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Objectives  

Long-range objectives 

 Develop a freshness indicator for leafy greens useful to all players in the value chain. 

 Establish the relationship between tissue and volatile ammonia concentrations for  

important leafy greens. 

Immediate objectives:  

 Determine the relationship between tissue and volatile ammonia concentrations for 

spinach and arugula under different postharvest handling conditions. . 

 Determine if initial volatile ammonia concentrations (applying a stress protocol at time of 

harvest) can predict storage life and quality. No work was conducted on this objective. 

 

 

Abstract 

Freshness is a very desirable but somewhat elusive characteristic for leafy greens.  Leafy greens 

contain a significant amount of protein, and accumulation of ammonia as a byproduct of protein 

metabolism can occur when products lose freshness and begin to deteriorate. In this project we 

demonstrated the relationship between ammonia accumulation and the deterioration of spinach 

and arugula (loss of visual quality, yellowing, decay, off-odors) in relation to storage 

temperatures and degree of leaf damage.  Ammonia was measured in a destructive 

spectrophotometric assay.  This method is not practical for commercial operations, so the main 

objective of this project was to compare the performance of a nondestructive volatile ammonia 

sensor to the laboratory method. Volatile ammonia sensors using nanotechnology ammonia 

sensitive films were constructed and tested for response to quality changes in leafy products.  In 

one experiment, ammonia was measured by both methods on the same arugula and spinach 

samples.  The methods compared favorably, especially for spinach.  Although the sensors need 

further work to make them practical for commercial application, they appear to have potential for 

assessment of postharvest quality changes and freshness in leafy greens.   



Procedures  

Fresh products (spinach and arugula) for testing were provided by cooperating 

growers/shippers/processors or were purchased at wholesale (Cantwell) or retail (Song). For 

most of the testing, product was selected and packaged in unsealed plastic bags to minimize 

weight loss and held at different temperatures for periodic sampling.  Samples were removed 

periodically and evaluated for marketability attributes, shelf-life, color and changes in 

composition. Rating scales were used to evaluate overall visual quality, decay, off-odors, other 

defects.  Color was also evaluated nondestructively with a color meter.  The main compositional 

analysis was the determination of ammonia by a nitroprusside spectrophotometric assay.  

 

Ammonia sensors (5) were constructed and tested by Song.    These sensors were based on the 

RFID-enabled sensors previously developed for bomb-making materials (Georgia Tech Record 

of Invention #6118 ‘Graphene/CNT-based RFID-enabled chemical vapor sensor).  In this project 

the sensors were applied directly to the outside of packages by puncturing them to measure 

headspace ammonia (done by Song) or the sensors were placed in a Ziploc® bag with fresh 

product for a short period (done by Cantwell and Song).  The sensors measure headspace 

ammonia as changes in resistance (ohms) using a very sensitive ohmmeter. GTRI and UC Davis 

have a cooperative agreement in place work on this sensor technology (NDA UC Ref 2015-148-

S).   Song tested the sensitivity of the sensors using spinach and arugula samples purchased at 

retail and held at ambient temperature for different periods.  These products were in clamshells 

and a small puncture was made so the sensor could be fitted to the package.  In one experiment, 

spinach and arugula samples were prepared for measurement by both the spectrophotometric and 

the volatile ammonia sensor methods.   

 

Experiments were conducted with a minimum of 3 replications unless otherwise indicated. Data 

were analyzed as averages + standard deviations or subjected to analysis of variance with mean 

separation by LSD.05.  

 

Other experimental details are included in results and discussion where useful.  

  



Results and Discussion 

There were difficulties in getting the subcontract approved by Georgia Tech Research Institute 

(GTRI) for the volatile ammonia sensor research because the project does not allow indirect 

costs. In early 2016, the indirect costs were waived by GTRI and work on the sensors began. 

 

Because of the delay, we proceeded to gather more experimental data on spinach and arugula 

ammonia concentrations and postharvest conditions. For these tests, we used our laboratory 

assay of ammonia.  We conducted 3 experiments: 1 experiment on 2 varieties of arugula in 

relation to handling temperature, and 2 tests on spinach related to temperature and degree of leaf 

damage, a major problem with spinach.   

 

In the Brassica arugula (genus Diplotaxis), loss of quality is commonly due to a combination of 

yellowing and decay (Figure 1).  Product needs to be held near 0C to maintain good quality.  

Increases in ammonia concentrations were related to increases in yellowing and decay.  In this 

test, there was little product yellowing at 0 or 5C, but there was more decay at 5C and ammonia 

concentrations reflect those differences in quality. Ammonia concentrations only notably 

increased when there was an increase in decay and yellowing.  Correlations between decay and 

ammonia in the two arugula varieties tested (Letizia, Wild Thing) was high (R2 = 0.89).  
 

Figure 1.  Visual quality, yellowing, decay and ammonia concentrations of arugula (cv Letizia) after 

storage at 0-2°C for 11 days followed by 12 days at 3 simulated distribution temperatures.  Data are 

averages of 3 replicates with mean separation by LSD.05.  
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Baby leaf spinach provides another example of how changes in ammonia concentrations are 

related to changes in quality attributes (Figure 2). In the case of baby leaf spinach, decay scores 

are often higher than for other leafy greens, and ammonia scores are also correspondingly high.  

Off-odor scores are highly correlated to decay scores and ammonia concentrations.   

 

Damage increases quality loss in spinach.  In Figure 3, spinach was separated into 3 damage 

categories: 1) no or slight damage, 2) moderate damage, 3) severe damage with small pieces. 

Increased damage resulted in increased decay, especially at the abusive storage temperature.  

Increased damage was also associated with higher concentrations of ammonia. The decay scores 

were highly correlated with ammonia concentrations (R2 = 0.90).  

 

Figure 2.  Visual quality, decay and off-odor scores, and ammonia concentrations of baby leaf 

spinach stored at three temperatures.  Data are averages of 3 replicates ± standard deviation.  
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Figure 3.  Decay scores (A, C) and ammonia concentrations (B, D) for spinach stored at 2.5 or 

7.5C (36 or 45F).  Commercially washed and packaged spinach was separated into 3 categories 

of leaf damage before storage:  1) no or slight damage, 2) moderate damage, 3) severe damage 

with small pieces.  Data are averages of 3 replicates with mean separation by LSD.05. 

1
=

n
o
n
e
, 

5
=

s
e
v
e
re

1

2

3

4
Damage group 1

Damage group 2

Damage group 3

A
m

m
o
n
ia

, 
m

g
/g

 F
W

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Damage group 1

Damage group 2

Damage group 3

A. Decay, 2.5C (36F) B. Ammonia, 2.5C (36F)

LSD.05 LSD.05

Days 

0 3 6 9 12

1
=

n
o
n
e
, 

5
=

s
e
v
e
re

1

2

3

4

Damage group 1

Damage group 2

Damage group 3

Days 

0 3 6 9 12

A
m

m
o
n
ia

, 
m

g
/g

 F
W

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Damage group 1

Damage group 2

Damage group 3

C. Decay, 7.5C (45F) D. Ammonia, 7.5C (45F)

LSD.05 LSD.05

  



In February 2016, 5 sensors were constructed by Dr. Song for this project (Figure 4).  She 

initially tested the sensors on commercial arugula and spinach retail samples.  Arugula samples 

showed initial low values which increased 7-10 times after 4 and 5 days at 20C   Example 

spinach results are shown in Figure 5.  After equilibrating the sensory in air, there is a small 

increase in ohms in fresh spinach in a clamshell (A).  When the same sensor is inserted in a 

clamshell of product beginning to show signs of deterioration there is a larger ohm reading, 

indicating more volatile ammonia.  Figure 6 shows another set of measurements of spinach in 

clamshells measured periodically over 7 days with the first measurement after 3 days at 20C.   

 

Figure 4.  Judy Song inserting a volatile ammonia sensor for the May 2016 testing with the 

ohmmeter in the background. The sensors are gold wire grids covered by a nanotechnology film 

sensitive to ammonia.  Sensor response is measured as a difference in electrical resistance and 

directly graphed with customized software. Ziploc bags were used in this test, but it is necessary 

to better standardize the measurement conditions of volatile ammonia.  Moisture droplets (shown 

on both bags) can interfere with the sensor response.  

  

  
 



Figure 5.  A volatile ammonia sensor trace (ohms) on retail clamshell spinach products. Product 

was measured when fresh (A) and again after holding at ambient temperature (B).   

  
 

 

 

Figure 6.  Volatile ammonia sensor results for spinach samples held at 20C (68F).  March 23 

corresponds to holding for 3 days at 20C.  Sensor data are calculated as change in ohms. 
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With these preliminary positive results, we then conducted one experiment with arugula and 

spinach samples to obtain both tissue and volatile ammonia on the same samples.  Fresh arugula 

and spinach samples were obtained from a processor in San Juan Bautista.  Samples had been 

harvested and cooled, but not washed; they were transported in coolers with ice to the Mann Lab.  

Product was lightly sorted and prepared in unsealed plastic bags (to avoid water loss but not 

create a modified atmosphere) and stored for 6 days at 0, 10 or 20C (32, 50 or 68F) and for 2.5 

days at 20C, with 3 replicates.  These conditions are expected to provide a range of product 

quality and a range of ammonia concentrations.  The 12 spinach samples and the 12 arugula 

samples were evaluated for quality, ammonia concentrations, and photos were taken.  From these 

samples, 50 g were transferred to unsealed Ziploc bags, placed in a cooler with carton board and 

gel ice packs for air transport to GTRI (1 day) by the PI.   Temptales™ were used to document 

temperatures. At Song’s laboratory, samples were individually removed from the cooler, 

equilibrated about 30 minutes to room temperature (20-22C), and then the Ziploc bag was closed 

for 2-3 min before inserting the sensor (Figure 3).  We worked with two sensors for this test that 

were providing good sensitivity and relatively rapid reversibility.  The sensors give an almost 

immediate response and then readings level off; we used the maximum values once values level 

off.  We recognize that there was some variability in the handling of the samples. It was 

important not to have free moisture since that can interfere with sensor measurements.  It will be 

important to have a better standardized protocol in the future and also to address the moisture 

issue, since moisture will be a common occurrence in the packaged salads.  

 

The results are promising.  For spinach (Table 1, Figure 7), samples at 0C had the lowest 

ammonia by both methods and the highest quality.  The samples held at 20C for 6 days had very 

low quality and the highest ammonia values.   The measurement of tissue ammonia for the 

intermediate B (10C 6 days) and C (20C 2.5 days) samples appeared to be more sensitive than 

the volatile sensor measurement.  The sensors gave a similar value, while tissue ammonia 

concentrations were significantly different as were the overall visual quality scores. However, in 

both cases, a doubling of the sensor measurement corresponded to reduced product quality.    

 

Results for arugula (Table 2, Figure 8) were not as good as those for baby leaf spinach.  Holding 

the arugula at 0C for 6 days retained freshness and visual quality and resulted in the lowest 

ammonia concentrations by the tissue method, but the sensor values were in the same range as 

the B and C samples, which were clearly of lower quality.  The samples at 20C for 6 days were 

deteriorated with yellowing and decay, and had the highest ammonia concentrations and sensor 

values. The sensor values for arugula were relatively low compared to those produced by the 

spinach samples.   We noticed that there was moisture condensation in the arugula bags and the 

ammonia sensors are affected by free moisture.  This was less of a problem in the spinach 

samples.  Also there may have been other volatiles produced by arugula which complicated the 

measurements.  While the sensors are most sensitive to ammonia, they can respond to other 

volatiles and arugula produces a lot of sulfur-containing volatile compounds.  

 

Figure 9 shows the overall correlation between ammonia concentrations and volatile ammonia 

sensor values for the spinach and arugula samples.  Clearly more quantitative work is needed to 

confirm these results, but the preliminary data are promising.     

   



Table 1.  Visual quality scores, and tissue and volatile ammonia measurements of spinach 

samples. Sensor data are calculated as change in ohms.  Data are average of 3 replicates ± 

standard deviation.  

   

Product storage 

Conditions 

Visual 

Quality 

Score 

Tissue 

Ammonia 

µg/g FW 

Volatile Sensor 

Ammonia 

R-R0/R0 

A. 0C 6days 9.0 ± 0.0     7.2 ± 0.1 0.55 ± 0.12 

B. 10C 6 days 6.2 ± 0.3   41.2 ± 8.0 1.15 ± 0.52 

C. 20C 2.5 days 5.3 ± 0.6 112.8 ± 3.7 1.11 ± 0.08 

D. 20C 6 days 2.7 ± 0.6 782.3 ± 98.9 4.37 ± 1.90 

 

 

Figure 7.  Appearance of the spinach samples prepared for volatile ammonia sensor and standard 

ammonia measurements. 
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Table 2.  Visual quality scores, and tissue and volatile ammonia measurements of arugula 

samples. Data from one sensor outlier at 10C were eliminated. Sensor data are calculated as 

change in ohms. Data are average of 3 replicates ± standard deviation.  

 

Product storage 

Conditions 

Visual 

Quality 

Score 

Tissue 

Ammonia 

µg/g FW 

Volatile Sensor 

Ammonia 

R-R0/R0 

A. 0C 6days 9.0 ± 0.0     7.9 ± 0.3 0.82 ± 0.12 

B. 10C 6 days 7.2 ± 0.3   35.2 ± 1.4 1.04 ± 0.21 

C. 20C 2.5 days 6.3 ± 0.3   64.9 ± 8.8 0.94 ± 0.30 

D. 20C 6 days 3.3 ± 0.6 388.5 ± 118.2 1.86 ± 0.56 

 

 

Figure 8.  Appearance of the arugula samples prepared for volatile ammonia sensor and standard 

ammonia measurements. 
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Figure 9.  Relationship between volatile ammonia and tissue ammonia in spinach and arugula 

samples.  See Tables 1 and 2 for test conditions.   
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Conclusions 

We have clearly demonstrated that increases in ammonia are associated with loss of freshness      

(deterioration) during postharvest handling of spinach and arugula.  Ammonia concentrations 

increase as visual quality decreases, due to yellowing and to decay development.  Ammonia is 

highly correlated to these quality factors as well as to off-odor scores.  This quality loss may be 

caused by temperature abuse and/or leaf damage or be due to other adverse postharvest 

conditions.  The spectrophotometric method for measurement of tissue ammonia is sensitive and 

reliable, but is not practical for commercial application. Volatile ammonia sensors are being 

developed for various food and industrial applications and we showed that volatile ammonia 

increases were also related to adverse postharvest conditions.  More importantly we showed in 

one experiment that volatile ammonia measurements are correlated to the corresponding tissue 

ammonia measurements in the same spinach and arugula samples. Results for spinach were 

better than results for arugula.  While more work is needed, this demonstrates the potential of 

nondestructive ammonia measurements of leafy greens in packages.  Since off-odors and decay 

were highly correlated to increases in ammonia, this could be a useful tool to assess freshness 

during leafy green distribution.  

 

 

 

 

 


