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3 Results
3.1 Human study population
Human milk samples were donated by 29 mothers from the Perth metropolitan area
and its surrounds as well as the South West Region of Western Australia spanning
222 km (including Capel, Australind, Harvey and Bunbury) (Figure 3.1).

Figure 3.1
Sample collection area.
Where stars indicate locations of sample collection.
Reproduced from Google Maps (2015).

Milk samples were collected from women who had no pain (control group) and those
with nipple pain (nipple pain group). The control group (CG) contained only mothers
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who were experiencing pain-free breastfeeding and were used as the ‘healthy’
baseline for comparison with nipple pain samples. Nipple pain (NP) samples were
collected from mothers who were experiencing persistent nipple pain during
breastfeeding, determined by the perceived pain level during breastfeeding at the time
of collection. Additionally participants with nipple pain were assessed for nipple
trauma and breast changes (including abscess, broken nipple skin and suction lesions)
and further divided into two subgroups; persistent nipple pain with no visible trauma
(PG) and nipple pain with visible trauma (TG). Presence of trauma together with
perceived pain levels were used as a general measure of breast health and potential
damage to mammary tissue.

There were 4 mothers who were experiencing nipple pain in only one breast. These
mothers donated samples from both breasts and provided both a nipple pain and a
control sample. Three were in the Nipple Pain group (PG) and 1 was in the Trauma
Group (TG).

All mothers were non-smokers during lactation and only one reported taking
medication prior to sample collection. Mothers with infants outside the 1-6 month age
(4-24 weeks) requirement were excluded from this study.

3.1.1

Sample demographics

A summary of all sample demographics is shown below in Table 3.1 (full
demographic data set in Appendix 3.1). The mean age of the 29 mothers was 31.82
years (± 5.21) with a range of 22.2-40.8 years. Mothers in the NP group were on
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average 2.86 years older than the CG (p=0.16), however there was no significant
difference in maternal age between the CG and NP groups or subgroups.

Seventeen mothers reported the gestational age of their infant; of these mothers the
mean gestational age was 39 weeks (median=39) with a range of 37 – 41 weeks.
Of the 29 infants, 11 were female and 18 were male.

The average age of the 29 infants in the study was 13.75 weeks (± 7.42) with a range
of 4.6-26.1 weeks. The infant age in the NP group was an average 6.94 weeks
younger than the CG group (p=0.01). The TG subgroup had the youngest mean infant
age (9.02 ± 7.70 weeks) and was an average of 7.36 weeks younger than the CG
(p=0.04) (Table 3.1). There was no significant difference in infant age between the
PG and TG subgroups (p=0.98).

Of the 29 mothers 17 were multiparous; 13 had 2 children, 3 mothers had 3 children
and only 1 had 4 children. There was no significant difference of parity between
nipple pain subgroups.

3.1.2

Pain assessment

Using the Visual Analogue Scale (VAS) for pain intensity as described by McClellan
et al. (2012), mothers with nipple pain were asked to rate their pain when
breastfeeding from ‘no pain’ to the ‘worst pain imaginable’. Pain intensity was
converted to a numerical value between 0 and 10, 0 being no pain and 10 representing
the highest level of perceived pain. The control mothers (n=22) all reported a pain
level of 0 during breastfeeding. Of the 11 mothers in the NP group, 6 mothers
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reported a pain level of 5 or higher, with the 3 highest pain scores (10, 8, 8) reported
from mothers experiencing persistent nipple pain with no visible trauma. Mean and
SD of the PG and TG subgroups was 5.83 (± 3.25) and 5.0 (±1.30) respectively. There
was no significant difference in pain score between the two nipple pain subgroups
(Table 3.1).

3.1.3

Medication

Participants were asked to document any medication they were taking at the time of
collection. Some drugs have the potential to alter the transport processes in the
mammary gland directly or by altering metabolism or normal developmental
processes, which can directly affect the milk metabolome irrespective of patient
health and breast pathology. Of the 29 mothers, only one mother (M18) reported
taking an antibiotic at the time of collection; M18 was being treated for unilateral
nipple pain without evidence of trauma (PG).
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Table 3.1

Characteristics of infants and mothers in control group and nipple pain subgroups.
Control Group

Nipple Pain

Nipple Pain

(CG)

(PG)

(TG)

n = 18

n =6

n=5

Characteristic

All
n = 29

p-value

Maternal Age (years)

30.73 (± 5.50)

33.43 (± 5.50)

33.79 (± 3.13)

31.82 (± 5.21)

0.37

Infant Age (weeks)

16.38 (± 6.83)

9.80 (± 6.00)

9.02 (± 7.70)*

13.75 (± 7.42)

0.43

Parity (n)

2 (1, 3)

1 (1, 4)

2 (1, 2)

2 (1, 4)

0.07

Pain (1-10)

0

5.83 (± 3.25)

5.2 (± 1.30)

5.55 (± 2.46)

-

Antibiotics (n)

0

1

0

1

-

Paired Samples (n)

-

3

1

4

-

Paired samples denote those where the mother also donated a control sample; mothers who donated both control and nipple pain samples are
counted only in their relevant nipple pain subcategory.
Maternal age, infant age and perceived pain levels (nipple pain mothers only) are presented as a mean (± SD).
Parity is presented as median (IQR).
P-value is ANOVA (continuous) or Fisher’s exact test (categorical) comparison of all three groups. Significant differences between pain groups
and control (reference) are indicated as: * = p<0.05.
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3.2 Bovine study population
Seven bovine milk samples were collected from 4 lactating cows. Control and mastitis
samples were collected from the same cow when possible; i.e. when only a quarter or
more was presenting with mastitis, not the entire udder (Table 3.2). Each cow
supplied up to three milk samples. Three control samples were collected from the
quarters of three cows that did not appear to be suffering from mastitis at the time of
collection, including one colostrum sample collected from a cow shortly after
parturition. Four milk samples were collected from the quarters of three cows
suffering from mastitis, one of which has been treated with Clavulox, an amoxicillin
based penicillin antibiotic administered by direct injection into the affected quarter.

Two pooled milk samples were collected from a single storage vat prior to heat
pasteurisation.

Table 3.2

Distribution of bovine milk samples
Samples

Treated (w/penicillin)

Untreated

(n)

(n)

(n)

Control

3

-

-

Mastitis

4

1

3

Test Group
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3.3 Microbe assessment results
Traditionally human milk has been cultured on a selection of selective and differential
media to determine bacterial abundance and species composition. Australian milk
banks, which follow United Kingdom guidelines for operating human milk banks,
require all human milk to undergo microbial culture on 5% horse blood agar and
CLED agar plates before and after heat pasteurisation (Hartmann et al., 2007).
Microbial testing is conducted for the identification and quantification (CFU/ml) of
pathogenic organisms. Australian human milk banks standards require that donations
do not contain enterococci, Enterobacteriaceae or any bacterial pathogen capable of
producing heat-stable enterotoxins. Samples with confluent microbial growth
exceeding 105 CFU/ml are deemed unacceptable for milk bank use (Hartmann et al.,
2007).

S. aureus has traditionally been considered the most common etiological cause of
nipple pain and mastitis, with recent studies also identifying coagulase negative
staphylococcus (such as S. epidermidis) as being a possible factor in the development
of breast pain and mastitis (Amir et al., 2011). Additionally the presence of Candida
albicans and the development of breast thrush have been associated with breast and
nipple pain in breastfeeding mothers (Brent, 2001).

For the purpose of this study three main media types together with traditional
microbial analysis were used for primary identification and quantification of
microbial and fungal organisms.
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i.

5% Horse Blood agar: A non-selective media suitable for all microbial growth and
quantification of microbial species in CFU/ml.

ii.

Mannitol Salt agar (MSA): A selective media for the isolation of staphylococci
growth with the addition of a colour indicator differential for S. aureus.

iii.

Sabouraud Dextrose agar: A selective medium used for the isolation and
quantification of fungal species

Secondary microbial cultures were conducted using Vogel-Johnson agar to confirm
identification of S. aureus. Additional subcultures on Yeast Extract Glucose
Chloramphenicol (YGC) agar and Yeast Dichloran Rose Bengal Chlortetracycline
(DRBC) agar were used to confirm the identification of yeast on primary agar
cultures.

Gram stain techniques were used to determine the identification of bacterial and
fungal species. Additionally a latex agglutination test was used to confirm the
identification of S. aureus on primary agar cultures following species detection by
Gram stain.

Analysis of microbial organisms was used to identify possible causative agents
contributing to persistent nipple pain with and without visible trauma.
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3.3.1

Quantification of microorganisms

Microorganism growth was quantified and reported in CFU/ml, on 5% horse blood
agar. Fungal and bacterial colonies were included in this quantification. The full data
set is presented in Appendix 3.3. An average CFU/ml and standard deviation for each
group was calculated (Table 3.3). The data was plotted to visualise spread and
identify outliers (Figure 3.2). Subsequent culture on specific agars was used to
confirm the identity of the organism present in primary cultures.

Of the 22 human control samples 21 produced positive culture on 5% horse blood
agar, with a mean colony count of 1 623 CFU/ml (± 4 099). One sample had no
growth. All of the samples in the nipple pain with trauma (TG) subgroup cultured
positive on 5% horse blood agar. The TG samples showed the highest bacterial counts
of the human participants; the mean CFU was 2 778 CFU/ml (± 5 265). All of the
samples in the persistent nipple pain without evidence of trauma (PG) subgroup
displayed positive culture on 5% horse blood agar. The PG group produced the lowest
bacterial count with a mean CFU of 440 CFU/ml (± 289). The combined mean CFU
for the nipple pain group was 1 503 CFU/ml (± 3 494). There was no statistical
significance between groups (p=0.55).

All bovine samples (n=9) cultured positive on 5% horse blood agar with a combined
mean CFU of 11 098 CFU (± 540). The bovine mastitis samples (BM) (n=4) had a
mean CFU of 2 173 (± 2775), higher than the bovine control group (BC) (n=3) with a
mean CFU of 473 CFU/ml (± 519). The pooled bovine samples (BP) (n=2) (collected
from a single storage vat) displayed the most abundant microbial growth with a
combined CFU of 44 885 CFU/ml (± 13 584).
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As a result of the small sample size the log form of the CFU/ml was calculated to
scale the data and remove the influence of outliers (Figure 3.2, Table 3.3). Figure 3.2
illustrates the large variation in CFU/ml of the human control samples. Despite
individual control samples having the samples with the largest CFU/ml the log of the

Log
of CFU/ml
Log$of$CFU/ml$

CFU/ml is lowest in the control group as indicated by black markers, Figure 3.2.

!!!!!!!!CG!!
CG

!!!!!!!!!!!PG!!!!!!!!!
!!!!!!!!!!!!!TG!
PG
TG

Sub.$group$
Sub-Group
Figure 3.2
Log of the CFU/ml in human whole milk cultured on blood agar.
Individual sample counts are represented as triangle. The mean of each group is
represented by a black bar.
(CG; human milk, control samples, PG; human milk, persistent nipple pain without
trauma, TG; human milk, persistent nipple pain with evidence of trauma.
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Table 3.3

CFU/ml

Log of CFU/ml

Number of microorganisms in human and bovine whole milk samples from blood agar cultures.
Control Group

Nipple Pain

Nipple Pain

(CG)

(PG)

(TG)

n = 22

n =6

n=5

1 623 (± 4 099)

440 (± 289)

2 778 (± 5 265)

1 583 (± 3 853)

473 (± 519)

2.37 (± 0.98)

2.45 (± 0.60)

2.86 (± 0.76)

2.48 (± 0.88)

2.37 (± 0.98)

All
n = 33

Bovine

Bovine

Control

Mastitis

n=3

n=4

All
n=9

2 173 (± 2 775) 1 357 (± 1 833)

2.64 (± 0.68)

2.48 (± 0.88)

CFU/ml and log of CFU/ml are presented as mean ± SD.
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3.3.2

Identification of microorganisms

Following microorganism quantification on 5% blood agar, bacterial and fungal
species were identified by Gram stain. Gram staining and oil immersion microscopy
identified bacterial and fungal species. Specific identification of bacteria and yeast
species was made by use of selective media.

3.3.2.1 5% Horse blood agar
5% horse blood agar is an enriched growth medium containing a variety of complex
nutrients suitable for the growth of most bacterial and fungal species and the detection
of haemolytic activity. Blood agar is often used to identify haemolytic streptococcus.

Blood agar culture of human and bovine milk samples resulted in cultures of a variety
of morphologies and species were identified based on morphology and Gram stain. S.
aureus was only identified in one human sample. S. aureus was identified in one
bovine sample and both pooled bovine vat samples.

Mothers presenting with unilateral nipple pain supplied a sample from their affected
and unaffected breast. Figure 3.3 is an example of a mother (M18) who was
experiencing persistent nipple pain without evidence of trauma in one breast. Pictured
are blood agar cultures of the control and nipple pain milk samples she provided.
Plate A is a blood agar culture of milk from her non-affected breast (control) and
Plate B is a blood agar culture of milk from the affected breast. Plate A indicates no
growth of pathogenic microorganisms. Two bacterial species were identified,
Corynebacterim diphtheria (blue circles) and CNS (white circles). Both species are
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commonly found in human and bovine milk, CNS in particular was found in 91 % of
the human milk samples in this study. A blood agar culture of the donor’s affected
breast (Plate B), which was experiencing persistent nipple pain without visible trauma
identified 82 % S. aureus colonies with 18 % other species (predominately CNS).
This is the only human milk sample where S. aureus was detected. Fungi were not
identified in any human milk samples.

Figure 3.3
Blood agar cultures of human milk, control and nipple pain.
Plate A is a culture of a control sample and Plate B a culture of a nipple pain sample,
which were collected from a single mother who was experiencing unilateral nipple
pain (M18). Plate A: Blue circle; Corynebacterim diphtheria ssp. and white circle;
strains of CNS. Plate B: Yellow circle; S. aureus.
Organisms most likely thought to cause pain such as yeast and Streptococcus ssp.
were found only in pooled bovine vat samples (Figure 3.4 and 3.5, respectively) and
identified using Gram stain techniques.
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Figure 3.4
Blood agar culture and Gram stain of a bovine vat sample (BV02).
The purple circle indicates a yeast colony as presented in the Gram stain on the right.

Figure 3. 5
Blood agar culture and Gram stain of a bovine vat sample (BV01).
The green circle indicates enlarged streptococcus colonies as presented in the Gram
stain on the right.
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3.3.2.2 Mannitol salt agar
All samples were cultured on MSA to confirm the presence of S. aureus and to verify
if S. aureus growth was restricted or overlooked on primary agar cultures, on 5%
blood agar. MSA is a selective media for Gram-negative bacteria and staphylococci,
but more specifically for the selective identification of S. aureus. MSA contains the
pH indicator phenol red for the specific detection of S. aureus, which causes the agar
to turn yellow (Figure 3.6). S. aureus was identified in one human milk sample which
was donated by a mother experiencing unilateral persistent nipple pain with no trauma
(M18), a bovine sample from a cow presenting with mastitis which had not been
treated with antibiotics (BM01), and both pooled vat samples (BV01/02).

Figure 3.6.

MSA culture and Gram stain of a human milk sample from a
mother (M18) experiencing persistent nipple pain (PG).
The culture was 100% S. aureus colonies (360 CFU/ml). B: Gram stain of S. aureus;
colony indicated by the black circle in image A.
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3.3.2.3 Vogel-Johnson agar
Samples previously identified to contain S. aureus growth were cultured on VogelJohnston agar to confirm the presence of S. aureus and to ensure S. aureus growth
wasn’t restricted or overlooked on 5% horse blood agar or MSA cultures.
Vogel-Johnson is selective for coagulase positive, mannitol fermenting
staphylococcus and thus is used for the clinical identification of S. aureus. S. aureus
begin to appear after 24 hours of incubation and form characteristic black colonies
(Figure 3.7). S. aureus was positively identified in one human milk sample (M18),
donated by a mother suffering unilateral persistent nipple pain without visible trauma
(Figure 3.7). Additionally S. aureus was identified in one individual bovine sample
(BM01), collected from a cow presenting with mastitis and both pooled bovine vat
samples (BV01 and BV02) (Figure 3.7).
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Figure 3.7
Vogel Johnson cultures of human and bovine milk samples.
Plate A is a culture of a human milk sample from a mother with persistent nipple pain
without trauma (M18), Plate B is a culture of a bovine milk sample from a cow
suffering from mastitis (BM01) and Plates C & D are cultures from each of the bovine
vat samples (BV01 & BV02).
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3.3.2.4 S. aureus specific DNase agar plate
The DNase agar plate was also used to positively identify S. aureus. The microbe is
able to use the DNA in the agar as a source of carbon and energy for growth. This is
accomplished by the use of a DNase enzyme which is specific for S. aureus. The
presence of a clear halo surrounding the targeted colony indicates a positive test for S.
aureus, as shown in Figure 3.8. The presence of S. aureus was confirmed in one
human milk sample (NP02) collected from a mother in the PG group and 3 bovine
samples, one individual bovine sample (BM01) and both pooled bovine vat samples
(BV01 and BV02).

Figure 3.8
DNase agar plate used for the identification of S. aureus.
The sample shown on the left is from a mother presenting with nipple pain with no
trauma. This sample shows a distinct halo around the colony and indicates a positive
test for S. aureus; the sample on the right is a negative control.
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3.3.2.5 Latex agglutination test
Gram staining and microscopy under oil immersion was used to confirm the
identification S. aureus prior to employing the latex agglutination test. The latex
agglutination test was used to confirm the presence of S. aureus via the detection of
the coagulase enzyme in the microorganism. Coagulase present in the sample
interacts with the latex particles and produces visible agglutination (Figure 3.9C). The
latex agglutination test was used in conjunction with MSA, Vogel-Johnson agar and
S. aureus specific DNase agar to confirm definitively the presence of S. aureus. It was
confirmed that one human milk sample (NP02) contained S. aureus and three bovine
samples, one individual (BM01) and both pooled bovine vat samples (BV01 and
BV02) were also confirmed to contain S. aureus. No additional sample tested positive
for S. aureus growth.

Figure 3.9
The Latex agglutination test for the detection of S. aureus.
Position C on the oxoid card indicates a positive result for S. aureus; in a sample
from a mother experiencing persistent nipple pain with no visible trauma.
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3.3.3

Fungal species identification

Following the identification and quantification of microorganisms on 5% horse blood
agar, all whole milk samples were cultured on Sabouraud agar for the identification and
quantification of fungal species. Following the identification of fungal species on
Sabouraud agar, select whole milk samples were cultured on Yeast Extract Glucose
Chloramphenicol (YGC) agar and Dichloran Rose Bengal Chlortetracycline (DRBC)
agar to confirm the presence of fungal species.

3.3.3.1 Sabouraud Agar
Sabouraud agar was used for the identification of fungal species, more specifically to
determine the presence of any Candida ssp. often thought to cause breast pathology.
No human milk sample cultured positive for the growth of any fungal species. The
pooled bovine vat samples (BV01 and BV02) where the only samples to culture
positive for fungal species (Figure 3.10).

Figure 3.10 Sabouraud agar culture and Gram stain of a bovine milk sample.
The bovine milk sample (BV02) was collected from a storage vat prior to
pasteurisation. A: Black circles indicate yeast colonies. B: Gram stain of yeast
colony.
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3.3.3.2 Yeast Extract Glucose Chloramphenicol (YGC) agar and Dichloran Rose
Bengal Chlortetracycline (DRBC) agar
YGC and DRBC agar are selective for the growth of fungi and contains
chloramphenicol to inhibit the growth of accompanying bacterial species. YGC and
DRBC agar are used for the isolation and quantification of yeast. Bovine vat samples
(BV01/B02) were positive for the growth of yeast. Figure 3.11 are YGC and DRBC
cultures of BV01 and illustrate positive growth of yeast as indicated by the black
circles. No human samples were positive for yeast on YGC or DRBC agar.

Figure 3.11

YGC and DRBC agar cultures of a single pooled bovine vat
sample (BV01).
The bovine milk sample was collected from a storage vat prior to pasteurisation.
A: YGC agar culture; The black circle indicates a yeast colony. B: DRBC agar
culture; Black circles indicate yeast colonies.
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3.3.4

Microbial diversity

The following microorganisms were positively identified: Coagulase negative
staphylococcus ssp., Corynebacterium diphtheria, S. aureus, Micrococcus ssp.,
Streptococcus ssp., Bacillus ssp. and yeast ssp. A summary of the distribution of
bacterial and fungal species identified in the human and bovine samples are presented
in Table 3.4.

S. aureus was only identified in one human sample, from the PG (subgroup), and one
bovine sample, from a cow with untreated mastitis, and both pooled bovine vat
samples collected from the storage vat prior to heat pasteurisation. Only the pooled
bovine vat samples displayed growth of Streptococcus ssp. and yeast.

Table 3.4
Group
CG

Distribution of bacterial and fungal species between groups.
Microorganism species identified
Coagulase negative staphylococcus ssp., Corynebacterium diphtheria
ssp. and Bacillus ssp.

PG

Coagulase negative staphylococcus ssp., Corynebacterium diphtheria
ssp, S. aureus, Micrococcus ssp.

TG

Coagulase negative staphylococcus ssp., Corynebacterium diphtheria
ssp, Micrococcus ssp.

BC

Coagulase negative staphylococcus ssp., Corynebacterium diphtheria ssp
and Bacillus ssp.

BM

Coagulase negative staphylococcus, ssp., Corynebacterium diphtheria
ssp, S. aureus, Micrococcus ssp and Bacillus ssp.

BP

Coagulase negative staphylococcus ssp., Corynebacterium diphtheria
ssp, S. aureus, Micrococcus ssp, Streptococcus ssp., Bacillus ssp and
yeast ssp.

The table is divided into human and bovine subgroups.
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3.4 Sodium and potassium ion analysis
Elevated sodium ion concentration in milk has been used previously as a measure of
breast health and damage to mammary tissue (Filteau et al., 1999). However, as milk
composition is highly variable between individuals it was proposed that potassium
concentration be used as a baseline and a sodium to potassium ratio used as a new
measure of breast pathology (Aryeetey et al., 2008). This study measured the sodium
and potassium concentration in all samples and determined the sodium/potassium
ratio, an elevated sodium to potassium ratio above 1.0 was considered indicative of
infection and mastitis (Aryeetey et al., 2008).

3.4.1 Measurement of sodium and potassium in human and bovine milk
samples
The sodium (Na+) and potassium (K+) ion concentrations and sodium to potassium
ratio (Na+/K+) was recorded for the duplicates of all human and bovine samples. The
mean (± SD) for Na+ and K+ concentration and Na+/K+ ratio were calculated for the
human control and nipple pain subgroups, and is shown in Table 3.5 (complete
sample set in Appendix 3.4).

The TG subgroup had a mean Na+ concentration of 8.01 mM (± 2.40), which was on
average 2.23 mM (± 0.93) higher than the PG group (p=0.056). The TG had a
significantly higher Na+ concentration than the control group which was on average
3.77 mM (± 0.76) lower than the TG subgroup (p<0.001).

84

Analysis of the K+ concentration in milk found that both the PG and TG subgroups
had a higher mean concentration than the control group, 13.55 mM and 14.45 mM vs.
12.72 mM, respectively. However, there was no statistically significant difference
between the control and nipple pain group or subgroups (p=0.053).

Calculation of the Na+/K+ ratio found that the TG subgroup had the highest mean ratio
(0.55 ± 0.15), which was significantly higher than the control group (0.34 ± 0.09)
(p<0.001). The mean ratio for the TG subgroup was higher than the PG subgroup
(0.43 ± 0.11), however no significant difference in Na+/K+ ratio was found between
the subgroups (p=0.10).
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Table 3.5

Summary of Na+ and K+ concentrations and Na+/K+ ratio recorded for human milk samples.
Control Group

Nipple pain

Nipple Pain

(CG)

(PG)

(TG)

(n=22)

(n=6)

(n=5)

Na+ (mM)

4.32 (±1.18)

5.81 (±1.94)*

08.04 (±2.40) †

5.15 (±2.02)

0.0001

K+ (mM)

12.72 (±1.23)

13.55 (±1.98)

14.45 (±1.64)***

13.13(±1.54)

0.0530

Na+/K+ ratio

0.34 (±0.09)

0.43 (±0.11)

00.55 (±0.15) †

0.39 (±0.13)

0.0005

All
(n=33)

p-value

P-value calculated by ANOVA (continuous) comparison between all three groups. Significant differences between pain groups and control
(reference) are indicated as: * = P<0.05, † = P<0.001.
Data are presented as mean ± SD.
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Despite the TG (0.55 ± 0.15) and PG (0.43 ± 0.11) subgroups displaying a higher
mean Na+/K+ ratio than the control group (0.34 ± 0.09), no sample had an elevated
ratio above one, a cut off previously considered to be indicative of infection (Figure
3.12). The highest Na+/K+ ratio was 0.811 recorded for M26/NP07 in the TG
subgroup.
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Potassium

20

15

15

1.0

!!0!!!!!!!!!!!!!!!!!5!!!!!!!!!!!!!!!!10!!!!!!!!!!!!!!!15!!!!!!!!!!!!!!!20!
0
5
10
15
20

!!0!!!!!!!!!!!!!!!!!5!!!!!!!!!!!!!!!!10!!!!!!!!!!!!!!!15!!!!!!!!!!!!!!!20!
0
5
10
15
20

20

Na/K Ratio

!0.0!!!!!!!!!0.2!!!!!!!!!!!0.4!!!!!!!!!!0.6!!!!!!!!!!!0.8!!!!!!!!!!1.0!
0.0
0.2
0.4
0.6
0.8
1.0

Sodium

10

0.8
0.6

10

5

0.4

5

0

0.2

0
Control

CG

No Trauma

PG

Trauma

TG

0.0
Control

CG

No Trauma

PG

Trauma

TG

Control

CG
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Figure 3.12 Box plots of Na+ and K+ concentration and Na+/K+ ratio.
Samples are shown in groups (CG: control, PG: nipple pain and TG: nipple pain with
trauma subgroup).
Box plots illustrating median, quartiles, range and outliers (°).

The mean Na+ concentration for the bovine samples (n=9) was 21.63 mM (± 11.44).
The bovine control group (n=3) had a mean Na+ concentration of 16.86 mM (± 7.4)
and the bovine mastitis group had a Na+ concentration of 30.26 mM (± 11.07) with
the highest Na+ concentration measured for a cow with untreated mastitis (45.48
mM). The two vat samples had an average Na+ concentration of 11.54 mM (± 0.01).
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The mean K+ concentration for the bovine group (n=9) was 21.75 mM (± 4.29). The
mean K+ concentration for the bovine control samples was 23.68 mM (± 2.36), which
was higher than the bovine mastitis samples (19.08 ± 5.29 mM). The two vat samples
had an average K+ concentration of 24.21 mM (± 0.22).

The average Na+/K+ ratio for the bovine samples (n=9) was 1.16 (± 1.0). The bovine
control group had a mean Na+/K+ ratio of 0.73 (± 0.34). The bovine mastitis group
had the highest mean ratio (1.82 ± 1.22); a cow with untreated mastitis had the highest
ratio (3.56). A summary of the results are shown in Table 3.6.

Table 3.6

Summary of Na+ and K+ concentration and Na+/K+ ratio recorded
for Bovine milk samples.
Control

Mastitis

Vat

All

(n=3)

(n=4)

(n=2)

(n=9)

Na+ (mM)

16.86 (± 7.4)

30.36 (± 11.07)

011.54 (± 0.02)

21.63 (± 11.44)

K+ (mM)

23.68 (± 2.36)

19.08(± 5.29)

24.21 (± 0.22) *

21.75 (± 4.49)

Na+/K+ ratio

0.73 (± 0.34)

1.83 (± 1.22)

00.48 (± 0.004)

1.16 (± 1.0)

Data is shown as mean (± SD).
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The human and bovine samples were plotted together to identify trends in the data
(Figure 3.13). The human samples were plotted as box plots for the control and nipple
pain groups, the bovine samples are indicated by red stars. It is important to note that
only the Na+/K+ ratio is comparable. Figure 3.13 identifies that both the human nipple
pain and bovine mastitis samples have an elevated Na+/K+ ratio.
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Box plots of Na+ and K+ concentration and Na+/K+ ratio for human
milk samples, with individual bovine values.

Box plots illustrating median, quartiles and range.
Human samples are shown in control and pain groups.
Individual bovine samples are represented by red stars (*); milk samples retrieved
from animals with mastitis are represented as part of the ‘pain’ category.
Pooled bovine vat samples are excluded from this figure.
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3.5 Metabolomics methods optimisation
Due to the complex nature of human milk and the large variability between
individuals it is important to develop methodology that allows the unbiased analysis
of as many milk metabolites as are amenable to the analytical technique employed,
whilst eliminating any unnecessary preparation steps and reducing the addition of
human and experimental error. Therefore, optimisation of a number of experimental
conditions was required. These included the temperature of derivitisation and the
volume of sample for analysis.

3.5.1 Sample volume optimisation
Optimisation of the sample volume required for analysis was necessary to assess the
dynamic range in concentration of the measured metabolites of human milk, and to
identify a volume that would not overload the instrument, while still being large
enough to detect metabolites present at the lower concentrations.

Human and bovine milk volumes of 25 µl, 50 µl, 75 µl and 100 µl were tested to
determine the maximum volume of milk that could be analysed in a single
derivatising volume, using the previously described method of preparation. 13C6
sorbitol was added to each sample at the same concentration, regardless of the milk
volume being tested. The alkanes were also added at a consistent volume. These
internal standards allowed a comparison of the reproducibility (calculated as %RSD)
of the measured signal(s) within an increasingly more concentrated sample matrix
(namely, 25 µl through to 100 µl equivalent milk volumes).
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The relative standard deviation (%RSD) of the 13C6 labelled D-sorbitol was calculated
for the sample set (n=5) and pooled QCs for each test volume (Table 7.1). The 50 µl
test volume had the highest reproducibility for this internal standard, with a %RSD of
10.56 %. The 75 µl and 100 µl volumes had a reproducibility of 36.32 % and 40.02 %
respectively, much higher than the 30% RSD which is commonly deemed acceptable
for biological samples (Dunn et al., 2011; Edmands, Barupal and Scalbert, 2014) and
less than the 20 % RSD deemed acceptable by the Food and Drugs Administration
guidelines for biomarker studies (Kirwan, Broadhurst, Davidson & Viant, 2013). This
is likely due to the sample preparation inconsistencies (as noted during preparation) of
the 75 µl and 100 µl volumes, many of which appeared opaque and presented with
precipitation, which suggests the larger sample volumes were not completely
dissolved in the derivatisation solvents at the higher sample concentrations.

To assess if the chosen internal standard, 13C6 -D-sorbitol, would likely be able to
account for signal fluctuations across the chromatogram when applied to the greater
metabolomics study, the 13C6 -D-sorbitol was compared against the measured signal
of the added alkanes. The peak intensity of n-alkanes C12, C15, C19, C22, C28, C32, C36
was divided by the corresponding peak area of the internal standard, 13C6 -D-sorbitol.
The %RSD of the seven n-alkanes in the test samples were calculated and used to
determine reproducibility (Table 3.7). A comparison of the %RSD of the n-alkanes in
the four test volumes found that only the 25 µl and 50 µl sample volumes produced a
%RSD below the desirable 30 % RSD cut off (Edmands, Barupal and Scalbert, 2014).
The 50 µl replicate volumes produced a lower mean %RSD for the normalised nalkane values than the QC pooled samples of the same volume, however both
recorded values below 20 % RSD (Table 3.7). The 25 and 50 µl (equivalent) milk
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volumes, therefore resulted in the most reproducible measurements whereby the
internal standard would be most effective at correcting sample preparation and/or
analytical differences between samples within the greater metabolomics study. A 50
µl sample volume was used for the subsequent analysis of all study samples.
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Table 3.7

Volume (µl)

%RSD of the area ratios of 13C6 Sorbitol and Alkanes.

% RSD

% RSD (Alkanes; corrected)

(13C6 – Sorbitol;
raw peak area)

C12,

C15,

C19,

C22,

C28

C32

C36

25

12.50

7.12

6.13

6.17

6.15

5.71

5.25

10.12

50

10.56

4.40

6.24

7.53

8.91

12.82

11.79

16.50

QC (50)

20.08

15.25

14.06

12.86

12.04

14.37

15.13

17.13

75

36.62

82.20

81.05

77.91

78.99

88.15

78.91

71.62

100

40.02

59.70

58.84

59.66

59.57

57.87

60.02

61.28

Uncorrected relative standard deviations of 13C6 D-sorbitol, calculated from the raw peak areas.
Relative standard deviations of alkanes normalised to 13C6 labelled D-sorbitol.
The highlighted row indicates the %RSD recorded for the pooled QCs which were 50 µl in volume.
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3.5.2

Temperature optimisation

Derivatisation is the chemical modification of an analyte, often used to facilitate gas
chromatography. Optimisation of this technique was employed to ensure the samples
were as close to complete derivatisation as possible making them amenable to
analysis by GC-MS, while reducing the number of derivatives for a single metabolite
to achieve optimal signal intensity, and identification of the maximal number of
metabolites.

A temperature trial was conducted to determine the optimal temperature for MSTFA
derivatisation. To determine the optimal derivatisation temperature for derivatisation,
the peak area of each metabolite in a mixture of thirty metabolite reference standards
was compared, and the standard deviation between the triplicates at each of the test
temperatures calculated. The measured signal intensity (represented by peak area) is
important to the analysis and reflective of the effectiveness of the derivatisation,
however sample reproducibility (represented as standard deviation) was ultimately the
determining factor in identifying the optimal derivatisation temperature. Ideally, a
large peak area (high signal intensity) with a low standard deviation (good
reproducibility) would indicate the optimal temperature.

The methods for temperature optimisation were based on a derivatisation method by
Gummer et al. (2013) using a Thermomixer (TM) for incubation. For comparative
purpose two TM control temperatures were analysed, 37°C and 60°C, as previously
stated in 2.2.5.1.2 (derivatisation temperature optimisation). The derivatisation of
these two TM controls occurred within the microcentrifuge tubes that the metabolite
standards were prepared in. This approach was determined less suitable for incubation
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at elevated temperatures as it resulted in a greater signal of analytical artefacts (nonbiological analytes) leaching from the 2 ml polypropylene tubes.

All of the 30 measured metabolite standards were assessed for reproducibility at the
different derivatisation temperatures (Appendix 3.5a-3.4t), however those found most
relevant to the final results of this thesis are presented here (Figures 3.14-3.17). Lphenylalanine and L-methionine (Figures 3.14 and 3.16, respectively), demonstrate
the least signal reproducibility at the lowest and highest reaction temperatures. The
remaining figures are provided in Appendix 3.5a-3.4t. The optimum derivatisation
temperature varied amongst the individual reference standards, however 60°C and
75°C generally provided the strongest reproducibility in signal intensity when
incubated within the sealed analytical vial, rather than in polypropylene (Figures 3.143.17). Figure 3.14 and 3.15 display the peak area and standard deviation for
metabolite L-phenylalanine (1 TMS). Figure 3.16 and 3.17 display the peak area and
standard deviation of metabolite L-methionine (1 TMS) respectively.

L-phenylalanine (1 TMS) was the least reproducible when derivatised at 90°C and Lmethionine (1 TMS) was least reproducible at 37°C. Incubation at 90°C had the
lowest reproducibility across the entire metabolite range, followed by 37°C (37°C is
the MSTFA derivatisation temperature employed in many current protocols; Francki,
Hayton, Gummer, Rawlinson & Trengove, 2015; Gummer et al., 2013).
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Figure 3.14

Measured Peak area of L-Phenylalanine (1 TMS) using MSTFA
incubation temperatures of 37°C, 45°C, 60°C, 75°C, 90°C with the
incubation performed in a GC oven (GC) or with agitation in a
Thermomixer (TM).

Figure 3.15

Standard deviation of the measured peak area (n=3) of LPhenylalanine (1 TMS) using MSTFA incubation temperatures of
37°C, 45°C, 60°C, 75°C, 90°C with the incubation performed in a
GC oven (GC) or with agitation in a Thermomixer (TM).
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Figure 3.16

Measured peak area of L-Methionine (1 TMS) using MSTFA
incubation temperatures of 37°C, 45°C, 60°C, 75°C, 90°C with the
incubation performed in a GC oven (GC) or with agitation in a
Thermomixer (TM).

Figure 3.17

Standard deviation of the measured peak area (n=3) of LMethionine (1 TMS) using MSTFA incubation temperatures of
37°C, 45°C, 60°C, 75°C, 90°C with the incubation performed in a
GC oven (GC) or with agitation in a Thermomixer (TM).
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The derivatisation temperature with the smallest standard deviation for both LPhenylalanine (1 TMS) and L-Methionine (1 TMS) and therefore most reproducible
for these specific metabolites was 75°C as shown in Figures 3.15 and 3.17
respectively. Across the tested metabolite reference standards 75°C demonstrated the
greatest reproducibility between replicates. Where the 75°C incubation temperature
wasn’t the most reproducible, it still produced high peak intensity and a relatively low
standard deviation. Consequently, sample derivatisation was carried out at 75°C in
the later metabolomics analyses, in accordance to these findings.

3.6 Changes to the metabolite composition of human milk in response to
pain and trauma of the nipple
Untargeted metabolomics analysis was conducted on human milk samples from women
experiencing persistent nipple pain (NP) without evidence of nipple trauma (pain
subgroup; PG), or with trauma (trauma subgroup; TG) and of women not presenting
with nipple discomfort (control group; CG). Milk samples from bovine control and of
bovine animals presenting with mastitis were also assessed. A list of metabolites was
compiled and relative abundances determined to identify metabolites differing between
the TG and PG patient samples, for comparison to CG, and identify those of most
interest to this study. The use of QC samples was determined paramount to the data
integrity and used to guide the data interpretation. The QC sample was a pooled milk
sample containing all 42 milk samples both human and bovine.

The final metabolomics sample set prepared for GC-MS analysis comprised the 42
individual human and bovine milk samples, pooled milk quality controls (QC) and a
derivatisation (no milk) control. A series of conditioning solvent blanks were run at the
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start of the sequence followed by five QCs, for the purposes of conditioning the
instrument prior to milk sample analysis. Following this initial run sequence, milk
samples were randomised amongst the QC samples, with one QC analysed before and
after every four experimental samples (Figure 3.18).

Preventive instrument maintenance of the GC-MS was required during analysis of the
sample set. Due to the composition of the milk samples and non-volatile components
adhering to the inlet liner, frequent preventive GC maintenance was required.
Maintenance frequency was determined by an observed drop in signal intensity
(assessed during the sample sequence), requiring the replacement of inlet consumables
and trimming of the guard-column.

Following complete data interrogation, the QC sample results as modelled by PCA
indicated that the first 29 injections were comparable, following which the signal
intensity was noticeably poorer. Unfortunately data normalisation (to the internal
standard) and scaling were unable to correct the signal in the data acquired after this
point in the analytical sequence (as seen in the scores plot in Appendix 3.6). Therefore,
only the first 29 samples were used for the final data interpretation.

The final data set consisted of the analysis of the pooled QCs (14 replicate
preparations), five of which were analysed at the start of the GC-MS analytical
sequence (QC01-QC05), followed by one QC preceding every fourth milk sample
(which were analysed at random; QCs06-14). The QC samples were modelled by PCA
together with the experimental samples, allowing the projected clustering of the QC
samples to identify reliable measurement of the samples run amongst them. The
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projection of the scores of the first two principal components demonstrated an obvious
lack of reproducibility after sample QC_P_29 (Figure, in appendix 3.6). Subsequent
analyses could not verify if the compositional differences between samples post
QC_P_29 were biological or instrumental, therefore samples following QC_P_29 were
not used for the final interpretation.

The final sample set used for the metabolomics comparisons and interpretation included
11 control (CG), one nipple pain without trauma (PG), three nipple pain with trauma
(TG), two bovine control (BC), one bovine mastitis (BM), one bovine vat/pooled
sample (BV) and 10 QCs (Figure 13.8). Two of the human samples were collected
from the same mother (M03/N10), which were a CG and PG milk sample.
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START OF
SEQUENCE

QC01
(QC_P_01)

QC01
(QC_P_10)

M04_C04
(Hs_cont_11)

QC03
(QC_P_20)

M08_C08
(Hs_cont_21)

SEQUENCE
CUT OFF

QC02
(QC_P_02)

M02_NP05
(Hs_NT_09)

M14_C14
(Hs_cont_12)

B03_BM02
(Bt_mast_19)

M18_C18
(Hs_cont_22)

QC05
(QC_P_29)

QC03
(QC_P_03)

M22_C22
(Hs-cont_08)

M26_NP07
(Hs_T_13)

M28_NP09
(Hs_T_18)

M03_NP10
(Hs_T_23)

B09_V02
(Bt_vat_28)

QC04
(QC_P_04)

M12_C12
(Hs_cont_07)

B01_BC01
(Bt_cont_14)

M16_C16
(Hs_cont_17)

B05_BC02
(Bt_cont_24)

H03_C03
(Hs_cont_27)

QC05
(QC_P_05)

M02_C02
(Hs_cont_06)

QC02
(QC_P_15)

M06_C06
(Hs_cont_16)

QC04
(QC_P_25)

H01_C01
(Hs_cont_26)

Figure 3.18 Final metabolomic GCMS sequence run order.
Samples are labelled with their sample identification number, i.e. M02_C02 from a human participant who donated a control sample, followed
by a sequence run identification label including sample type and position in sequence, i.e. Hs_cont_06 (Hs_cont; human milk, control sample,
Hs_T; human milk, nipple pain with trauma sample, Hs_NT; human milk, nipple pain without trauma sample, QC_P; pooled quality control of
all milk samples, Bt_cont; bovine milk, control sample, Bt_mast; bovine milk, mastitis sample, Bt_vat; bovine milk, pooled sample collected from
storage vat.
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Using the previously compiled metabolite library, the final samples were analysed
using GCMSsolutions software to compile a list of metabolites and calculated peak
areas for each analyte. Analytes measured in the no-sample-control derivatisations
were deemed analytical artefacts and removed from the data matrix, as they were
found to be of non-biological origin. The remaining features other than those of the
added analyte standards were considered metabolites endogenous to the milk samples.
The metabolite abundances were interrogated using PCA to model the variance
between the human nipple pain group and controls, together with the bovine and
pooled QC samples.

A scores plot was used as a visual tool for data mining, where the projected position of
each of the samples on the scores plot is a measure the metabolite abundances
(metabolome) relative to the metabolite abundances of the other samples on the plot.
The PCA scores plot, representing the modelling variance within the data, showed like
groupings, indicative of common features of the metabolite profiles. As anticipated,
principal component 1 (PC1), which explains 25% of the variance between test groups,
demonstrated distinct grouping of human and bovine samples with pooled QCs situated
in the middle of the two groups (Figure 3.19).
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Figure 3.19
Scores plot of PC-1 (25%) vs. PC-2 (14%) for the final sample set.
The human milk samples are indicated by the blue circle, pooled QCs by the black
circle and bovine milk samples by the red circle (Hs_cont; human milk, control sample,
Hs_T; human milk, nipple pain with trauma sample, Hs_NT; human milk, nipple pain
without trauma sample, QC_P; pooled quality control of all milk samples, Bt_cont;
bovine milk, control sample, Bt_mast; bovine milk, mastitis sample, Bt_vat; bovine
milk, pooled sample collected from storage vat).
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Samples found towards the centre of the axis indicate samples that have little influence
on the data model; in this instance the central samples are the pooled QCs as they’re an
average of the two sample sets. The samples projected with the most extreme
coordinates are the most influential in the data set relevant to principal components of
the scores plot. Therefore, it can be seen that there were markedly different groupings
for the human samples (blue circle) compared to the bovine samples (red circle), on
Figure 3.19.

Human milk samples were further analysed independent of the bovine samples and
plotted using PCA to determine any compositional variations in milk between control
mothers and those presenting with nipple pain. When plotted, the first three principal
components showed little significant grouping of test groups. However, principal
component 4 (PC4), associated with 8 % of the variance between human milk samples,
(red circles) demonstrated tentative grouping of the control and nipple pain samples
indicating possible metabolite differences consistent with the trauma state between the
two subgroups (Figure 3.20). Two samples collected from a single mother (one control:
Hs_cont_11 and one nipple pain: Hs_NT_09) are outlined by a black square. This
mother was experiencing unilateral nipple pain without evidence of trauma; the
similarity in metabolite composition between the two samples may indicate the low
severity of her condition. This result also supports that the modelled data reflects
changes to the milk composition arising out of a trauma event, rather than nipple pain
presenting without trauma.
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Figure 3.20
Score plot of PC-3 (10%) vs. PC-4 (8%) for human milk samples.
Red circles indicate nipple pain with trauma samples and the black square encloses
the two samples that were retrieved from the same mother, M03/NP10) (Hs_cont;
human milk, control sample, Hs_T; human milk, nipple pain with trauma sample,
Hs_NT; human milk, nipple pain without trauma sample.
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A loadings plot is used to visualise the influence of individual metabolites relative to
the modelled Scores projection. The metabolite position on the loadings plot indicates
its loadings value and explains its individual influence on the projected component
model. Metabolites of the most extreme values have the greatest leverage on the sample
groups as projected on the scores plot. Consistent with the Scores projection (Figure
3.20), the metabolites with the most extreme PC4 coordinates have the greatest
influence on the observed differences between trauma and no trauma groups. The
metabolites with the lowest PC4 axis coordinates (negative values) are the metabolites
most heavily associated with milk from mothers of the trauma category (TG) (Figure
3.21).

Figure 3.21

Loadings plot of PC-3 (10%) vs. PC-4 (8%) for human milk
metabolites.
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To further investigate the metabolites contributing to the projection of PC4 (found to
model differences between CG and TG samples) the correlation loadings of each
metabolite was calculated from the PCA loadings. This was to identify metabolites
most reliably contributing to the variance (Figure 3.22). The correlation loading is the
correlation between the scores and the actual observed data. The outer ellipse on the
correlation loadings plot indicates 100% of explained variance and the inner ellipse
indicates 50% of explained variance (Figure 3.22). The metabolites in the radius
between the ellipses are more discriminating for the sample set being analysed.
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Figure 3.22

Correlation loadings plot of PC-3 (10%) vs. PC-4 (8%) for human
milk metabolites.

The outer ellipse indicated 100% of explain variance and the inner ellipse indicates
50% of explained variance. Metabolites between the ellipses have the highest
influence on the data set being analysed.
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A list of the most influential metabolites based on their correlation loadings
(explained within 50-100% of the model) was constructed, as shown in Table 3.8.
Metabolites listed at the top half of the table indicate metabolites that are positively
correlated with the trauma category and have been identified to explain the variance
between TG and CG samples. Metabolites listed towards the bottom of the table
indicate metabolites positively correlated with control samples as they are found more
frequently and in larger volumes in control samples than in nipple pain samples.
Together the list of metabolites describes the most influential changes in milk
composition between the CG and TG samples.

The metabolites that displayed strong positive correlation with the TG samples in PC4
include Isoleucine 1TMS (-0.79), Unknown_29.43_1874_281 (tentative, analyte 116)
(-0.68), L-isoleucine 2TMS (-0.63), L-proline 2TMS (-0.62) and D-(+)-galactose
MEOX 29.94 1880 (-0.60) (Table 3.8).

Metabolites strongly correlated with the CG samples include Unknown_
31.54_1971_218 (0.71) and Uridine 3TMS, 38.98, 2462 (0.70) (Table 3.8).
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Table 3.8

Correlation loadings plot metabolite IDs, and axis coordinates, associated with nipple pain and control sample groups.

Sample grouping

Nipple pain
(TG)

Control
(CG)

PC4 axis coordinate
-0.79
-0.68
-0.63
-0.62
-0.60
-0.59
-0.59
-0.59
-0.58
-0.55
-0.53
-0.53
-0.52
-0.51
0.50
0.52
0.52
0.55
0.60
0.64
0.65
0.65
0.65
0.66
0.70
0.71

Data matrix ID
Isoleucine 1TMS_14.47_1186_86
Unknown_29.43_1874_281
L-Isoleucine 2TMS
L-Proline 2TMS
D-(+)-Galactose 5TMS MEOX_29.94_1880_319
Unknown_42.99_2721_204
L-Proline xTMS, 24.06, 1585_
L-Proline x TMS_24.06_585_142
Ascorbic acid, x TMS 29.67
Unknown_21.95_1484_233
B-Lactose 8TMS, 42.26
L-Methionine, 1 TMS_20.27_1416_104
3-Hydroxybutyric acid, 2 TMS_13.87_1157_86
Stearic acid 1TMS

Library Match
In house library
Wiley
Wiley
In house library
In house library
In house library
In house library
Wiley
In house library
Wiley
In house library
In house library
Wiley

Unknown_31.54_1971_218
Myristic acid 1TMS_29.3_1850_131
Propanoic acid, 2,3-bis(TMS)oxy) TMS ester
Unknown_24.98_1633_192
Silicate
L-Alanine xTMS_1894_1361
D-(+)-Glucose 5 TMS , MEOX_30.38_1924_130
Silane, trimethyl(1-methyl-1-phenylethoxy)
Oxalic acid 2TMS_13.13_1125_221
Glycine 3TMS_17.63_1308
Uridine 3TMS_38.98_2462_217
Unknown_ 31.54_1971_218

In house library
In house library
Wiley
Wiley
In house library
In house library
Wiley
In house library
In house library
In house library
In house library
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