1)
24.22 g
1 mM NaN3(CAS 26628-22-8, RCRA P105) 0.13 g or 2.0 mL from 1 M stock
7 mg/mL Casein (CAS 9000-71-9) 14.0 g
Dissolve Tris and NaN3 in 2 liter volumetric. Bring up to volume. Remove
130 mL of buffer and throw away. Transfer remaining buffer into a large
mouth Erlenmeyer flask. Gradually add Casein-Hammerstein. Allow stirring for
1-2 hr after all the Casein is added. Using a 50 mL syringe fitted with a 14-gauge
needle, slowly drip in 130 mL of 1N acetic acid (CAS 64-19-7, RCRA D001,
D002). Once all the acetic acid is added, stir for 1-2 hr. Check the pH and
adjust, if necessary, to 7.5 with 1N acetic acid. Store at 4°C. Add 4 µl/mL MCE
(CAS 60-24-2) just before use. Make a fresh batch of working stock (media +
MCE) daily.
Sample Extraction ad Heating
1. Extract 5 g of longissimus dorsi tissue in 25 mL Pre-Rigor Extraction Buffer
(with inhibitors added). Add 250µL PMSF just before homogenation. Use a
50mL conical tube and a polytron 3 x 30 sec with a 30 sec. rest between each
homogenation. Place the tubes on ice.
2. Pour homogenate into 35 mL centrifuge tubes. Rinse the conical with 5 mL of
Pre-Rigor Extraction Buffer (with inhibitors added) and add that to the
corresponding centrifuge tube to bring the total volume to 30 mL of buffer and 5
g of sample.
3. Using the Beckman JA-17 rotor, centrifuge samples at 16,500 rpm at 4°C for 1 ½
hr.
4. Prepare dialysis tubing while centrifuging. Use SpectraPor® Membrane MWCO:
12,000-14,000 (Spectrum Medical Industries, Inc. Laguna Hills, CA), cut into 1070

12 inch lengths, soak in cold deionized water. Make sure entire membrane is
permeated with water before use.
5. Prepare dialysis buffer (1X Elution Buffer) in dialysis container. Use one part
sample to 40 parts buffer for dialysis.
6. After centrifugation, filter supernate through a cheesecloth/glass wool sandwich.
7. Dialyze against 1X elution buffer for approx. 18 hr at 4°C. Change buffer 2 times
in the 18-hr period.
8. After dialysis, transfer samples into centrifuge tubes and place into a 95°C water
bath. Once the supernate reaches 95°C, heat the sample an additional 10 min.
During the heating process, stir the coagulated protein with a glass stir rod every 5
min.
9. Place tubes in an ice bath and chill tubes for at least 15 min.
10. Centrifuge samples at 16,500 rpm for 30 min.
11. Pass supernate through glass wool into a beaker. Samples can either be loaded on
the columns or stored at 4°C in conicals until ready for columns.
Column Packing & Regeneration
Packing:
1. Use column size 14 cm high, 1.5 x 12 cm polypropylene econo-pack columns
(BioRad). The DEAE Sephacel resin is stored in 20% ethanol.
2. To remove the ethanol and prepare the resin, wash the appropriate volume with a
high Tris solution (1X + 20 g Tris => 2 liters). Wash the column with 200 mL of
high Tris and then with 1X-MCE. When the effluent reaches a pH of ~7.5, the
column is ready for use.
3. Pack the columns with DEAE-Sephacel resin. Attach a funnel to the top of the
column. Using a glass rod, stir the resin and slowly pour the slurry down a glass
rod held against the wall of the funnel. This will help minimize the introduction
of air bubbles. Allow the 1X to flow through the column and add more resin as
needed to achieve a 10 mL total bed volume. Once the 10 mL volume is met, fill
the remainder of the column with 1X to keep the resin from drying out. Cap and
plug the columns until ready for use.
Regeneration:
4. After the completion of the elution process, the column must be
regenerated for the next extraction. To regenerate the column, wash it
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with 1X + 1M NaCl until no A278 is detected in the outflow (about 2
column volumes).
5. Make sure the performance of the column is closely monitored. Since
phosphate buffer is not used, the chance of microbial growth is low,
assuming the quality of water is high. However, periodically wash the
column with 20% ethanol to prevent microbial growth.
6. If no samples are to be eluted for quite some time, the resin may be
removed from the columns. The resin may be regenerated in a beaker
and a Buchner funnel is used to remove the aqueous portion. Do not
add MCE to the elution buffer. It is important that the resin is never
allowed to dry out. Store the regenerated resin in 20% ethanol at 4°C.
Sample Elution
1. Load supernate on the column by pouring it on and allowing it to drip through the
resin.
2. Remove unbound proteins by washing the column with 100 mL 1X Elution
Buffer + 25 mM NaCl. While washing, label sample collection tubes 1 to 10 for
each sample and place into a rack.
3. Place a rack under each column in the 1 position. Elute bound proteins with 1X
Elution Buffer + 200 mM NaCl. Collect 10, 5 mL fractions, moving the rack
down one position after each 5 mL fraction.
Salt Solutions: NaCl mw = 58.44
1 mM = 0.05844 g/l
25 mM = 1.46 g/l
150 mM = 8.77 g/l
200 mM = 11.68 g/l
350 mM = 20.44 g/l
400 mM = 23.36 g/l
1M = 58.44 g/l
Assays
Localization of calpastatin activity:
If no activity is present, the tubes will be cloudy.
Assay all fractions in a single tube/fraction while blanks and + calpain are assayed in
triplicate. Net activity of m-Calpain (+CDP) should be 0.30 – 0.40
1. To each tube add, (in order):
0.5mL fraction (or 1X for blanks & +CDP tubes)
0.5 mL 1X
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Appropriate amount of m-calpain for activity of .30-.40 (except blank)
1.0 mL assay media
100 µl 100 mM CaCl2
2. Mix and incubate at 25°C for 30 minutes. Tubes that are clear represent activity.
Record the visual positive activity.
Pooling Fractions:
3. Pool active fractions. Record total volume of pooled fractions( add 0.5mL for the
amount used in screening)
4. Reassay (0.1 - 0.5 mL aliquots) Use 1X elution buffer to have sample equal 1 mL
total fraction volume. Do all assays in triplicate.
To each tube add, (in order):
0.1– 0.5 mL pooled fraction
0.9 – 0.5 mL 1X (also 1 mL for Blanks & +CDP)
Appropriate amount of m-calpain for activity of .30-.40 (except blank)
1.0 mL assay media
100 µl 100 mM CaCl2
5. Mix and incubate at 25°C for 1 hr.
6. Stop reaction with 2 mL of 5% TCA. Mix.
7. Centrifuge at 1500-2000 x g for 30 minutes at 4°C.
8. Read absorbance at 278 nm.
Calculations:
Total Calpastatin Activity
=(((avg A278 positives – avg A278 blanks) – (avg A278 sample – avg A278 blanks)) ÷
aliquot vol, mL) x (total vol of pooled fractions, mL ÷ grams muscle extracted)
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APPENDIX 3
WARNER-BRATZLER SHEAR FORCE
References:
AMSA. 1995. Research guidelines for cookery, sensory evaluation and instrumental
tenderness measurements of fresh meat. American Meat Science Association. Chicago,
IL.
Wheeler, T. L., S. D. Shackelford, and M. Koohmaraie. 2001. Shear Force Procedures for
Meat Tenderness Measurement. Roman Hruska U. S. Meat Animal Research Center.
USDA. 11/20/2001.
Open-Hearth Electric Broiler Cookery
1. Steaks should be cut to approximately 1 inch in diameter.
2. Samples were vacuum packaged and aged for 14 d then frozen at -20°C until
shear force could be conducted.
3. Frozen samples were thawed at 4°C for 24 hr.
4. Copper constantan thermocouples were inserted into the geometric center of each
steak.
5. Steaks were cooked to an internal temperature of 35°C and then flipped once and
removed from the grill at 71°C.
6. Steaks were then individually wrapped in plastic wrap in held at 4°C overnight.
Shear Force Measurements
1. Six 1.27-cm in diameter round cores were removed with a drill press per steak.
Cores with obvious connective tissues or defects were not used.
2. Shear force measurements were taken with United STM ‘SMART-1’ TEST
SYSTEM SSTM-500 (United Calibration Corp., Huntington Beach, CA.) with a
Warner-Bratzler shear force head attachment set at a crosshead speed of
200mm/min.
3. The average of the six samples were taken and reported as WBSF.
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APPENDIX 4
OPTICAL FIBER BIOSENSOR
Fiber Preparation
Etching:
1. Using a sharp blade, the tip of each optical fiber to be used was cut several
millimeters from the end of the cladding.
2. To ensure a smooth interface for etching, the tips were then lightly sanded.
3. They were then immersed into a 48% solution of hydrofluoric acid to etch the
silica tip of the fiber to a relatively sharp point.
4. The tips were then rinsed by immersion in distilled water, and again using a sharp
blade, the cladding of each tip is cut back approximately ¼ of an inch, exposing
the etched silica surface.
Cleaning:
5. The fibers were cleaned by a 20 minute immersion in a 50:50 mix of 100%
hydrochloric acid and 100% methanol (2 mL HCl into 2 mL methanol in a 15 mL
polypropylene tube). This was then followed by rinsing in distilled water.
6. Next, there were immersed for 20 minutes in 100% sulfuric acid (4 mL sulfuric
acid in a 15 mL polypropylene tube) followed by rinsing in distilled water.
7. Directly preceding the immobilization procedure, the tips were boiled in distilled
water for 15-20 minutes.
Immobilization Procedure:
8. A 2% (v/v) solution of MTS in toluene was prepared by adding 100 μl MTS to 5
mL toluene in a 15 mL polypropylene tube. The fibers were immersed into the
MTS solution for 1 hr in a nitrogen bag.
9. The fibers were then removed from the nitrogen bag and rinsed in toluene, and
then air dried in the fume hood.
10. A 2 mM GMBS solution in absolute ethanol was then prepared by first dissolving
the GMBS (~2-3 mg) into dimethyl formamide (DMF) in a 15 mL polypropylene
tube. Ethanol is then added (~4-5 mL) in order to create a 2 mM solution, which
the fibers were immersed into for 1 hr.
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11. Next, the fibers were rinsed in PBS.
12. A 0.05 g/l solution of protein A was prepared for each optical fiber tip (5 μl
protein A (1 g/l) into 95 μl PBS in a 0.4 mL polyethylene microcentrifuge tube).
Without drying, each fiber tip is immersed into a microcentrifuge tube containing
the protein A solution, and incubated overnight (or until use) at 4°C.
Reagent Preparation
Antibody Labeling:
1. The calpastatin IgG antibodies used were M-anti Calpastatin D6 clone and D10
clone, and they were labeled with AlexaFluor 594 and 546, respectively.
2. A solution containing 25 μl IgG antibody, 10 μl 1 M sodium bicarbonate (84.01
mg was added to 1 mL distilled water for a 1 M solution), and 65 μl PBS was
mixed, and then added to the vial of dye provided by the kit.
3. Using the provided protocol, the conjugated AF546-D10 and AF594-D6 solutions
are purified and the degree of labeling and concentration are calculated.
Dual-Binding Sandwich Assay
Solution Preparation:
1. The following solutions were prepared in 100 μl amounts in 0.4 mL polyethylene
microcentrifuge tubes for each optical fiber tip to be examined:
0.10 g/l AF546 – M-anti calpastatin D10 in PBS
0.5 g/l nonfat milk blocking agent in PBS
0.10 g/l AF594 – M-anti calpastatin D6 in PBS
2. The calpastatin samples to be analyzed were transferred into microcentrifuge
tubes for each fiber tip.
Sandwich Binding and Spectrofluorometer Scans:
1. The protein A solution was removed from the fiber optic tips and they were rinsed
in a large volume of PBS (~300 mL) with stirring for at least 5 minutes.
2. Each fiber was scanned to obtain a background absorption spectrum in the
spectrofluorometer by connecting the SMA connector to the fiber optic stage in
the spectrofluorometer and immersing the fiber tip into PBS in a 4 mL cuvette in
a completely dark environment. The scans were taken over 560 nm to 650 nm
wavelength emission of the fibers when excited at 546 nm, with the slits opened
to 6 nm and 6 nm for excitation and emission.
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3. Each fiber tip was then exposed to AF546 – M-anti calpastatin D10 for 15
minutes, followed by a 5 minute rinse in PBS with stirring. The
spectrofluorometer scans were repeated with the same parameters as described
above to obtain donor-only emission spectra.
4. The fibers were then exposed to the nonfat milk blocking agent for 15 minutes,
followed by the calpastatin solutions for 15 minutes and finally to the AF594 –
M-anti calpastatin D6 for 15 minutes.
5. After immersion in each solution, the fiber tips were rinsed in PBS with stirring
for 5 minutes.
6. When the dual-binding sandwich is complete, the fibers were scanned again to
obtain the final 546/594 interaction spectra for each fiber.
Interpreting Results
Data Analysis:
1. The spectra files from the spectrofluorometer scans were exported and converted
to text files, and were pasted into a spreadsheet program.
2. Each value from a fiber’s background scan was subtracted from the donor-only
and final scans at the corresponding wavelength. This removed the background
absoprtion from the scans, leaving the emission spectra of the donor and acceptor
peaks.
3. Because baseline shifts occur between scans, the difference between the baseline
value (560 nm) from the donor-only scan and the final scan was added to each
value of the donor-only curve.
4. To quantify the amount of binding that has taken place, a ratio of donor peak /
isosbestic point (D/I) was found. The donor peak was calculated by averaging the
intensity values from 570 - 575 nm, and the isosbestic point was calculated by
averaging the intensity values near the point where the curves meet, from 590 595 nm. The average donor peak intensity value was divided by the average
isosbestic point intensity value to give our D/I value.
5. Once the D/I values were found, the percent change that occurs in the D/I values
between the donor-only curves and the final curves were computed. The percent
change in D/I that occurs for each fiber depicted the decrease in the donor peak
after addition of calpastatin and acceptor. This decrease was a result of the
energy transfer from the donor to the acceptor, due to the antibodies being dually
bound to calpastatin on the tip of the optical fiber. In this way, the percent change
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in D/I was a quantitative value illustrating the amount of acceptor present relative
to the amount of donor; therefore, the relative calpastatin concentration.
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APPENDIX 5
CAPILLARY TUBE BIOSENSOR
Capillary Preparation
Cleaning:
1. The capillaries were cut in half from the stock ordered capillaries.
2. The capillaries were cleaned by a 30 minute immersion in a boiling water bath.

Immobilization Procedure:
3. A 2% (v/v) solution of MTS in toluene was prepared by adding 400 μl MTS to
19.6 mL toluene in a 50 mL polypropylene tube. The capillaries were immersed
into the MTS solution for 2 hr in a nitrogen bag.
4. The capillaries were then removed from the nitrogen bag and rinsed in toluene.
5. A 2 mM GMBS solution in absolute ethanol was then prepared by first dissolving
the GMBS (11.2 mg) into 100 µl dimethyl formamide (DMF) in a 50 mL
polypropylene tube. Ethanol is then added (20 mL) in order to create a 2 mM
solution, which the capillaries were immersed into for 1 hr.
6. Next, the fibers were rinsed in PBS.
7. A 0.05 g/l solution of protein A was prepared for each capillary. Each capillary
was filled with the protein A solution, and incubated overnight (or until use) at
4°C.
Reagent Preparation
Antibody Labeling:
1. The calpastatin IgG antibodies used were M-anti Calpastatin D6 clone and D10
clone, and they were labeled with AlexaFluor 594 and 546, respectively.
2. A solution containing 25 μl IgG antibody, 10 μl 1 M sodium bicarbonate (84.01
mg was added to 1 mL distilled water for a 1 M solution), and 65 μl PBS was
mixed, and then added to the vial of dye provided by the kit.
3. Using the provided protocol, the conjugated AF546-D10 and AF594-D6 solutions
are purified and the degree of labeling and concentration are calculated.
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Dual-Binding Sandwich Assay
Solution Preparation:
1. The following solutions were prepared in 100 μl amounts in 0.4 mL polyethylene
microcentrifuge tubes for each optical fiber tip to be examined:
0.10 g/l AF546 – M-anti calpastatin D10 in PBS
0.5 g/l nonfat milk blocking agent in PBS
0.10 g/l AF594 – M-anti calpastatin D6 in PBS
2. The calpastatin samples to be analyzed were transferred into microcentrifuge
tubes for each capillary.
Sandwich Binding and Spectrofluorometer Scans:
3. The protein A solution was removed from the capillaries and they were rinsed
with PBS.
4. Each capillary was scanned to obtain a background absorption spectrum in the
Ocean Optics Suite.
5. Each capillary was then exposed to AF546 – M-anti calpastatin D10 for 15
minutes, followed by a 5 minute rinse in PBS with stirring. The scans were
repeated to obtain donor-only emission spectra.
6. The capillaries were then exposed to the nonfat milk blocking agent for 15
minutes, followed by the calpastatin solutions for 15 minutes and finally to the
AF594 – M-anti calpastatin D6 for 15 minutes.
7. After immersion in each solution, the capillaries were rinsed in PBS.
8. When the dual-binding sandwich is complete, the capillaries were scanned again
to obtain the final 546/594 interaction spectra for each capillary.
Interpreting Results
Data Analysis:
1. The spectra files from the scans were exported and converted to text files, and
were pasted into a spreadsheet program.
2. Each value from a fiber’s background scan was subtracted from the donor-only
and final scans at the corresponding wavelength. This removed the background
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absoprtion from the scans, leaving the emission spectra of the donor and acceptor
peaks.
3. To quantify the amount of binding that has taken place, a ratio of donor peak /
isosbestic point (D/I) was found. The donor peak was calculated by averaging the
intensity values from 570 - 575 nm, and the isosbestic point was calculated by
averaging the intensity values near the point where the curves meet, from 590 595 nm. The average donor peak intensity value was divided by the average
isosbestic point intensity value to give our D/I value.
4. Once the D/I values were found, the percent change that occurs in the D/I values
between the donor-only curves and the final curves were computed. The percent
change in D/I that occurs for each fiber depicted the decrease in the donor peak
after addition of calpastatin and acceptor. This decrease was a result of the
energy transfer from the donor to the acceptor, due to the antibodies being dually
bound to calpastatin on the tip of the optical fiber. In this way, the percent change
in D/I was a quantitative value illustrating the amount of acceptor present relative
to the amount of donor; therefore, the relative calpastatin concentration.
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APPENDIX 6
SAS EDITOR OPTICAL FIBERS
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options ls=80 nodate nonumber;
data one;
input id c0 c24 c36 c48 wbs p0 p24 p36 p48 po0 po24 po36 po48;
datalines;
1
1.080 .
1.198 1.549 5.518 42.25 46.24 33.47
2
1.439 0.814 0.898 1.830 2.854 40.29 40.14 45.99
3
0.517 0.287 1.558 1.374 3.102 30.53 33.35 30.45
4
2.403 0.155 1.011 1.938 4.586 38.24 25.21 36.50
5
1.083 1.494 1.657 2.5376 3.639 40.77 25.29 40.34
6
1.864 1.9352 1.617 1.167 3.488 25.08 17.32 16.19
7
1.398 0.402 0.591 1.031 2.506 37.52 20.94 24.92
8
0.137 0.159 0.212 0.377 4.129 27.41 22.83 17.80
9
1.830 1.795 0.688 1.436 3.953 32.01 29.74 28.50
10
1.770 0.783 1.619 1.413 3.723 18.68 20.53 31.05
11
2.100 1.554 1.381 1.390 2.312 37.05 24.50 28.63
12
0.672 1.085 0.611 0.769 4.354 46.79 28.07 34.61
13
0.585 0.526 0.647 0.447 2.149 26.93 32.04 12.78
14
0.763 0.156 0.039 0.347 2.658 39.73 29.20 26.40
15
0.937 0.943 0.871 0.478 2.803 28.11 45.83 35.38
16
0.787 0.082 0.716 0.476 3.867 46.24 43.91 12.00
17
0.400 0.511 0.650 0.811 3.759 35.00 28.38 26.24
18
1.688 0.562 0.487 0.495 3.434 29.99 39.88 25.04
19
0.702 0.569 1.432 0.828 2.366 22.09 32.31 30.72
20
1.047 0.700 .
0.035 2.915 35.40 41.17 .
21
0.585 0.460 0.471 .
2.843 24.35 24.78 15.88
proc print;
proc corr;

22.97
36.10
26.03
38.43
37.90
26.51
23.75
33.63
26.76
26.89
42.68
21.61
28.06
14.78
15.05
5.85
22.36
33.08
.
20.12
14.85

20.37
23.08
26.13
33.39
35.29
33.10
32.57
25.65
21.90
24.15
19.27
14.08
28.24
21.51
19.38
33.11
34.25
22.23
30.49
24.01
21.83

.
28.99
20.34
46.12
21.48
9.348
22.87
.
19.91
25.89
25.05
34.64
27.38
13.81
24.96
34.35
31.86
9.73
34.32
44.57
21.72

29.01
31.50
26.04
43.70
30.33
12.30
.
18.95
31.30
18.95
29.42
24.29
42.90
17.70
17.07
25.57
26.99
42.00
28.97
.
.

35.507
45.756
30.005
35.780
33.910
32.530
19.480
31.140
41.395
49.730
22.890
24.72
38.21
29.11
31.84
21.99
.
8.44
18.05
19.33
.

83

var c0 c24 c36 c48 wbs p0 p24 p36 p48 po0 po24 po36 po48;
data two; set one;
c=c0; p=p0; po=po0; tm=0; output;
c=c24; p=p24; po=po24; tm=24; output;
c=c36; p=p36; po=po36; tm=36; output;
c=c48; p=p48; po=po48; tm=48; output;
drop c0 c24 c36 c48 wbs p0 p24 p36 p48 po0 po24 po36 po48 pr0 pr24 pr36 pr48 pt0 pt24 pt36 pt48;
proc print;
proc corr;
var c p po;
proc sort; by tm;
proc corr; by tm;
var c p po;
proc glm; classes id tm;
model c p po=id tm;
means tm/lsd lines;
lsmeans tm/s p;
Proc reg; by tm;
model c=p/p r cli clm;
Proc reg; by tm;
model c=po/p r cli clm;
run;
Proc reg;
model c=p/p r cli clm;
Proc reg;
model c=po/p r cli clm;
run;

APPENDIX 7
SAS EDITOR CAPILLARY TUBES
options ls=80 nodate nonumber;
data one;
input Sample WBS Protein assay0hr assay48hr capillary0hr capillary48hr;
cards;
1
2.39 22.09 2.24 0.97 95.68 63.35
2
2.83 22.6 2.58 1.15 92.94 60.64
3
4.43 22.56 2.48 0.51 93.72 61.38
4
3.55 22.25 1.96 1.08 93.51 54.95
5
3.33 21.57 2.65 0.87 94.13 73.84
6
2.7
22.11 2.19 0.70 92.54 76.22
7
2.6
21.78 1.51 0.63 94.16 60.59
8
3.26 21.71 1.71 0.80 89.09 56.06
9
3.03 21.01 1.51 0.53 86.72 66.66
10
3.78 21.23 2.73 1.01 85.46 38.94
11
5.1
21.58 2.59 0.79 87.46 62.78
proc print;
proc corr data=one;
var WBS
Protein assay0hr assay48hr capillary0hr capillary48hr;
data two; set one;
a=assay0hr; ct=capillary0hr; tm=0; output;
a=assay48hr; ct=capillary48hr; tm=48; output;
drop WBS Protein assay0hr assay48hr capillary0hr capillary48hr;
proc print;
proc corr;
var a ct;
proc sort; by tm;
proc corr; by tm;
var a ct;
proc glm; classes Sample tm;
model a ct=Sample tm;
means tm/lsd lines;
lsmeans tm/s p;
proc reg; by tm;
model a=ct/p r cli clm;
proc reg;
model a=ct/p r cli clm;
run;
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APPENDIX 8
Traditional calpastatin assay and capillary tube biosensor assay readings.
Calpastatin

Calpastatin

Biosensorb

Biosensorb

Assaya

Assaya

0 hr

48 hr

0 hr

48 hr

1

2.24±0.46

0.97±0.22

95.68±3.53

63.35±9.92

2

2.58±0.46

1.15±0.22

92.94±3.53

60.64±9.92

3

2.48±0.46

0.51±0.22

93.72±3.53

61.38±9.92

4

1.96±0.46

1.08±0.22

93.51±3.53

54.95±9.92

5

2.65±0.46

0.87±0.22

94.13±3.53

73.84±9.92

6

2.19±0.46

0.70±0.22

92.54±3.53

76.33±9.92

7

1.51±0.46

0.63±0.22

94.16±3.53

60.59±9.92

8

1.71±0.46

0.80±0.22

89.09±3.53

56.06±9.92

9

1.51±0.46

0.53±0.22

86.72±3.53

66.66±9.92

10

2.73±0.46

1.01±0.22

85.46±3.53

38.94±9.92

11

2.59±0.46

0.79±0.22

87.46±3.53

62.78±9.92

Sample

a

Expressed as activity = the amount of calpastatin that inhibits one unit of µ-calpain
(Koohmaraie, 1990)
b

Expressed as percent change in Donor/Acceptor is a quantitative measure of the amount
of acceptor bound to the system relative to the amount of donor
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