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Abstract: Curing of cooked nitrite-free bologna sausage utilizing nitrite-embedded film (NEF) was investigated. The
objectives were to determine the effects of NEF following thermal processing of nitrite-free bologna with and without
an added reductant for characteristics important to cured meat, including instrumental color (surface and internal color
during lighted and dark storage), surface and sub-surface cured pigment concentration and sub-surface color changes,
residual nitrite, and lipid oxidation. Six bologna treatments were produced, with combinations of formulation and package
type as follows: a conventionally cured (with sodium nitrite) control formulation packaged in (1) conventional (“CON-CF”)
and (2) nitrite-embedded (“CON-NEF”) film; a nitrite-free formulation packaged in (3) conventional (“UC-CF”) and (4)
nitrite-embedded (“UC-NEF”) film; and a second nitrite-free formulation with an added reductant—cherry powder, a natu-
ral source of ascorbic acid—packaged in (5) conventional (“UCC-CF”) and (6) nitrite-embedded (“UCC-NEF”) film. In-
package surface and internal instrumental a* values, residual nitrite, cured pigment concentration, and cured pigment color
development from the product surface to the interior were significantly greater (P< 0.05) for UC-NEF and UCC-NEF
compared to their conventional film counterparts, UC-CF or UCC-CF, respectively. Lipid oxidation (2-thiobarbituric
acid-reactive substances [TBARS] values) was significantly greater (P< 0.05) for UC and UCC formulations but was
not different (P> 0.05) over storage time. Purge (%) was significantly lower (P< 0.05) for CF-packaged formulations
and increased (P< 0.05) over storage time. The added reductant in the UCC formulation increased the rate of change
and degree of difference for color attributes, residual nitrite, pigment concentration, and development of cured color
between respective packaging films (NEF or CF). However, the same differences were observed for the nitrite-free for-
mulation (UC) without any added reductant; consequently, the reductant was not required to generate cured meat attributes
when packaged in NEF.
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Introduction

Meat preservation is a well-understood process,
which in ancient times took place by salting and dry-
ing meat to provide a more consistent and dependable

protein source. Curing meat to form processed meat
products resulted from the observation that certain
salts, typically from coastal regions, exhibited better
preservation properties. In the early 20th century, these
salts were determined to contain saltpeter, also known
as potassium nitrate (Pearson and Gillett, 1996;
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Honikel, 2008). Much of the cured meat research in the
early 20th century focused on understanding the impact
of nitrate, nitrite, and the essential derivative nitric oxide
on cured meat properties (Hoagland, 1908, as cited in
Binkerd and Kolari, 1975).

Meat color is determined by the state and abun-
dance of the heme-containing protein myoglobin.
The oxidation state of the heme iron is the major factor
determining the observed color. The oxidation state of
iron can be either ferrous (Fe2þ) or ferric (Fe3þ), with
the most prevalent forms of myoglobin being oxymyo-
globin (Fe2þ), deoxymyoglobin (Fe2þ), and metmyo-
globin (Fe3þ). The bright red color of ferrous iron
bound with oxygen (oxymyoglobin) is considered
the most desirable fresh meat color by consumers
and is, thus, the desired form for retail meat products
(Suman et al., 2014).

To produce cured meat products, sodium nitrite (or
related nitrite-rich ingredient) is typically added to
meat and forms nitric oxide myoglobin, which upon
heat-based denaturation forms nitrosylhemochrome
pigment. However, the number of uncured and alterna-
tively cured meat products, produced with alternative,
natural sources of nitrite, continues to increase in retail
markets, due to negative consumer perceptions of meat
cured with conventional chemical sources of nitrate
(NO3) and nitrite (NO2). Due to their lower nitrite con-
centrations, many of the alternative products may not
achieve the expected levels of cured meat color, micro-
bial control, and antioxidant properties typical of tradi-
tionally cured meat products. Nitrite-embedded film
(NEF) packaging offers the potential to improve cured
meat characteristics of uncured and alternatively cured
meat products.

In vacuum-packaged fresh meat, the addition of
nitrite to the packaging film (NEF) has been shown
to improve the display color of longissimus lumborum,
psoas major, and semitendinosus in beef (Claus and
Du, 2013), dark cutting beef (Ramanathan et al.,
2018; Denzer, 2020), fresh pork sausage (Yang et al.,
2016), longissimus lumborum and ground rhomboi-
deus in bison (Roberts et al., 2017), and bison steaks
(Narváez-Bravo et al., 2017). The resulting color of
fresh meat packaged in NEF is a bright red color, no
different than uncooked, vacuum-packaged corned
beef, which exhibits nitric oxide myoglobin, a bright
red pigment while held under vacuum. NEF contains
a low amount of nitrite (113 mg NO2/m2) for the meat
contact surface, with residual nitrite concentration on
the surface of NEF-packaged beef steaks reported to
be less than 2 ppm (Claus and Du, 2013), which is less
than the amount of nitrite necessary to result in cured

color after fresh meat is cooked. NEF has Generally
Recognized as Safe status in the U.S. (GRAS Notice
228, FDA, 2007) and is permitted for the packaging
of fresh beef and pork products (FDA, 2007, 2010).
Moreover, the sodium nitrite embedded in NEF is
considered a processing aid because the nitrite does
not become a significant component of the product
(USDA, 2018). In processed meat products, despite
the low amount of nitrite imparted by NEF to the
packaged product, NEF has been demonstrated to
effectively improve the surface and internal and cured
color of both alternatively cured (Cropp, 2018; Cropp
et al., 2020) and nitrite-free cooked bologna during
simulated retail display (Cropp et al., 2023).

Therefore, the objective of the present study was to
determine the ability of NEF to produce cured meat
properties after cooking, following the associated
heat-based protein denaturation. We hypothesized that
adding nitrite via NEF to cooked meat post-thermal
processing will result in the development of cured meat
characteristics without the typical “curing time” needed
for nitrite in contact with uncooked meat prior to ther-
mal processing. Cooked nitrite-free bologna with and
without an added reductant was evaluated for instru-
mental color (surface and internal), lipid oxidation,
purge and residual nitrite, as well as pigment type, pig-
ment concentration, and progressive development of
cured pigment color resulting from the migration of
nitrite from the surface to the interior of the cooked
product.

Materials and Methods

Formulations and raw materials

Three formulations of large-diameter beef bolo-
gna, shown in Table 1, were manufactured in the
Iowa State University (ISU) Meat Laboratory (Ames,
IA, USA). The control formulation (CON) was a con-
ventionally cured control containing sodium nitrite and
the reducing agent sodium erythorbate. The other two
formulations (UC and UCC) were both truly uncured
(i.e., free of any form of nitrite), with the difference
being that UCC contained ascorbic acid, a natural
reducing agent, from cherry powder (VegStable 515,
Florida Food Products, Inc., Eustis, FL, USA).

Frozen 80% lean beef trimmings were obtained
from the Iowa State University Meats Laboratory,
and frozen 50% lean beef trimmings (from boneless
beef navels) were obtained from a commercial beef
processor. The meat materials were stored at −20°C
until needed. Spices, salt (Cargill flake salt), and
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Modern Cure were provided by A.C. Legg, Inc.
(Calera, AL, USA). Ingredients used for both replica-
tions of the study were from the same production lot.

Product preparation

Prior to use, beef raw materials were thawed at
4.4°C for 2 d, placed in refrigerated storage at 1°C for
24 to 48 h, and ground through a 12.7-mm plate (Biro
Manufacturing Company, Marblehead, OH, USA). To
ensure uniform distribution of the lean and fatty mate-
rials, portions of each were mixed separately for 2 min
using a dual-shaft mixer (Leland Southwest, Fort
Worth, TX, US). Each batch consisted of 7.48 kg
of 50% lean trimmings and 15.20 kg of 80% lean
trimmings, for a total of 22.68 kg of meat. The lean
trimmings were added to a vacuum bowl chopper
(Kramer & Grebe GmbH and Co., KG, Biendenkopf-
Wallau, Germany), followed by salt, curing ingredient
(if applicable; Table 1), half of the water/ice mixture,
and remaining dry ingredients (Table 1). The mixtures
were chopped to a batter temperature of 4.4°C, the fat
trimmings and remaining water/ice were added, and
chopping continued until the batter reached a temper-
ature of 15°C. The meat batters were then moved to a
vacuum stuffer (Handtmann VF 608 Plus, Lake Forest,
IL, USA) and stuffed into 17.8 cm × 121.9 cm pre-
stuck fibrous casings (L7S Fibrous P Clear, Kalle
GmbH, Wiesbaden, Germany). Stuffed bologna logs

were weighed individually, placed horizontally on
smoke racks in a random arrangement, and thermally
processed in a single-truck oven (Alkar Inc., Lodi,
WI, USA) to an internal product temperature of
71°C, following a large-diameter bologna thermal
processing schedule with stepwise temperature
increases (approximately 6 h).

After cooking, the bologna logs were chilled over-
night (approximately 17 h) at 1 ± 2°C, and weighed
for cook and chill yield calculations (yield %=
[chilled weight/raw weight] x 100). After removal of
casings, the product was sliced (Puma Treif, Treif
Maschinenbau GmbH, Oberlahr, Germany) into slices
3 mm in thickness and packaged in conventional,
high-barrier film (CF) or in NEF (Bemis Company,
Inc., Oshkosh, WI, USA) for a total of 3 conventional
film-packaged treatments (CON-CF, UC-CF, and
UCC-CF) and 3 NEF-packaged treatments (CON-
NEF, UC-NEF, UCC-NEF). Each combination of
formulation (CON, UC, or UCC) and package type
(CF or NEF) is referred to as a treatment. Both films
were made of the same materials and had the same
thickness and barrier properties (177.8 μm thickness;
oxygen transmission rate < 5.0 cm3/m2/24 h at 23°C/
0% relative humidity; water vapor transmission rate
< 8.3 cm3/m2/24 h at 38°C/100% relative humidity),
except that NEF was embedded with 113 mg/m2 of
sodium nitrite (information provided by supplier).
NEF was the film approved in the USA for use with
fresh beef and pork (FDA, 2010). Both films were pro-
vided in roll stock form by Bemis Company Inc.
(Oshkosh, WI, USA) and were manufactured into
15.25-cm × 20.32-cm pouches before use. Four
stacked slices of bologna were placed inside each
pouch, except for samples to be used for evaluation
of progressive cured color development, which were
packaged as described below. Pouches were sealed
under vacuum (Ultravac UV 2100 packaging machine,
UltraSource LLC, Kansas City, MO, USA) and stored
at 3 ± 2°C for the duration of the study (126 d), with
product packaging day designated as day 0. Samples
from all treatments were stored either in the dark, by
placing them inside cardboard boxes, or under lights,
by placing them in single layers on shelves equipped
with fluorescent lights (32W, 120V, 4100K, 2,950 lm;
Philips F32T8/TL941/ALTO, Koninkljke Philips N.V.,
Amsterdam, Netherlands) suspended 254 mm above
the package surfaces. Illuminance at the package surface
was 2,850 ± 500 lx, measured with a URCERI Light
Meter MT-912 (URCERI, Shenzhen Huanhui E-com-
merce Co., Ltd, Shenzhen, China). Various locations
throughout the storage area were selected for illuminance

Table 1. Bologna formulations (as percent of total
meat weight)

Ingredient CON1 UC2 UCC3

Beef 80% trim 67.00 67.00 67.00

Beef 50% trim 33.00 33.00 33.00

Water/ice 20.00 20.00 20.00

Salt 1.774 2.00 2.00

Dextrose 1.00 1.00 1.00

Mustard 1.00 1.00 1.00

Sodium phosphates5 0.50 0.50 0.50

Spices and herbs6 0.81 0.81 0.81

Modern Cure (6.25% NaNO2) 0.25 - -

Sodium erythorbate 0.054 - -

Cherry powder7 - - 0.50

1CON: conventionally cured control.
2UC: uncured, nitrite-free.
3UCC: uncured, nitrite-free with cherry powder.
4Salt concentration was adjusted to account for salt contribution from

Modern Cure.
5Blend of sodium tripolyphosphate and sodium hexametaphosphate.
6Blend of coriander (45%), black pepper (37%), red pepper (9%), and

garlic powder (9%).
7VegStable 515 (Florida Food Products, Inc., Eustis, FL, USA).
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measurements. Sample locations were rotated randomly
every 4 wk to provide uniform light exposure. Samples
for evaluation of progressive cured color development
were stored in the dark only. In-package instrumental
surface color measurements (lighted and dark storage)
were conducted on refrigerated samples on each sam-
pling day. Packaged samples to be used for internal color,
2-thiobarbituric acid-reactive substances (TBARS),
residual nitrite, and pigment concentrationmeasurements
were frozen at−80°C on each respective sampling day of
storage and thawed for 24 h at 2°C in darkness prior to
analysis.

Packaging of samples for progressive cured
color development

Due to analytical sampling constraints, bologna sli-
ces for cured color development were vacuum-packaged
in bulk on day 0 and frozen at −40°C. After approxi-
mately 4 mo, the bologna slices were thawed and
separated into stacks of 12 slices each. A circular piece
of packaging film (CF or NEF), with a diameter equal to
that of the bologna slices, was placed on the top slice,
and the stacks were vacuum-packaged in CF only.

Analytical procedures: Proximate
composition, pH, and salt concentration

Samples of the finished raw batters after chopping,
and of cooked sliced bologna were randomly collected,
frozen at −80°C, and used for proximate analysis at a
later date. Raw meat batters and cooked products from
each production batch were finely chopped using a food
processor (KitchenAid, St. Joseph, MI, USA) for tripli-
cate measurement of proximate composition (fat, mois-
ture, and protein) as well as pH and salt concentration.
For pH measurement, 10 g of sample were mixed with
90 mL of distilled water, mixed thoroughly, filtered
through Whatman Grade 1 filter paper (GE Health
Care Life Sciences, Pittsburgh, PA), and pHof the filtrate
measured with a Mettler Toledo SevenMulti pH
meter with a InLab solids pH probe (Mettler Toledo,
Columbus, OH). Sodium chloride content was measured
using the Quantab method (AOAC International, 2019).
Fat andmoisture content were measured according to the
AOAC method 2008.06, where fat was measured by the
CEM ORACLE System (CEM Corporation, Matthews,
NC, USA), andmoisture by the CEMSMART 6 System
(CEM Corporation, Matthews, NC, USA). Protein con-
tent was measured according to the AOAC method
2011.04, with a CEM Sprint Rapid Protein Analyzer
(CEM Corporation, Matthews, NC, USA).

Analytical procedures: Color

Color measurements were conducted following
the AMSA Guidelines for Meat Color Measurement
(King et al., 2023), with a HunterLab MiniScan EZ
4500L colorimeter (Hunter Associates Laboratory
Inc., Reston, VA, USA) using illuminant D65 (daylight
at 6,500 K) at an observer angle of 10°, with an aperture
of 2.54 cm. The Commission Internationale de
l’Eclairage (CIE) L*a*b* color space and resulting color
values were used to calculate chroma [C* = a*2þ b*2]
and hue angle [HA= arctangent (b*/a*)(180/π)]. Color
measurements were recorded on days 0, 7, 14, 21, 28,
42, 56, 70, 84, 98, 112, and 126 of storage.

In-package surface color (with the packaging film
intact) of samples in lighted and dark storage was mea-
sured on 22 randomly selected packages of each treat-
ment (3 scans per package, taken in random locations).
The same designated packages were repeatedly mea-
sured at each sampling day for the duration of the display
period, for a total of 264 measured packages (22 pack-
ages× 6 treatments× 2 replications) on each sampling
day. For this measurement, the colorimeter was cali-
brated with the black and white calibration tiles covered
by a segment of the packaging film (CF or NEF) used to
package the samples. Product measurements were then
conducted by placing the nose cone of colorimeter
directly onto the light-exposed surface of each package.

Internal color was measured after opening the pack-
age, removing the packaging film and the top 2 slices,
then measuring the color of the slice surface at the inter-
face of slices 2 and 3 of the 4-slice stack. Measurements
were conducted on one randomly selected light-stored
package per treatment (6), per sample day (12), per rep-
lication (2) for a total of 144 packages measured during
the display period. A standard instrument calibration (no
packaging film covering the calibration tiles) was per-
formed, and 3 scans were taken in random locations
of slice 3 of the 4-slice stack. For both in-package and
internal color, 3 measurements were taken on each sam-
ple and were averaged.

Data for progressive color development were col-
lected on days 0, 14, 28, 42, and 56, using the packaged
stack of 12 slices. After opening the package, the 12 sli-
ces within each package were separated into 3 sections:
top (slices 1–4), middle (slices 5–8), and bottom (slices
9–12), and 3measurements were collected on each of the
12 slices.

Analytical procedures: Residual nitrite

Residual nitrite was measured on days 0, 7, 14, 21,
28, 42, 56, 70, 84, 98, 112, and 126 of storage, and done
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in accordance with AOAC Method 973.31 (AOAC
International, 2019). Briefly, previously described
samples were finely chopped using a food processor
(KitchenAid, St. Joseph, MI, USA), and 5.0 ± 0.01 g
was weighed into a beaker. Each 5.0-g sample was then
added to a 500-mL volumetric flask with approxi-
mately 300 mL hot (approximately 50°C–80°C) dis-
tilled water and placed into a 100°C water bath for
2 h, swirling them every 30 min. The flasks were then
cooled to room temperature (approximately 23°C) and
filled to volume with distilled water. Approximately
30 mL was filtered through Whatman #42 filter paper
(GE Health Care Life Sciences, Pittsburgh, PA, USA)
into a 50-mL volumetric flask, reagents added as
described in the procedure, flasks filled to volume,
and absorbance read at 540 nmwith a spectrophotometer
(Genesys 150, Thermo Fisher Scientific, Madison, WI,
USA). When generating the standard curve, in addition
to the dilutions of the 1 ppm nitrite working solution
described by the AOAC International method, which
correspond to nitrite concentrations on the standard
curve of 0.2, 0.4, 0.6, and 0.8 ppm, respectively), greater
dilutions of the working solution (0.01, 0.02, 0.05, and
0.10 ppm of nitrite, respectively) were also included to
extend the linear standard curve to lower concentrations,
in order to improve the consistency of measurements of
product nitrite concentrations that were below 20 ppm.

Analytical procedures: Cured and total meat
pigments

Cured pigment and total meat pigment concentra-
tions were measured in duplicate by extracting cured
pigments in 80% acetone and total pigments in acidi-
fied acetone, as described by Hornsey (1956), with
the modifications described by Sindelar et al. (2007).
Pigment concentration was measured for storage days
0, 7, 14, 21, 28, 42, 56, 70, 84, 98, 112, and 126.
Sample preparation for cured and total pigments was
conducted in reduced lighting conditions at 22°C.

Cured pigment extractions utilized 40 mL acetone
and 3 mLwater added to 10 g of each sample, followed
by homogenization using a Polytron mixer (PT 10/35,
Kinematica GmbH, AG, Switzerland) for 1 min at
speed 7 (approximately 12,500 rpm). The samples
were immediately filtered through Whatman #42 filter
paper (Whatman, GE Health Care Life Sciences,
Pittsburgh, PA, USA), and absorbance was measured
at 540 nm with a Genesys 150 spectrophotometer
(Thermo Fisher Scientific, Madison, WI, USA).
Nitrosylhemochrome pigment was calculated as
A540 × 290 and reported in ppm. Cured pigment

extracts were also scanned from 470 to 570 nm for
confirmation of the respective cured meat pigments.

For total pigment extractions, 40mL acetone, 2 mL
water, and 1mL 12.1 NHCl were added to 10 g of sam-
ple, followed by homogenization as described above.
The samples were allowed to stand approximately
45 min in a dark cabinet, then filtered through
Whatman #42 filter paper and absorbance measured
at 640 nm. Total pigment was calculated as A640 ×
680 and reported in ppm.

Analytical procedures: Lipid oxidation

Lipid oxidation of the packaged slices was
measured on days 0, 7, 14, 21, 28, 42, 56, 70, 84,
98, 112, and 126 of storage by the 2-thiobarbituric
acid-reactive substances (TBARS) test (Tarladgis et al.,
1960) as modified for cured meat by Zipser and Watts
(1962). Results were reported as mg of malondialde-
hyde per kg of sample.

Analytical procedures: Purge

Purge or drip loss of the packaged formulations
was measured to determine if purge differed between
treatments or during storage. The CF and NEF films
utilized were formed into pouches manually and thus
varied slightly in weight/size. To compensate for this,
all pouches of both film types (CF and NEF) were indi-
vidually weighed before packaging. The packages des-
ignated for purge measurement were weighed and
opened, after which the bologna sample was removed,
allowed to drip for 3–5 ss, and the weight of the bolo-
gna and pouch with purge were recorded.

Experimental design and statistical analysis

The study was replicated twice, with replications
produced on separate, consecutive days. Manu-
facturing and thermal processing occurred on the
same day for each replication. The experiment was
designed as a split-split plot, with formulation (CON,
UC, UCC) as whole plot factor, packaging type (CF,
NEF) as subplot factor, and storage time (day) as sub-
subplot factor. The data were analyzed as a mixed model
using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA), with formulation, packaging film, and storage
time as fixed factors and replication as a randomblocking
factor. Pairwise comparisons were performed by the
Tukey-Kramer pairwise adjustment. Statistical signifi-
cance was established at P< 0.05; consequently,
P values are generally not shown when effects are stated
as significant.P valueswere considered as trendingwhen
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0.05≤ P≤ 0.10. All P values for the effects of the fixed
main factors and their interactions are shown in Table 2.

Results and Discussion

Proximate composition, pH, and salt content

Mean treatment effects for proximate composition
(Table 3) of raw batters and cooked/packaged bologna

showed no significant differences in raw product mois-
ture, protein, pH, or salt content, respectively. Raw fat
content was lower in the CON formula compared to
other formulations. Cooked moisture was higher, and
cooked fat and yield were lower, in the control formu-
lation (CON-CF and CON-NEF). However, the
differences in moisture and fat were less than 1%
and were not considered to be of practical relevance
to our study objectives.

Table 2. P values1 of fixed main effects and interactions

Main effects Interaction effects

Dependent variable Formulation (F) Packaging film (P) Storage time (T) F×P F×T P×T F×P×T

Raw fat, % 0.035 – – – – – –

Raw moisture, % 0.778 – – – – – –

Raw protein, % 0.342 – – – – – –

Raw pH 0.875 – – – – – –

Raw salt, % 0.504 – – – – – –

Yield, % 0.003 – – – – – –

Cooked fat, % <0.001 0.243 – 0.997 – – –

Cooked moisture, % <0.001 0.881 – 0.939 – – –

Cooked protein, % 0.084 0.489 – 0.859 – – –

Cooked pH 0.775 0.387 – 0.824 – – –

Cooked salt, % 0.984 0.937 – 0.988 – – –

Light storage L* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.019

Light storage a* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Light storage b* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Light storage C*2 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Light storage HA3 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Dark storage L* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Dark storage a* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Dark storage b* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Dark storage C* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Dark storage HA <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Internal L* <0.001 <0.001 <0.001 <0.001 <0.001 0.048 <0.001

Internal a* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Internal b* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Internal C* <0.001 <0.001 <0.001 <0.001 <0.001 0.008 <0.001

Internal HA <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Progressive development of L* <0.001 <0.001 <0.001 0.001 0.042 0.006 0.504

Progressive development of a* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Progressive development of b* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Progressive development of C* <0.001 <0.001 <0.001 <0.001 <0.001 0.013 <0.001

Progressive development of HA <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Residual nitrite, ppm4 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.234

Purge, % 0.254 0.043 0.483 0.339 0.645 0.203 1.000

Cured pigment, ppm <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Total pigment, ppm <0.001 0.111 0.013 0.805 0.058 0.431 0.893

TBARS5 <0.001 <0.001 <0.001 0.118 0.943 0.987 1.000

1Statistical significance established at P< 0.05 (shown in bold).
2C*: chroma [= a*2 + b*2].
3HA: hue angle [= arctangent (b*/a*)(180/π)].
4ppm: parts per million.
5TBARS: 2-thiobarbituric acid-reactive substances.
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Surface and internal color

For a* values (Figure 1), all two- and three-way
interaction effects were significant, regardless of light-
ing conditions and sampling location (external vs.
internal) (Figure 1), and indicated an improvement in
redness in both uncured formulations (UC and UCC)
when packaged in NEF. On day 0 of storage, both
uncured formulations had the same a* value regardless
of packaging film, which was much lower than in the
nitrite-containing CON treatments. During early stor-
age, however, a* values increased significantly in
the NEF-packaged treatments but remained low and
unchanged in those packaged in conventional film
(UC-CF, UCC-CF). This increase occurred during
the first 14 d under light storage (Figure 1A) and
was considerably slower under dark storage, whereas
it took at least 28 d of storage in UCC and 42 d in
UC (Figure 1B). Internal a* values followed a pattern
similar to dark stored samples (Figure 1C). It was also
evident that red color developed faster in UCC-NEF
than in UC-NEF, as a result of the added cherry pow-
der, a natural source of ascorbic acid. Cropp et al.
(2020) showed that NEF improved a* values in alter-
natively cured bologna during lighted display com-
pared to a conventional-film-packaged counterpart
and suggested that a commercial ingredient included
in that study, and which contained fruit and spice
extracts, likely contained ascorbic acid. ≈It is also evi-
dent, as noted above, that light exposure increased the
rate of surface redness development, regardless of the
presence of a reducing agent. To our knowledge, this
has never before been reported in meat products.
While a mechanism for this effect is, therefore, un-
known, we propose that it is the result of photolysis of
nitrite, which, in the ultraviolet region (λ≈ 200–400 nm,
λmax ≈ 360 nm) of the electromagnetic spectrum is

known to result in formation of nitric oxide (Mack
and Bolton, 1999). If the light source used in this study
emitted in the upper part of this region (λ< 400 nm), it
could have played a role in catalysis of this reaction. This
theory remains to be tested and confirmed by further
research.

It is well understood that residual nitrite is impor-
tant as a source of nitric oxide during storage of cured
meat to maintain the nitrosylhemochrome pigment. An
equilibrium balance between nitrosyl-associated heme
pigment and dissociated nitric oxide is expected with
light exposure (Böhner and Rieblinger, 2016). Light
catalyzes the dissociation of nitric oxide from the heme,
which can result in color fading, and with a source of
residual nitrite, color re-establishment can also occur
(Andersen and Rasmussen, 1992; Møller et al., 2000;
Houser et al., 2005), especially under vacuum packag-
ing conditions (Møller and Skibsted, 2002, 2006).
Further exemplifying this in the present study, a*
of CON-CF and CON-NEF in lighted storage
(Figure 1A) were not significantly different at any time
point, nor were they different within treatment across
any storage time except for at day 0, where both were
significantly lower than in all subsequent days. This is
most likely attributed to light and oxygen-induced oxi-
dation of the cured pigment at day 0, which would have
occurred during slicing and packaging. By day 7, both
treatments showed significantly improved redness,
indicating color re-establishment occurred. For prod-
ucts in lighted storage, the surface redness of UCC-
NEF was not significantly different from either
CON-CF from day 14 through day 126, or from
CON-NEF after day 21. UC-NEF was similar to
UCC-NEF for increasing a* value, however, UCC-
NEF never quite reached the a* values found in
CON-CF and was significantly lower at each storage

Table 3. Least-squares means for treatment (formulation by package type) effects on proximate composition, pH,
salt, and yield of bologna

Raw Cooked

Treatments Moisture (%) Fat (%) Protein (%) pH Salt (%) Moisture (%) Fat (%) Protein (%) pH Salt (%) Yield (%)

CON-CF 65.15 18.06b 14.51 6.22 1.26 64.07a 17.99b 15.32 6.16 1.68 94.76b

CON-NEF 65.15 18.06b 14.51 6.22 1.26 64.14a 17.89b 15.30 6.17 1.66 94.76b

UC-CF 65.11 18.48a 14.78 6.24 1.27 63.53b 18.76a 15.20 6.15 1.66 96.27a

UC-NEF 65.11 18.48a 14.78 6.24 1.27 63.52b 18.64a 15.11 6.18 1.68 96.27a

UCC-CF 64.86 18.59a 14.66 6.23 1.18 63.30b 18.62a 15.31 6.17 1.66 96.13a

UCC-NEF 64.86 18.59a 14.66 6.23 1.18 63.30b 18.46a 15.33 6.18 1.66 96.13a

SEM 0.31 0.31 0.12 0.03 0.10 0.42 0.25 0.15 0.01 0.05 0.75

CON: conventionally cured control; UCC: uncured, nitrite-free; UC: uncured, nitrite-free with cherry powder; CF: conventional film; NEF: nitrite-
embedded film; SEM: standard error of the mean.

a,bMeans in the same column with no letter in common are significantly different (Tukey HSD; α = 5%).
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point. However, significant redness improvements
were observed in both nitrite-free formulations pack-
aged in NEF and both depicted a* values that would
typically be associated with cured color (a* value >12)
after 7 d of lighted storage or after 7 d and 28 d under
dark storage for UCC-NEF and UC-NEF, respectively.
Increased a* values of the internal slices were also
observed for nitrite-free formulations and were similar
to those for dark storage surface measurements. The
packages designated for internal color measurement
were held in lighted storage until measurements were

taken. No a* value differences were observed for stor-
age time within treatments for light, dark, and internal
color measurements for CON-CF, CON-NEF, UC-CF,
and UCC-CF, respectively. Notably, the a* values
were higher for CON formulation under dark storage.
The color stability of cured meats stored in the dark is
well documented (Andersen et al., 1988, 1990; Yen
et al., 1988). These results support the findings of
previous research (Cropp et al., 2020) and further sup-
port the hypothesis that NEF, when applied to cooked,
vacuum-packaged, nitrite-free meat post-thermal
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Figure 1. Least-squares means of a* values of bologna treatments stored at 3 ± 2°C during 126 d. (A) External surface, lighted storage; (B) external
surface, dark storage; (C) internal. CON: conventionally cured control; UC: uncured, nitrite-free; UCC: uncured, nitrite-free with cherry powder. CF: conven-
tional film; NEF: nitrite-embedded film. Error bars represent ± standard error of the mean (SEM= 0.43 [A], 0.37 [B], and 0.40 [C]).
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processing, will generate nitrosylhemochrome pig-
ment. The subsurface development of cured color in
the uncured, cooked and chilled bologna in this study
resembles that of the “pink ring” typically observed
below the surface of uncured barbequed meat cuts.
However, Cornforth et. al. (1998) reported that the
“pink ring” of barbequed meats is not likely the result
of diffusion into the meat of nitric oxide gas formed
during cooking, as is often thought, because nitric
oxide has very limited solubility in water. Rather, it
results from diffusion of nitrous acid formed from
nitrogen dioxide gas, formed during cooking, and

water on the meat surface. The nitrous acid, which is
soluble in water, reforms nitric oxide during diffusion
into the meat to form the “pink ring.” Nitrite, on the
other hand, is highly soluble in water and consequently,
in the present study, diffuses readily from the packag-
ing film to the product interior and provides nitric oxide
for cured color development.

The b* values for light and dark storage (Figure 2)
were highest in UC-CF and UCC-CF, suggesting the
most yellowness or discoloration in these treatments.
Under light (Figure 2A) and dark (Figure 2B) storage,
UC-NEF and UCC-NEF resulted in significantly lower
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Figure 2. Least-squares means of b* values of bologna treatments stored at 3 ± 2°C during 126 d. (A) External surface, lighted storage; (B) external
surface, dark storage; (C) internal. (CON: conventionally cured control; UC: uncured, nitrite-free; UCC: uncured, nitrite-free with cherry powder; CF: conven-
tional film; NEF: nitrite-embedded film). Error bars represent ± standard error of the mean (SEM= 0.24 [A], 0.21 [B], and 0.34 [C]).
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surface b* values. In contrast, CON-CF resulted in
lower b* values than CON-NEF under both light
(Figure 2A) and dark (Figure 2B) storage; however,
for internal b* values (Figure 2C), a significant
difference between CON-CF and CON-NEF was not
observed. Furthermore, the b* value results over stor-
age time (Figure 2A) show significant improvement
(reduction in b* values) from 0 d to 7 d under lighted
storage, again suggesting that color re-establishment
(nitrosyl-pigment equilibrium) occurred.

In-package surface L* values under both light and
dark storage (Figure 3A, 3B) differed only slightly over
time with a mean range of less than 3 units between
treatments, with the primary effect being that UC-CF
tended to be lighter than all other treatments throughout
the entire 126-d storage period. A similar trend was
observed for internal L* values (Figure 3C), with L*
values being lower in UC and UCC when packaged
in NEF, and not different in CON regardless of film
type, evidently owing to the fact that the samples
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Figure 3. Least-squares means of L* values of bologna treatments stored at 3 ± 2°C during 126 d. (A) External surface, lighted storage; (B) external
surface, dark storage; (C) internal. (CON: conventionally cured control; UC: uncured, nitrite-free; UCC: uncured, nitrite-free with cherry powder; CF: conven-
tional film; NEF: nitrite-embedded film). Error bars represent ± standard error of the mean (SEM= 0.82 [A], 0.95 [B], and 0.91 [C]).
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contained nitrite in their formulations. Hue angle (HA),
which is an indication of true color observed (such as
red, green, blue, yellow, etc.) and chroma (C*), a mea-
sure of color intensity (or saturation index), were also
determined, with all two- and three-way interactions
being significant for both (except for internal C*, in
which none of the interaction effects were significant)
(Table 2). Under light storage, surface HA values
(Figure 4A) were highest in UC-CF and UCC-CF
and lowest in both CON treatments. HA values of

UC-NEF and UCC-NEF were initially as high as
UC-CF and UCC-CD, but had decreased markedly
by day 7 of storage, after which they did not change
and remained just slightly higher than in CON-CF
and CON-NEF. A similar pattern was observed under
dark storage (Figure 4B), except that HA values in UC-
NEF andUCC-NEF, while decreasing, did not stabilize
completely until day 56 of storage. Beyond that time,
they remained markedly higher than in both CON treat-
ments, owing mostly to the fact that HA values for the

40

45

50

55

60

65

70

75

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126

HA
 

Storage �me (d)

A

40

45

50

55

60

65

70

75

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126

HA

Storage �me (d)

B

40

45

50

55

60

65

70

75

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126

HA

Storage �me (d)

C

Figure 4. Least-squares means of hue angle (HA) values of bologna treatments stored at 3 ± 2°C during 126 d. (A) External surface, lighted storage;
(B) external surface, dark storage; (C) internal. (CON: conventionally cured control; UC: uncured, nitrite-free; UCC: uncured, nitrite-free with cherry powder;
CF: conventional film; NEF: nitrite-embedded film). Error bars represent ± standard error of the mean (SEM= 1.22 [A], 1.00 [B], and 1.33 [C]).
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latter were lower under dark storage than under light
storage. Internal HA values (Figure 4C) followed a pat-
tern similar to that of surface HA values of dark-stored
samples. C* values (data not shown) of samples under
light and dark storage were similar (all close to 20; P>
0.05), while internal C* values were greater (indicating
greater brightness) in UCC-NEF, CON-CF, and CON-
NEF than in UCC-CF, which, in turn, were higher than
in UC-NEF and UC-CF.

Previous observations (Cropp et al., 2020) sug-
gested that a progressive development of cured color
from the surface to the interior of cooked, uncured
bologna occurred with use of NEF packaging.
Results for a* values (Figure 5) show that CON-CF
and CON-NEF were not different, but both had signifi-
cantly greater a* values than all other treatments at all
storage periods. UC-NEF during storage resulted in
significant a* increases during storage time for both
the top and middle sections of the 12-slice stacks used
to assess color development, with less redness at day 0
and day 14 than at day 42 and day 56, respectively.
While more redness was observed in top and middle
sections of UC-NEF samples (24mm total redness pen-
etration), the bottom section did not change over time.
While redness increases were significant in the UC-
NEF packages, larger redness increases in a* values
were observed in top and middle sections of the
UCC-NEF samples. Both the top and middle sections
reached an approximate numerical mean a* value of

10.08 by day 56. Comparatively, UC-NEF top and
middle sections had an approximate numerical mean
a* value of 8.20 by day 56. Further, on day 0, for
the UCC-CF and UCC-NEF samples, the top, middle
and bottom section numerical a* measurements were
all between 5.50 and 7.14. By day 56, for UCC-CF,
the top, middle and bottom sections still had mean
a* values of close to 7.57, and the sections were not
different; however, for UCC-NEF by day 56, the top,
middle, and bottom section a* values of the 12-slice
stack were 10.27, 9.86, and 7.75, respectively.

Both UC-NEF and UCC-NEF resulted in signifi-
cant a* increases in top and middle sections over time,
and, again, showed the effect of the added reductant
in the UCC formulation. It is possible that freezing
prior to packaging samples used for assessing the
progressive color development might have impacted
the ability or rate of nitrite reduction to nitric oxide
to generate nitrosyl pigments. Also, these stacks were
36 mm thick, where each section (top, middle, bottom)
was 12 mm thick, with each section containing 4 slices,
which were the same thickness and slice count (4 sli-
ces) as the standard packages utilized in this study.
Nevertheless, the importance of this observation is that
it shows the ability for the cured color/pigment to
develop in the interior of the sliced and stacked product
when only NEF was present on the top surface slice,
and indicates that color development from NEF was
not solely a surface effect. These results demonstrate
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the ability of NEF to generate nitrosyl pigments after
thermal processing, with or without an added reductant
(cherry powder, a natural source of ascorbic acid, in the
present study).

Residual nitrite

Residual nitrite values were significantly higher in
NEF than in CF for all formulations (Figure 6). Our
results showed the typical reductions in residual nitrite
over time that are expected of meat products cured with
nitrite. The decline of residual nitrite concentration dur-
ing storage of cured meat is well understood and doc-
umented (Hustad et al., 1973; Dethmers et al., 1975;
Jantawat et al., 1993; Ahn et al., 2002; Sindelar et al.,
2007; Krause et al., 2011; Xi et al., 2012; Myers et al.,
2013; Redfield & Sullivan, 2015; Usinger et al., 2016;
Cropp et al., 2020). As discussed earlier, residual
nitrite during storage is important for nitrosylhemo-
chrome pigment stabilization, and for the equilibrium
balance between nitrosyl-associated heme pigment

and dissociated nitric oxide that is expected with light
exposure and color re-establishment. It is understood
that during storage some residual nitrite is also con-
verted to nitrate (Sindelar et al., 2007; Honikel,
2008), which is another explanation for the decreased
residual nitrite observed during storage. It does appear
that NEF is able to serve as a source of residual nitrite in
the product during storage, which improves color sta-
bility during retail display. Reductions in color stability
were not observed in the present study; however, color
stability during lighted retail display is a frequent and
well-understood challenge for cured meat products.

Cured and total meat pigment

Measurement of cured meat pigment concentra-
tions (Table 4) shows that CON formulations (CON-
CF, CON-NEF) were not different and did not change
over storage time. Similarly, the nitrite-free, CF-
packaged treatments, UC-CF and UCC-CF, were not
different, and no pigment changes over storage were
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Figure 6. Least-squares means of treatment effects on residual nitrite concentration of bologna stored at 3 ± 2°C. (CON: conventionally cured control;
UC: uncured, nitrite-free; UCC: uncured, nitrite-free with cherry powder; CF: conventional film; NEF: nitrite-embedded film). Error bars represent ± standard
error of the mean (SEM= 1.15).

Table 4. Least-squares means for treatment effects on cured meat pigment (nitrosylhemochrome) concentrations
(in ppm) of bologna stored under fluorescent lights at 3 ± 2°C

Day

Treatment 0 7 14 21 28 42 56 70 84 98 112 126

CON-CF 136a 138a 135a 135a 136a 134a 138a 133a 134a 135a 136a 133a

CON-NEF 146a 137a 136a 137a 135a 132a 136a 136a 133a 133a 134a 132a

UC-CF 6f 5f 4.4f 6f 4f 6f 6f 6f 6f 7f 7f 7f

UC-NEF 9f 59e 75de 95c 100bc 108bc 108bc 110bc 109bc 111bc 114b 113b

UCC-CF 8f 8f 7f 9f 6f 9f 8f 7f 7f 8f 8f 9f

UCC-NEF 9f 79d 98bc 102bc 100bc 100bc 107bc 105bc 105bc 108bc 104bc 104bc

SEM: standard error of the mean (2.82).

CON: conventionally cured control; UCC: uncured, nitrite-free; uncured, nitrite-free with cherry powder; CF: conventional film; NEF: nitrite-embedded
film.

a–fMeans with different superscripts are significantly different (P< 0.05).
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observed. On the other hand, cured pigment concentra-
tions in UC-NEF and UCC-NEF increased rapidly
(<7 d). UCC-NEF developed cured pigment faster
and was significantly greater than UC-NEF at day 7
and day 14, but they were not different after day 14.
These findings correspond well with the color results.
When using colorimetric methods to determine con-
centrations of nitrosyl-pigments, absorbance at 540 nm
is the typical wavelength for detection of nitrosyl-
hemochrome (Brown and Tappel, 1957; Tappel, 1957).
Some slight variability of nitrosyl-pigment absorbance
peaks have been reported at 535 nm (Hornsey, 1956),
547 nm (Nam and Ahn, 2002) and 550 nm (Cornforth
et al., 1986). Nevertheless, 540 nm is the most utilized
wavelength. In this study, the nitrosyl-pigment absorb-
ance spectra show maximum absorbance at wave-
lengths of 476, 535, and 563 nm, as determined by
Hornsey (1956) (Figure 7). To confirm that the cured
pigment reflectance values reported in the present
study were nitrosylhemochrome pigment, scanning
was conducted from 470 to 570 nm. Based on scans,

the optical densities at day 0 (Figure 7A) reveal that
only CON formulation treatments exhibit absorbance
spectra that shows cured pigment, and all other
treatments show essentially no absorbance (optical
densities< 0.06). In contrast, by day 126 of storage
(Figure 7B), the treatments with nitrite either in the for-
mulation (CON) or from the film (NEF) show absorb-
ance maxima that depict cured pigment presence, with
maxima at wavelengths of 480, 540, and 562 nm,
which is consistent with nitrosylhemochrome pigment.

These results show that nitrosyl-associated pigment
was generated by NEF, which has been previously
hypothesized (Cropp et al., 2020). Furthermore, they
show that while the reductant helps speed up the process
of color development, it is not required under the condi-
tions of this study. Also, there is evidence that nitric
oxide can bind to ferrous heme at a faster rate (close
to 107 M−1 s−1) when the distal histidine ligand is
separated (Sharma et al., 1987), as it is thought to occur
during thermal processing (Sun et al., 2009). Therefore,
separation of the globin portion may explain the
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Figure 7. Effect of treatment on optical density of pigment extracts at variouswavelengths. (A)Day 0; (B) day 126. (CON: conventionally cured control;
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seemingly faster generation of nitrosylhemochrome pig-
ment from NEF with or without the reductant present.

Total pigment concentrations differed between for-
mulations (P< 0.05), with CON>UCC>UC. While
some formulation differences for total pigment were
found, the mean pigment values (ppm) varied by less
than 15 ppm across all treatments (data not shown).
Over storage time, the ANOVA P value (0.013) was
significant (Table 2). However, the post hoc multiple
pairwise comparisons test using Tukey’s procedure
failed to identify a significant difference between pairs
of means, so we conclude they were not different over
storage time.

TBARS

No significant interaction effects for TBARS were
observed. While the main effects of formulation,
package type, and storage time were all significant
(P< 0.001; Table 2), all TBARS values remained gen-
erally very low, ranging from 0.398 (CON/NEF/day
126) to 0.663 (UC/CF/day 14). Over the entire study,
they were lower in CON (0.44) than in UC (0.54) and
UCC (0.54), slightly lower in NEF (0.48) than in CF
(0.53), and varied throughout the storage period from
0.47 on day 70 to 0.56 on day 14. Usually, increased
TBARS values during lighted display are anticipated,
especially in the absence of nitrite or an antioxidant.
The results in the present study showed an antioxidant
effect from nitrite in the formulation, as previously
reported (Kanner et al., 1984; Shahidi and Hong,
1991; Sebranek, 2009) and suggest that NEF may play
a role in reducing the rate and/or extent of lipid
oxidation.

Purge

Purge results indicated no formulation effect
(P = 0.226; Table 2). However, NEF-packaged bolo-
gna had significantly less purge (2.50% in NEF vs.
2.72% in CF, averaged across all storage time points).
In general, purge increased over time throughout the
storage period. There were no significant interactions
observed.

Conclusions

Results of the present study demonstrate that
nitrite-free cooked and chilled meat packaged in
NEF can result in cured meat attributes, including
cured pigment generation and cured color develop-
ment, resulting from film contact with the product

surface as well subsequent subsurface cured color
development. To the best of our knowledge, we believe
that this is the first report of evidence that cured meat
color can be produced using an external nitrite source
such as NEF in meat cooked and chilled prior to pack-
aging, achieved by exposure to low concentrations of
nitrite as the curing agent. The development of cured
color, particularly the subsurface color, occurred
despite the very limited amount of nitrite provided
by the NEF. Additionally, in the case of alternatively
cured meats, NEF may provide supplemental residual
nitrite, important for maintaining nitrosyl-associated
heme pigment equilibrium to extend color stability.
Further research should be conducted with less satu-
rated fat sources to determine the antioxidant capability
of NEF, and investigate the food safety implications of
nitrite-free cooked meat packaged in NEF.
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