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ABSTRACT

The poultry processing industry has been undergoing a series of changes as it modifies processing practices to comply with

new performance standards for chicken parts and comminuted poultry products. The regulatory approach encourages the use of

intervention strategies to prevent and control foodborne pathogens in poultry products and thus improve food safety and protect

human health. The present studies were conducted to evaluate the efficacy of antimicrobial interventions for reducing Salmonella
on inoculated chicken parts under simulated commercial processing conditions. Chicken pieces were inoculated by immersion in

a five-strain Salmonella cocktail at 6 log CFU/mL and then treated with organic acids and oxidizing agents on a commercial

rinsing conveyor belt. The efficacy of spraying with six different treatments (sterile water, lactic acid, acetic acid, buffered lactic

acid, acetic acid in combination with lactic acid, and peracetic acid) at two concentrations was evaluated on skin-on and skin-off

chicken thighs at three application temperatures. Skinless chicken breasts were used to evaluate the antimicrobial efficacy of

lactic acid and peracetic acid. The color stability of treated and untreated chicken parts was assessed after the acid interventions.

The lactic acid and buffered lactic acid treatments produced the greatest reductions in Salmonella counts. Significant differences

between the control and water treatments were identified for 5.11% lactic acid and 5.85% buffered lactic acid in both skin-on and

skin-off chicken thighs. No significant effect of treatment temperature for skin-on chicken thighs was found. Lactic acid and

peracetic acid were effective agents for eluting Salmonella cells attached to chicken breasts.
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Salmonella infection results in a greater disease burden

than that caused by any other foodborne pathogen, and

according to FoodNet surveillance data, Salmonella is one of

the few pathogens responsible for foodborne illness that has

not significantly declined over the past years in the United

States (3). A list of the top 10 pathogen-food combinations

in terms of annual disease burden was published by Batz et

al. (3). Salmonella in poultry was ranked fourth at that time,

with a total of 221,045 illnesses (at an estimated cost of

$712,000 in 2009 U.S. dollars) resulting in 4,159 hospital-

izations and 81 deaths. Hence, preventive strategies for

controlling Salmonella is a priority aim for food producers

and processors.

On 26 January 2015, U.S. Department of Agriculture,

Food Safety and Inspection Service (FSIS) (28) published

new performance standards for reducing Salmonella and

Campylobacter in poultry products, based on a preventive

approach with a scientific risk assessment. The new

standards focused on whole poultry carcasses sampled after

the chilling process, on chicken and turkey parts in the cut-

up and deboning room, and on comminuted poultry

derivatives. Because more than 85% of poultry meat in the

United States is consumed as parts instead of whole

carcasses, the FSIS recommendations were aimed at

controlling pathogen prevalence in products that are most

often purchased by consumers. The previous standards

revised in 2011 (25) included Salmonella and Campylobac-
ter prevalence in whole carcass rinses collected at the end of

the chilling processing step. The new standards include

sampling for both pathogens at the end of the chilling line

and in both chicken and turkey parts in the cut-up room. The

FSIS concern is that despite an overall prevalence of less

than 7.5% for Salmonella on whole carcasses after chilling,

the new baseline in poultry parts indicates a national

prevalence in chicken parts of 24% for Salmonella and 21%

for Campylobacter (26). Consequently, processors need to

demonstrate that their food safety programs will reduce

Salmonella to levels in chicken parts below eight positive

samples over 52 weeks (15.4%) of a moving window

sampling program (Table 1). The FSIS is using various

categories to classify poultry establishments that meet the

pathogen reduction performance standards applied to

chicken parts.

Alternatives to complement antimicrobial interven-

tions in primary processing must include potential
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interventions in the cut-up and deboning room so that the

new standards can be met. Among potential interventions,

blends of organic acid solutions and oxidizing agents have

been considered and tested in poultry products with

variable results. Lactic, acetic, and peracetic acid formu-

lations could be effective for reducing pathogen prevalence

and levels in poultry parts if applied in the cut-up and

deboning room. However, challenge studies with actual

poultry pathogens in chicken parts are few. Results

reported with lactic acid (LA) treatments in poultry range

from 0.73- to 2.2-log reductions and sometimes greater

(12). Few studies have been conducted under simulated

commercial processing conditions. Chlorine has been one

of the most common antimicrobials used in poultry

processing plants for carcass decontamination; however,

its effect decreases with increasing organic loads and

increasing pH (6, 16). Peracetic acid (PAA) has been used

to replace chlorine in some facilities and now is widely

used in carcass rinses and water chilling stations at various

concentrations, with a maximum of 2,000 ppm in aqueous

solution (30).
However, when these antimicrobials are used as

decontamination interventions, undesired color and texture

effects and development of off-flavors can occur in treated

tissues (13, 17). The color and uniformity of chicken skin

and meat are important attributes than can be affected by

slaughtering and further processing. Acid and/or heat

interventions may change the final color of chicken

products, potentially affecting consumer acceptance.

The objective of this study was to evaluate the efficacy

of commercially available LA solutions, LA–acetic acid

(AA) blends, and PAA formulations for reducing loads of

Salmonella in chicken parts when applied at different

solution concentrations and temperatures. The color stability

of chicken parts was also evaluated to identify changes after

the acid intervention.

MATERIALS AND METHODS

Samples. Commercially processed bone-in, skin-on (with

skin) and skin-off (without skin) chicken thighs (n¼ 1,080; weight

¼ 0.5 lb [0.23 kg] 6 4%) and boneless skin-off chicken breasts (n
¼ 108; 0.6 lb [0.27 kg] 6 5%) were collected and procured fresh

from a local grocery store in Lubbock, TX. Samples were held in

insulated containers at �48C (39.28F) and transported to the

pathogen laboratory at Texas Tech University where they were

processed for the study.

Bacterial culture. A cocktail of five strains of Salmonella
was used in this study: Salmonella Enteritidis ATCC 13076,

Salmonella Typhimurium ATCC 14028, Salmonella Typhimurium

ATCC 13311, Salmonella Heidelberg ATCC 3347-1, and a wild-

type Salmonella isolated from chicken thighs that were stored in

the culture collection at Texas Tech University. Frozen cultures

were activated with two successive passes in 9 mL of tryptic soy

broth (TSB; Hardy Diagnostics, Santa Maria, CA) and incubated at

378C for 12 h. For each activated culture, 1 mL of the stock culture

was added to 100 mL of TSB and incubated in a shaking incubator

for 12 h at 378C. On the day of the study, the five 100-mL

Salmonella cultures were combined and mixed thoroughly. An

inoculation solution was prepared by adding the Salmonella
cocktail to 5 L of sterile TSB. The Salmonella level in this

inoculation solution was determined by plating serial dilutions on

xylose lysine desoxycholate agar (XLD; Hardy Diagnostics) and

incubated for 24 h at 378C.

Inoculation. Chicken thighs and chicken breasts were

submerged the Salmonella cocktail solution at 6 log CFU/mL for

30 s and then placed onto racks with the skin side up for 20 min to

allow for bacterial attachment.

Organic acid treatments. Three replications of each

treatment were performed on three days. For each treatment

replication, five chicken thighs with and without skin were

inoculated with the Salmonella cocktail and then subjected to a

spray treatment at one of the following temperatures: 218C (708F),

388C (1008F), and 548C (1308F). Four commercial organic acids

were used in this study at the following concentrations: LA (FCC

88, Corbion Purac America, Lincolnshire, IL) solutions prepared at

2.84 and 5.11% (v/v, pH 2.3); LAþAA blend (CL21/80, Corbion

Purac America) solutions prepared at 2.0 and 2.5% (v/v, pH 2.8);

buffered LA spray (BLA; Spray 80, Corbion Purac America)

solutions prepared at 3.25 and 5.85% (v/v, pH 3.0); and PAA

(Peracet 15, CraftChem, Lawrenceville, GA) solution at 200 and

400 ppm (v/v, pH 7.5). All solutions were prepared according to

the manufacturers’ instructions and heated to the specific

temperatures of application. Concentrations were selected based

on common commercial uses and the maximum concentrations

permitted for processing of poultry products (30).
For the positive control, chicken thighs with and without skin

were sampled after inoculation with the Salmonella cocktail. For

the negative control, chicken thighs with and without skin were

inoculated with the Salmonella cocktail and then spray treated with

sterile water. Concentrations and pH (model 550 A Orion pH

meter, Thermo Fisher Scientific, Waltham, MA) of each

intervention solution were evaluated just before application to

determine concentrations and pH before treatment. The same

TABLE 1. Salmonella and Campylobacter performance standards for poultry products from FSIS directive 10250.1

Product

Prevalence (%) Maximum acceptable percent positivea Performance objective (no. of positive samples)

Salmonella Campylobacter Salmonella Campylobacter Salmonella Campylobacter

Whole chicken carcass 7.5 10.4 9.8 15.7 5 of 51 8 of 51

Whole turkey 1.7 0.79 7.1 5.4 4 of 56 3 of 56

Ground chicken (325 g) 49 3.4 25 1.9 13 of 52 1 of 52

Ground turkey (325 g) 19.9 12 13.5 1.9 7 of 52 1 of 52

Chicken parts (4-lb portions) 28 15.5 15.4 7.7 8 of 52 4 of 52

a Maximum percentage of samples positive for Salmonella and Campylobacter under the performance standards for young chicken and

turkey carcasses listed in FSIS directive 10250.1 (27).
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protocol was followed for the second study with the chicken

breasts. These were treated with LA and PAA, but the

concentration of PAA was increased to 800 ppm.

All interventions were sprayed for 15 s in a commercially

equivalent spray cabinet (Chad Co., Olathe, KS) equipped with

four spray bars with six nozzles each and a conveyor belt system

(series 800, Intralox, Harasham, LA) in the Texas Tech University

pathogen laboratory. The spray solution was applied to both sides

of the chicken parts with nozzles located 15.2 cm above and 5.1 cm

below the chicken parts passing through the stainless steel mesh

conveyor belt at a flow rate for each nozzle of 0.421 L/min, and a

pressure of 138 kPa.

Microbiological analysis. After treatment, the samples were

transported to the food microbiology laboratory at Texas Tech

University, where they were placed in a stomaching bag with 99

mL of 0.1% peptone water (BD, Sparks, MD) and homogenized

for 2 min by hand massaging (11). Serial dilutions were made in

buffered peptone water (Difco, BD, Detroit, MI). Dilutions were

spread plated onto XLD with a 14-mL overlayer of Trypticase soy

FIGURE 1. Salmonella counts (log CFU per milliliter) in chicken thigh rinsate collected from untreated controls and water and chemical
intervention treatments. Bars with the same letter are not significantly different according to a one-way ANOVA followed by Dunnett’s
multiple comparison test. Significant effects between the control and the treatment are indicated (* P � 0.05; ** P � 0.01; *** P � 0.001;
**** P � 0.0001).
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agar (BD) to recover surviving and injured cells (5). The plates

were incubated for 24 h at 378C, bacterial colonies were counted

manually, and populations were converted to log CFU per milliliter

of rinse per chicken part before statistical analysis.

Color analysis. Separate sets of skin-on and skin-off chicken

thighs and skin-off chicken breasts were prepared on each

treatment day as previously described. Chicken thighs (n ¼ 216)

and chicken breasts (n ¼ 15) were subjected to color analysis for

L*, a*, and b* (lightness, redness, and yellowness; colorimeter

200b, Minolta Camara Co., Osaka, Japan). The DE value was

calculated to determine the color differences between all

coordinates tested based on the CIELAB system:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLc � LtÞ2 þ ðac � atÞ2 þ ðbc � btÞ2

q

where Lc and Lt are the mean L* values for lightness of chicken

parts without (control) and with acid treatment, respectively; ac and

at are the mean a* values on the red-green axis of chicken parts

without (control) and with acid treatment, respectively; and bc and

bt are the mean b* values on the yellow-blue axis of chicken parts

without (control) and with acid treatment, respectively.

Scanning electron microscopy. Chicken thigh skin and meat

pieces were exanimated by scanning electron microscopy follow-

ing the protocol described by Thomas and McMeekin (23). Control

and treated skin and meat pieces (~1 cm2) were fixed overnight at

48C in glutaraldehyde solution (5%, v/v), and then pieces were

rinsed in cold phosphate buffer, dehydrated in a graded ethanol

series (30 to 100%), and critical point dried. The dried skin pieces

were glued to scanning electron microscopy stubs and coated with

27.0 nm of gold in a sputter coating unit (SDC-050, BalTec,

Canonsburg, PA) and examined in a S-4700 field emission

scanning electron microscope (Hitachi, Tokyo, Japan).

Statistical analysis. All studies were performed in triplicate,

and data were subjected to statistical analysis using Prism 7.01 trial

statistical software (GraphPad, San Diego, CA). The sample,

treatment, and day of treatment were fixed effects, and the

replication was a random effect. A one-way analysis of variance

(ANOVA) was performed followed by Dunnett’s multiple

comparison test to analyze differences between treatment means

and control means. Tukey’s test was used to determine the

difference between treatment means at different application

temperatures. A two-way ANOVA followed by Dunnett’s multiple

comparison test was used to determine differences in the color

parameters of chicken parts subjected to the acid interventions.

Differences were considered significant at P , 0.05.

RESULTS

Salmonella reductions on chicken thighs by acid
interventions. When applied at 218C, LA at both the low

and high concentrations and BLA at the low concentration

were the most effective treatments for reducing bacterial

levels on chicken thighs (Fig. 1). Greater reductions were

observed in the skin-off than the skin-on samples at the same

temperature; however, the differences were not significant

(P . 0.05). Similar results were observed at higher

temperatures. At 388C, LAþAA produced a significant

reduction in bacterial levels on skin-on thighs compared

with the control. Overall, there were no significant

differences between the high and the low temperature

treatments. Treatments with 5.11% LA and 5.85% BLA

resulted in greater bacterial reductions compared with the

control. For skin-on chicken thighs at 388C, 0.53-log (95%

confidence interval [CI]: 0.26 to 0.79) and 0.59-log (95%

CI: 0.35 to 0.87) reductions, respectively, were obtained. For

skin-off chicken thighs at 218C, 0.69-log (95% CI: 0.26 to

0.79) and 0.66-log (95% CI: 0.26 to 0.79) reductions,

respectively, were obtained. There were no significant

differences between the skin-on and skin-off samples among

acid treatments and treatment concentrations.

Salmonella reductions on chicken breasts by acid
interventions. In general, acid treatments reduced Salmo-
nella populations on chicken breasts compared with the

control. Significant differences were found for all treatments

(P , 0.05). However, differences between the acid

treatments and water were not significant, with a reduction

of 0.46 log CFU/mL of chicken rinse (95% CI: 0.36 to 0.57)

(Fig. 2).

Color analysis of treated chicken parts. No signif-

icant effects (P , 0.05) were found on the color parameters

(L*, a*, and b*) of chicken thighs treated with any of the

acid treatments at the three temperatures (Table 2), and no

changes in color attributes were identified in chicken breasts

after the acid treatment (Table 3). DE values of 1 to 2 mean

that color change is perceived through close observation,

and values of 3 to 10 mean change is perceived at a glance.

The DE values in this study all were less than 10. The skin-

off chicken thighs treated with PAA at 400 pm had a slight

increase in L* values (lightness).

DISCUSSION

A variety of postharvest interventions have been

implemented by the poultry processing industry to reduce

the presence of pathogens such as Salmonella and

Campylobacter in the final product (15). However, with

the new standards published by the FSIS for chicken parts

FIGURE 2. Salmonella counts (log CFU per milliliter) in chicken
breast rinsate collected from untreated controls and water and
chemical intervention treatments. Bars with the same letter are not
significantly different according to a one-way ANOVA followed by
Dunnett’s multiple comparison test. Significant effects between the
control and the treatment are indicated (*** P � 0.001).
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(28), it is critical to identify potential interventions to meet

the bacterial load reduction requirements. The goal of this

study was to identify the effectiveness of commonly used

organic acid blends applied by spraying to reduce

Salmonella in chicken thighs and chicken breasts in a

simulated commercial setting.

The decontamination of poultry carcasses in chicken

processing facilities occurs mostly at the carcass rinse and

water chilling steps and by spray or drench after the chilling

process (7). Organic acids such as LA and AA have been

widely used on chicken surfaces because of the availability,

cost-effectiveness, ease of use, decontamination potential,

and generally recognized as a safe status of these acids.

Trisodium phosphate, cetylpiridium chloride, acetic acid,

ozonated water, and hydrogen peroxide treatments are

alternatives for carcass rinse or chill water with variable

efficacy against pathogens (20). The mode of action of LA

occurs with the undissociated form, which penetrates the

TABLE 2. Hunter-Lab color scores after treatments of skin-on and skin-off chicken thighsa

Treatment

708F (218C) 1008F (388C) 1308F (548C)

L* a* b* DEb L* a* b* DE L* a* b* DE

Skin on

Control 89.25 13.19 32.87 89.25 13.19 32.87 89.25 13.197 32.87

63.18 62.37 61.22 63.18 62.37 61.22 63.18 62.37 61.22

Water 88.27 14.56 34.90 2.63 87.65 10.18 36.65 3.68 87.65 10.185 36.65 5.09

62.80 64.47 61.80 62.26 61.90 62.80 62.26 61.90 62.79

LA 2.84% 86.18 9.28 31.6 6.23 91.20 14.19 36.34 4.10 84.89 11.026 31.33 2.96

64.37 60.58 61.99 61.88 61.99 62.70 61.24 64.33 60.93

LA 5.11% 90.611 11.71 35.82 3.56 94.12 11.03 37.09 3.18 84.07 13.798 31.00 5.10

61.57 62.44 62.94 60.60 61.96 61.01 63.61 61.80 64.195

LAþAA 2.00% 85.82 12.69 33.52 3.96 86.03 12.18 32.55 3.39 84.16 12.49 31.48 5.52

65.27 60.99 64.25 61.70 61.66 61.95 60.68 60.77 61.35

LAþAA 2.50% 89.39 14.419 34.30 1.88 85.13 9.97 30.05 5.93 85.136 9.97 30.05 5.32

65.70 63.46 66.39 63.57 61.99 62.77 63.57 61.99 62.77

BLA 3.35% 81.11 11.51 33.28 8.70 87.03 9.13 37.39 6.47 88.509 7.46 33.59 5.82

68.36 66.18 62.16 61.21 64.17 64.15 65.55 61.68 62.99

BLA 5.85% 86.60 12.34 31.85 2.96 83.29 11.23 31.57 6.40 85.764 8.49 29.62 6.69

62.97 60.92 60.41 62.77 61.04 61.84 61.77 61.52 60.96

PAA 200 ppm 89.88 14.94 35.13 2.37 91.52 13.73 34.77 3.00 92.327 13.98 35.12 3.88

62.61 61.38 62.29 62.77 62.69 61.32 61.29 62.49 61.10

PAA 400 ppm 87.25 11.47 27.37 6.10 88.38 15.59 35.53 3.68 87.185 14.11 32.31 2.33

61.88 62.23 65.24 61.01 62.08 61.48 63.62 63.80 62.90

Skin off

Control 62.53 13.20 22.38 62.53 13.20 22.38 62.53 13.20 22.38

66.60 62.53 62.60 66.60 62.53 62.60 66.60 62.53 62.60

Water 64.50 11.74 23.04 2.53 59.53 14.67 20.12 4.04 61.023 14.02 21.80 1.82

61.09 61.51 61.40 64.78 62.29 60.80 63.03 65.97 61.75

LA 2.84% 65.80 13.49 25.86 4.77 61.86 12.45 21.70 1.23 66.22 10.93 21.76 4.36

65.07 61.81 62.08 63.74 63.54 61.28 65.14 61.46 60.86

LA 5.11% 67.46 10.18 22.62 5.79 74.50 12.57 28.28 13.35 64.15 17.73 23.76 3.65

64.40 61.68 62.93 610.93 61.99 64.31 62.33 65.00 61.28

LAþAA 2.00% 62.71 12.10 23.63 5.79 53.72 14.06 17.98 9.89 65.05 13.14 19.24 4.03

62.46 62.36 66.33 60.46 61.36 62.25 67.17 61.19 63.21

LAþAA 2.50% 56.71 14.46 19.35 1.89 68.05 11.90 24.74 6.16 67.74 13.66 20.35 5.61

63.31 63.94 60.21 69.69 63.37 65.32 610.56 64.13 68.79

BLA 3.35% 54.88 5.76 19.89 10.97 70.10 9.86 23.73 8.37 84.60 14.33 29.70 3.04

61.05 60.57 60.90 63.26 62.60 60.71 62.71 62.04 60.88

BLA 5.85% 60.11 13.59 21.28 2.70 65.42 11.75 22.32 3.22 85.764 8.498 29.623 3.65

62.82 62.58 61.28 63.80 60.80 61.38 61.77 61.52 60.96

PAA 200 ppm 60.55 14.83 21.01 2.69 64.78 12.66 22.27 2.31 64.15 17.73 23.76 5.00

60.20 60.81 61.94 63.45 61.46 61.38 62.33 65.00 61.28

PAA 400 ppm 75.03 13.91 26.72 13.25 61.28 12.30 21.48 1.79 65.26 14.96 23.09 3.33

61.01 61.40 60.15 66.04 61.10 61.53 65.78 62.65 64.02

a Values are mean 6 95% confidence interval (n¼ 216). In the CIELAB system, L * (lightness of color) ranges from black to white (0 to

100); for a* (redness), positive numbers are in the red direction and negative numbers are in the green direction; and for b* (yellowness),

positive numbers are in the yellow direction and negative numbers are in the blue direction.
b Difference between the control and treatment samples in the L*a*b* color space.
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cytoplasmic membrane, reduces intracellular pH, and

disrupts the outer membrane (1, 18). AA causes cytoplasmic

acidification, which results in malfunction of energy and

regulation parameters and accumulation of free acid anions

that kill or retard microbial growth (20). PAA is an oxidizing

agent that disrupts the sulfhydryl (SH) and sulfur (S-S)

bonds of enzymes and cells walls (2, 11). The fact that LA

and PAA may elute Salmonella attached to skin and meat

surfaces suggests that the attachment process is mediated by

physicochemical relationship with the collagen or muco-

polysaccharide matrix between the individual collagen

fibrils present in chicken skin (24).

Many bacterial species employ a survival strategy

response to adverse environmental conditions; these bacte-

rial cells enter into a viable but nonculturable state, in which

they can retain their infectious and pathogenic potential (11).
In previous studies, Salmonella was able to enter and

recover from the viable but nonculturable stage after PAA

treatment (11). However, little information is available on

the effect of organic acid treatment and the ability of

Salmonella to recover from a dormant persistent state after

acid interventions. In the present study, we used scanning

electron micrographs (Fig. 3) to reveal bacterial attachment

to skin and meat surfaces before and after the LA and PAA

interventions. Changes in skin and meat microtopography

can be caused by the exposure to commercial processing

procedures and can have a significant influence on the

contamination of carcasses by bacteria during processing

and the recovery of microorganisms during sampling.

During the chicken carcass processing stages, removal

of the outer skin layer results in removal of attached

microorganisms; however, dermal skin tissue provides a

new surface niche for bacterial colonization during further

processing (23). After chilling, chicken skin swells, opening

and exposing channels and crevices to contaminants present

in the water, and these crevices can protect bacteria from the

effects of subsequent antimicrobial interventions (22).
Results obtained in this study indicated greater Salmonella
reduction on chicken meat surfaces. Although chicken meat

has a smoother and less hydrophobic microtopography,

scanning electron micrographs revealed more bacteria

attached to the muscle fibers than to the chicken skin.

Bacteria can be entrapped in tissue crevices, which provide a

level of protection against antimicrobial treatments (14, 21,
23).

One important concern of food safety authorities has

been the potential carryover of antimicrobial residues to the

chicken rinse used for bacterial sampling postchilling. In

response, a new neutralizing buffered peptone water rinse

for verification sampling has been proposed by the FSIS (9,
29). The reason for utilizing this rinsate solution is to reduce

false-negative results due to carryover of the active sanitizer

in the rinsate solution. In this study, chicken rinses were

TABLE 3. Hunter-Lab color scores after treatment of chicken
breastsa

Treatment L* a* b* DEb

Control 69.91 6 3.3 6.02 6 1.2 34.11 6 1.7

Water 68.50 6 2.7 7.70 6 1.1 33.38 6 1.6 2.308

PAA 400 ppm 67.44 6 1.1 5.77 6 1.8 30.46 6 2.5 4.408

PAA 800 ppm 74.33 6 2.0 6.83 6 1.1 35.47 6 1.7 4.699

LA 2.84% 71.80 6 3.4 6.74 6 1.1 34.44 6 1.2 2.050

LA 5.11% 69.93 6 1.5 6.11 6 1.4 32.48 6 3.0 1.625

a Values are mean 6 95% confidence interval (n ¼ 15). In the

CIELAB system, L* (lightness of color) ranges from black to

white (0 to 100); for a* (redness), positive numbers are in the red

direction and negative numbers are in the green direction; and for

b* (yellowness), positive numbers are in the yellow direction and

negative numbers are in the blue direction.
b Difference between the control and treatment samples in the

L*a*b* color space.

FIGURE 3. Representative scanning electron micrographs (.31,000 magnification) of Salmonella cells adhered to the surface of chicken
thigh skin and meat surfaces. (A) Control skin; (B) skin treated with 5.11% LA; (C) skin treated with 400 ppm of PAA; (D) control meat
surface; (E) meat treated with 5.11% LA; (F) meat treated with 400 ppm of PAA.
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collected and processed within 1 h after intervention to

minimize antimicrobial carryover and extended contact time

with the sample; however, future work will require the use a

neutralizing agent to account for the potential carryover and

enable the recovery of injured cells.

The color of fresh chicken meat is an important quality

attribute that can influence consumer purchasing decisions

(19). Changes in carcass appearance such as bleaching and

darkening after treatment with organic acids has been

reported (4). However, data collected in this study indicate

no significant treatment-related discoloration. Muscle pH

and meat color are highly correlated; higher pH is correlated

with darker than normal color ranges (8). A variety of

factors such as environmental variables, field management

practices, and stress can alter the color parameters of chicken

carcasses and parts during production and processing (10).
The results of this study suggest that LA and BLA

achieved significant reductions in Salmonella under the

conditions evaluated in this study, and these acids may be

effective antimicrobials for applications with poultry parts.

However, the Salmonella reductions were relatively small

and have minimal biological significance as a single

intervention option. A multiple, sequential application

approach may be needed to achieve greater reductions

during the cutting and deboning processing stages. The acid

treatments did not affect physical properties such as color in

skin-on and skin-off chicken parts. Further research is

needed with other chicken parts to evaluate the effect of

sequential interventions when applied with different or

combined methods, such as drenching and immersion, that

could potentially enhance overall antimicrobial effective-

ness.
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