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Small noncoding RNAs (ncRNAs) derived from extracellular vesicles (EV) in human milk are evidenced to epigenetically mod-
ulate gene expression in the developing infant. The types and quantities of certain ncRNAs, such as microRNAs, have been
suggested to vary based on maternal conditions, such as disease status, diet, stress, or maternal age. Despite growing interest in
this subject, methodological inconsistencies and challenges in the storage and handling of human milk samples remain, poten-
tially compromising the quality and quantity of extracted EV-derived ncRNAs. The present study explores the effects of up to
four freeze-thaw cycles at −80◦C and overnight storage at 4◦C, as well as potential confounding factors such as milk volume,
on the quantity of small ncRNAs in human milk samples. Importantly, we employ Size Exclusion Chromatography (SEC), a
method that separates molecules based on size. While rarely used on milk, SEC is evidenced to have greater efficacy in extracting
extracellular vesicles from human milk than other methods because it is more specific at isolating EVs than polymer precipita-
tion methods, and because it relies on gravity which is gentler than ultracentrifugation. We observed inconsistent trends across
donors in RNA concentrations across freeze thaw-cycles and no effect on concentration for storing milk at 4C (840.1 pg/uL)
overnight relative to processing same day (1092.8 pg/uL). Graphical analyses also revealed that the initial volume of human milk
pumped was inversely related to the RNA concentration, as the woman with a high volume pumped had a lower RNA concentra-
tion than the woman with a lower volume pumped (mean=207.96 pg/uL and 1241.9pg/uL, respectively), suggesting that greater
volume may lead to milk samples that are diluted in RNAs. While our findings are inconsistent across donors regarding freeze
thaw cycles, generally it seems that overnight storage is not detrimental to RNA concentration, and that volume of milk was the
most influential confounding factor in affecting RNA concentrations. However, given the small sample size, further analysis is
necessary to determine whether these findings are replicable and generalizable to a larger population.

Introduction

Human milk (HM) is a biofluid known to aid the survival of
the infant through conferring protection against chronic and
infectious diseases1, contributing to metabolic, microbiota2,3,
and neurological development4. Much of HM’s potentness
lies in its diverse nutritional and bioactive components, such as
antibodies, microbes, lipids, whey and casein complexes5, an-
timicrobial peptides5,6, cortiso7, and non-coding RNAs (ncR-
NAs)8. HM’s composition is highly variable between differ-
ent mothers9, and has been hypothesized to not only vary with
the characteristics of the developing infant10, but also with
maternal conditions and the environment5,11. Importantly,
studies of HMEV-ncRNAs do not have standardized methods
for sample storage or handling, which are factors that can in-
fluence RNA concentrations in the milk.

One bioactive component of interest is human milk-derived
extracellular vesicles (EVs), which are 30–150nm structures
that house a variety of non-coding RNAs8 (ncRNAs). A pri-

mary component of HMEVs are miRNAs, a type of ncRNA,
which have been analyzed in relation to maternal conditions,
including stress12, chronic13 and infectious diseases14, diet15,
and environmental pollution11, and are associated with im-
mune development, endocrine signaling, adipocyte differenti-
ation, neurodevelopment, and cell community16,17,18. More-
over, extracellular vesicles in HM are evidenced to protect
their RNA cargo from conditions of the infant’s gastrointesti-
nal tract. Not only do HMEV-miRNAs remain intact in sim-
ulated digestive conditions, but the absorption of extracellular
vesicles and their bioactive cargo into intestinal epithelial cells
is aided by acidic conditions19,20. This evidence supports the
possibility that HMEVs deliver functional ncRNAs that mod-
ulate gene expression in their recipient cells. There is great
diversity in methods used to isolate HMEV-ncRNAs. While
Size Exclusion Chromatography (SEC) may be favored over
other methods, as outlined below, the effects of storage con-
ditions on HMEV-ncRNAs have yet to be explored using this
method.
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Common HMEV-Isolation Methods

Most commonly used methods for isolating HMEVs vary
greatly in consistency and yield. In a review, Li et al evalu-
ated the common methods for isolating HMEVs for purity and
yield recovery21. The method known as the gold standard for
HMEV isolation, ultracentrifugation (UC), involves centrifug-
ing samples at around 100,00 g for 90-120 minutes to sedi-
ment exosomes and other components of HM. Although UC
is easy to operate and affordable, it has been evidenced to have
the lowest and most inconsistent recovery rates of between 5-
25% as a result of impurities and exosomes shears due to the
large g-forces22. Another widely used method is the polymer
precipitation method’s ExoQuick precipitation kit, which uses
a proprietary polymer to combine water molecules and pre-
cipitate exosomes. Despite its relative ease of use and less
labor intensive approach, this method’s pitfalls include poor
recovery, low purity, and spoilage of exosomes due to the
method’s chemical additives. Of the methods evaluated, the
polymer precipitation method has the second lowest recovery
rate of 50%, making it difficult to draw valuable associations
concerning the composition and yields of MEVs21. Another
method is the Immunocapture method, which relies on anti-
bodies for CD81, CD63, and CD9 to identify and isolate exo-
somes23. The immunocapture method has high specificity and
purity, but is evidenced to lose exosomes due to the washing
processes21.

Size Exclusion Chromatography

A more rarely-used but promising method for HMEV isolation
is the Size Exclusion Chromatography method (SEC),which
has been described as the ideal method for the isolation of ex-
osomes24. SEC relies on low-pressure gravitational flow of
liquids through a column to separate components of HM into
different fractions based on particle sizes. HMEVs isolated
via the SEC method have high purity and sample reproducibil-
ity21, making SEC a promising and cost-effective method for
isolating HMEVs. In ongoing experiments in Dr. Non’s lab,
they discovered that even with a relatively small starting sam-
ple volume (typically 500uL), successful RNA isolation has
been demonstrated. In a rare study extracting HMEVs with
SEC, SEC followed UC as a secondary purification and en-
richment method, rather than a primary extraction method25.
However, higher expression of exosome marker proteins were
observed with HM samples isolated exclusively with SEC
rather than coupled with UC26. Moreover, SEC is effective
in removing whey and casein proteins from EV membranes,
and is scalable, gentle, and effective in isolating HMEVs with
minimal loss for both large and small sample volumes26. In
an ongoing experimental comparison of these EV-extraction
methods by Dr. Non’s lab, SEC yielded the highest miRNA

proportions relative to other EV isolation methods. Therefore,
the present study uses a UC-free SEC method to extract EVs.
Fractions 6-11 were selected based on our preliminary exper-
iments and findings from prior studies24 (preprint, Dr. Non
personal communication) that showed Western Blots indicat-
ing the highest presence of EV antibodies within these frac-
tions.

Functions of Non-Coding RNAs in Human Milk

HMEV small ncRNAs include microRNAs (miRNAs), piR-
NAs, and circRNAs8, each functioning in a variety of path-
ways. The most commonly studied HMEV-derived ncRNAs
are miRNAs, which are single stranded, noncoding, regulatory
RNAs 18-25 nucleotides in length27. MiRNAs function as
post-transcriptional modulators by preventing the translation
of specific mRNAs into proteins. The most abundant miRNA
in milk, miR-148a-3p16, is known to decrease the expression
of DNA methyltransferase 1 (DNMT-1), an enzyme central to
the epigenetic pathway of gene methylation and implicated in
the silencing of tumor suppressor genes28. Four of the ten
most abundant miRNAs in human milk are involved in im-
mune modulation16, and pathway analysis across studies sug-
gest HMEV-miRNA involvement in adipocyte differentiation,
immune system development, and neurodevelopment17. Fur-
thermore, HMEV-miRNAs may play a vital role in the preven-
tion of leukemia and Hodgkin’s lymphoma, as well as infec-
tious diseases14. Other ncRNAs derived from HMEVs may be
biologically active. For example, circRNAs regulate gene ex-
pression primarily through miRNA sponging, which involves
inhibiting the activity of one or more miRNAs through at-
tachment to a binding site. Pathway analysis of exosomal
circRNAs in human colostrum found circRNAs most signif-
icantly involved in the VEGF signaling pathway, which may
contribute to angiogenesis and vasculogenesis, as well as bone
development29. Other examples of ncRNAs found in HM are
piwiRNAs, which help modulate the methylation of histone 3
lysine 932; or vaultRNAs, which function as immunomodu-
lators and putative tumor suppressors30. Therefore, the types
and quantities of HMEV-ncRNAs may have potential implica-
tions for the development of the infant. While HMEV-derived
ncRNAs present many pathways for epigenetic modulation of
an infant’s development, little research has been conducted on
the optimal methods for the storage, handling, and extraction
of HMEVs. In part, this may be a result of the relative novelty
of research on ncRNAs31, and low attention given to human
milk as an important topic of medical research32. Optimiza-
tion and purity of yield is foundational for identifying accu-
rate and reliable associations between HMEV-ncRNA com-
positions and maternal conditions to make possible valuable
real-life applications, such as improvement of infant formula,
or understanding conditions under which it is safe to breast-
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feed. These questions are particularly important for the many
studies that collect milk in the field, where there is inconsis-
tency in storage conditions prior to lab analyses.

Handling, Storage, and Freeze-Thaws of HM
Samples

Storage conditions and the process of freezing and thawing
samples has been suggested affect the purity and viability of
HMEV samples. Following the freezing of HM at both −80◦C
and 4◦C, cell death and disintegration was observed, leading
to storage-induced vesicles that could contaminate analysis of
naturally present EV vesicles33. Another study examining the
effect of storage at 4◦C and −80◦C on HM exosomes found
that while exosome counts followed a decreasing trend over 4
weeks in storage, the decrease over time was only statistically
significant for samples stored at 4◦C without preservatives34.

The number of freeze-thaw cycles of human milk has gen-
erally been thought to decrease HM EV-ncRNA purity and
yield. Kosaka et al subjected two HM samples to three consec-
utive freeze thaw cycles, and found no significant decrease in
EV-derived hsa-miR-21 and hsa-miR-181a, using a magnetic
bead isolation method with the anti-CD63 antibody20. How-
ever, human EVs also contain CD9 and CD81 tetraspanin pro-
teins embedded in their phospholipid bilayers that were not
considered in this analysis, potentially leading to an incom-
plete isolation23. Zhou et al16 subjected four HM samples to
a variety of harsh treatments, including six freeze-thaw cycles.
Eventually, they concluded that although the expression level
of the top ten exosomal miRNAs displays a decreasing trend
of miRNA expression levels over freeze-thaw cycles, they re-
mained stable through the freeze-thaws. However, this study
used the ExoQuick Precipitation Method for isolation of exo-
somes, which is known for poor recovery and inconsistency21.

To our knowledge, the use of SEC to isolate HMEVs and
measure the effects of storage conditions and freeze thaws
on HMEV-ncRNAs has not been attempted. Therefore, the
present investigation aims to 1) study the influence of stor-
age conditions and multiple freeze thaws on the quantity of
HMEV-ncRNAs extracted using the SEC method; and 2) to
explore the potential confounding experimental factors, such
as the number of times the column was used, and the volume
of milk pumped, that impact SEC method for the purposes of
HMEV extraction.

Results

In order to investigate the stability of EV-small RNAs in HM,
we subjected samples to different conditions, including up to
4 freeze thaws, and storage overnight at 4◦C. Estimated EV-

small RNA concentrations varied across samples and condi-
tions from 59-3202 ng/mL.

RNA Size Distribution

From the bioanalyzer data, we determined that the majority of
RNAs were below 500 nucleotides long. This verifies the suc-
cess of our RNA extraction, and the existence of small ncR-
NAs rather than the long mRNAs in our sample. Figure 1 dis-
plays a graphical distribution of the fluorescence units and mi-
crofluidic capillary gel electrophoresis migration times, which
are used as parameters for estimates of concentration and RNA
length. From here on, we describe small noncoding RNAs in
our study as RNAs.

Replicate Analysis

Upon visual inspection of Figure 2, replicates seem to be ap-
proximately similar. We determined that the sample repli-
cates were highly correlated using Pearson’s Correlation Test
(r=0.961), a value that is similar to that obtained by Zhou et
al (r=0.94)16, supporting the experimental reliability of our
methods.

Effect of Multiple Freeze Thaws on RNA Con-
centrations

In our analyses of the effect of multiple freeze-thaw cycles on
ncRNA concentrations, we noted sufficient RNA was obtained
for most downstream sequencing analyses from all samples.
However, after taking the mean of each technical replicate, we
graphically observed an increasing trend from freeze thaw cy-
cle 0-3, and a decreasing trend from freeze thaw 3-4, primar-
ily in milk from only one of the two donors (Mom 4) (Figure
3.0). There was minimal variation in Mom 3 across Freeze
thaw cycles, potentially due to very low volumes of RNA in
that sample overall.

Pearson correlations (Figure 3.1) revealed a moderate pos-
itive correlation between number of freeze-thaw cycles and
concentrations of RNAs in participant #4 (Pearson Correla-
tion Coefficient= 0.62), and a null correlation for participant
#3 (Pearson Correlation Coefficient= −0.04). The combined
Pearson’s correlation coefficient for the two samples was a
moderate positive correlation of 0.40.

Comparison Between Milk Stored at 4◦C
overnight and Fresh Milk

Similarly, we conducted a two-way ANOVA test to determine
whether there were significant differences in the RNA concen-
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Fig. 1: Live Plot from the Agilent 2100 Bioanalyzer: Migration Time against Fluorescence Units. Higher intensity values (FU)
indicate higher RNA concentrations, and greater migration times (s) indicate longer length of RNAs. Samples are RNA solutions
extracted from human milk under each storage condition. The peak representing the standard ladder was not included in the plot
as it differed for each curve.

Fig. 2: Visual Distribution of Technical Replicates for each experimental condition (24 data points). Bar graph for comparing
milk sample replicates based on estimated RNA concentrations (pg/uL).
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Fig. 2.1: Scatter plot and Line of Best Fit Demonstrating Correlation between Technical Replicates of Milk Samples. Pearson’s
Correlation Coefficient was calculated (r=0.961) based on comparison of RNA concentrations (pg/uL).

trations of milk stored for 24 hours at 4◦C and fresh milk. We
found no significant difference (p= 0.536), with a high like-
lihood that the variation observed was due to random chance
(F= 0.415). Figure 4.0 visually displays the lack of significant
differences between these two conditions.

Relationship between Column Use and RNA
Concentration

After observing minor differences (p < 0.05) in pooled frac-
tion volumes (ranging from 2992-3314 uL) from the Size Ex-
clusion Chromatography step, we analyzed whether the num-
ber of times a column had been used affected the concentra-
tion of RNAs recovered. Although negative correlations be-
tween column use and RNA concentrations were observed,
R2-values from linear regression analyses indicated little cor-
relation (Figure 5.0). Furthermore, a two-way ANOVA anal-
ysis considering participant and column use as independent
variables suggest no significant differences (p = 0.875,F =
0.026).

Differences in RNA Concentration and Volume

Using the two-factor ANOVA test and treating donor and
volume as independent variables, we determined a signifi-
cant difference in RNA concentration across different initial
milk volumes (F = 28.39, p = 1.82e− 05). This significant

difference was also observed with a one-factor ANOVA test
with only volume as an independent variable (F = 24.52, p =
4.7e− 05).Upon visual inspection of Figure 6.0, there seems
to be a clear correlation between volume of milk pumped and
the RNA concentration.

Discussion

To our knowledge, only two other studies have employed the
SEC method for isolating EVs from human milk26,35. While
SEC has rarely been used to date for HM, it has been described
as the ideal method for the isolation of exosomes across dif-
ferent body fluids24.

Notably, all sample conditions yielded sufficient RNAs for
downstream sequencing analyses. Moreover, the concen-
tration of RNAs extracted were between 59ng/mL to 3202
ng/mL, which is a higher range than what had been previously
reported (9.7ng/mL to 228.2 ng/mL)20. This may suggest that
the SEC method captured a greater proportion of existing EVs
in human milk samples than the study using magnetic beads,
anti-CD63 antibody20. However, differences in RNA concen-
tration between studies may be influenced by variation across
individual donors. EV-extraction methods can be more accu-
rately compared using the same donor samples.

Our results indicated a surprising positive trend between the
concentration of RNAs between freeze-thaws 1-3, and a de-
cline from 3-4, though only based on two samples. The pos-
itive association between RNA concentration and number of
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Fig. 3: RNA concentrations (pg/uL) across number of Freeze-Thaw cycles (0-4). Bar graph comparing means of replicates for
each freeze-thaw condition of milk samples based on estimated RNA concentrations. Donor M2 was excluded due to the loss of
sample during processing, as detailed in the methods.

freeze-thaws may support the hypothesis of storage-induced
vesicles. Freeze-thaw cycles cause cells to lyse, potentially
inducing the disintegration of dead cells into vesicles. This
suggests that our observed trend may not be indicative of an
increase in naturally occurring EVs, but a contamination of
EVs introduced upon sample storage33. However, given the
small sample size, it is premature to draw firm conclusions
about positive effects of freeze thaws. Future studies should
investigate this question with larger sample sizes, and could
also investigate whether additional filtration methods, such as
0.45um PVDF filtration16, should be applied on milk super-
natants to remove excess cellular debris before freezing.

However, another study on plasma using ultracentrifuga-
tion for extraction and flow cytometry for quantification re-
vealed a loss of 10-15% in microvesicle count after one freeze
thaw39, indicating that naturally-present extracellular vesicles
may degrade over freeze-thaw cycles. Effects may vary by
sample type and method used to isolate EV-miRNAs. The
only two studies that have investigated the effects of freeze-
thaw cycles on HM found no significant change in relative
RNA expression levels in freeze thaws using either magnetic

beads or ExoQuick to isolate EVs, followed by qRT-PCR anal-
ysis16,20. However, these studies used potentially less reliable
methods for isolating EVs. Further studies with larger sample
sizes using SEC are required to determine whether this pos-
itive trend is generalizable to other methods. We also tested
the effects of storage overnight at 4◦C on the concentrations
of RNAs, finding these concentrations were not significantly
from those of fresh milk samples. However, it is important to
note that another study using ultracentrifugation as an EV iso-
lation method showed a significant decrease to 49% ± 13%
the original vesicle count when stored for 4 weeks at 4◦C.
The same study also found that storage at -80oC for 4 weeks
did not lead to a significant loss of vesicles, with 71% ± 45%
the original count remaining.34 These findings combined with
ours suggests that when collecting milk samples, temporary
storage for < 24 hours in a mother’s refrigerator may not com-
promise the structural integrity of RNAs in human milk, but
−80◦C conditions are more ideal for extended periods of stor-
age. As it is common practice for freshly expressed human
milk to be stored in the refrigerator for up to 4 days40, future
studies should use the SEC method to determine whether the
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Fig. 3.2: Correlations between number of freeze-thaws and RNA concentrations, for each condition and replicate. ANOVA
scatterplot and linear regression comparing samples and their replicates, across freeze-thaw cycles, based on RNA concentrations
(pg/uL) from A) donor M3 and M4, B) donor M3, C) donor M4. Pearson Correlation Coefficients were calculated.

Fig. 4: RNA concentrations from fresh milk and milk stored at 4◦C overnight. A) Standard box plot, comparing individual
samples and replicates for each condition (Fresh milk 0, 4◦C 1) based on RNA concentration (pg/uL). B) Bar graph comparing
differences in RNA concentrations in 4◦C and fresh milk across donor M2, M3, and M4 (averaged replicates).

concentration of RNAs change when human milk is stored at
4◦C for more than 24 hours. An unexpected finding in our
study was the strong negative association between the volume
of the full breast pumping and the quantity of RNAs present in
the solution. We obtained a large volume of human milk from

a single pumping from donor M3, and the RNA concentra-
tions from this donor were an order of magnitude smaller than
those of donor M4. Donor M3 exclusively pumps her milk
rather than traditional breastfeeding, which may have caused
a larger volume to be expressed in a single pumping. More-
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Fig. 5: Fraction volume and column use in relation to RNA concentrations. A) displays the number of times a column was used
when the sample was run, over the RNA concentration. A Pearson correlation coefficient was calculated. B) shows a box plot
for each column use and its respective concentration distribution, in pg/uL.

Fig. 6: Donor and Volume in relation to RNA concentrations. A) Box plot of RNA concentrations grouped by donor, B)
Scatterplot of milk volume in relation to RNA concentration.

over, milk samples from donor M3 were visually lower in fat
content. The differences in fat content and RNAs with the high
volume of milk may suggest that exclusively pumping and/or
overproduction can lead to lower micronutrient and bioactive
molecule content. However, these differences may also be ex-
plained by the differences in lactation stages, since donor M3
had been expressing milk for 4 months, and donor M2 had
been expressing milk for two months. Future studies should
determine whether exclusively pumping affects the RNA con-
tent in human milk, and whether this may affect the health of
the infant.

Strengths and Limitations

Our study is strengthened by careful experimental design that
included a wide range of conditions tested, such as same day
processing of fresh milk, the use of multiple biological and
technical replicates, use of the optimal SEC method for iso-
lating EVs and the specific Norgen kit optimal for isolating
exosomal RNAs. Our study was also strengthened by care-
ful use of RNAse free tubes and reagents, and successful high
yield of RNAs. Our study may represent the first to explore
storage and handling conditions of milk using these methods.

Because our datasets only include a sample size of two to
three participants, we avoid presenting any statistical analyses,
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other than correlations between technical replicates. To avoid
overstating findings with a small dataset, our conclusions rely
on general trends in the data, and not on statistical signifi-
cance tests. Our sample size was limited by some technical
issues that resulted in the loss of ten samples, including nearly
all of the second donor freeze-thaw comparisons. Given the
large variation in volume and age of infants between donors,
which appear to have a large effect on RNA concentrations,
we recommend further investigation with larger sample sizes
of varying volumes and ages to confirm our findings. We also
note that our study sample had a narrow age range of 28-32
years, with infants less than 1 year, and only healthy moth-
ers with ethnicities of White, Middle Eastern, and East Asian.
Future studies with more diverse samples will be important to
see if trends are generalizable. Other confounders may be im-
portant to explore in future studies as well, including maternal
diet, hydration, and stress levels. It is also important to note
that the Bioanalyzer approach, particularly for the ‘Total RNA
Analysis pg Sensitivity Eukaryote Chip,’ is not optimal for ac-
curately quantifying small RNA concentrations. However, the
shape of the Bioanalyzer live plot provides a useful qualita-
tive indicator of presence of non-degraded small RNAs, and
generally correlated with the quantitative estimates of concen-
trations. The shape of all Bioanalyzer live plots in our study
indicated good quality RNA, but this can only be confirmed af-
ter amplifying specific miRNAs with qPCR or whole genome
sequencing, which should be done in future studies. Finally,
we note that study methods used to isolate EVs and quantify
miRNAs can affect yield, and our findings are only relevant to
studies using SEC and Norgen RNA isolation kits, and quan-
tifying with the Bioanalyzer.

Conclusion

In conclusion, we found minimal effects of multiple freeze-
thaws on HM EV-derived small ncRNA preservation. We
found a surprising positive correlation between freeze-thaw
cycles and RNA quantity, contrary to our expectations. How-
ever, there was no significant effect of storing at 4◦C overnight
relative to freshly processed milk. Graphical trends suggests
there may also be differences in RNA concentration due to
differences in donor volume and/or lactation month between
the milk donors. These findings may imply that milk EV
RNAs are generally robust to storage conditions, but this re-
quires further confirmation with larger sample sizes. How-
ever, given large variation across the very few donors tested,
and the effect of sample volume on RNA concentrations, care
should be taken when comparing RNA concentrations across
studies.Once these methodological questions are settled, fu-
ture studies of milk can provide more consistent results, which
could lead to improvement of infant formulas as well as more
knowledge on how various maternal conditions affect milk

miRNAs and the health of the infant. As miRNAs are es-
sential for regulating gene expression, and the most abundant
milk miRNA, 148a-3p, is important for regulating expression
of the DNA methyltransferase gene which regulates methyla-
tion of all genes in the genome, this is an important frontier
for epigenetics research. Milk represents an interface between
mother and infant, so understanding the interactions between
mother’s environment, milk content, and infant health may be
essential for ensuring epigenetic health across generations.

Methods

Participants

Our initial sample size consisted of three healthy women from
San Diego, California, who volunteered to participate in this
methodology study. Detailed demographics are listed in Table
1.0. Inclusion criteria were that the women were not on any
medications, had no major health conditions, and gave birth
to either primiparous or multiparous healthy infants of single-
ton births (demographics and health were self-reported). This
study was deemed exempt by the Institutional Review Board
at the University of San Diego, and written informed consent
was obtained from participants. All study protocols were in
line with Helsinki Principles for conduct of ethical research.

Milk Expression and Collection

Participants donated a full pumping of milk before their in-
fant’s first feeding of the day. Bags of freshly pumped milk
were stored in donors’ 4◦C fridge until retrieval, and then
stored on ice during transportation to the laboratory for anal-
ysis on the same morning. Milk from each mother was
aliquoted into 50mL conical tubes, where they were cen-
trifuged twice; first at 200 x g for 10 min to remove the lipid
layer, and then at 12,000 x g for 30 min to remove cellular
debris from the supernatant. The resulting supernatant (skim
milk with no debris) was aliquoted into 1.5mL conical tubes
for each (number of conditions) test condition.

Study Design and Tests

We extracted HM EV-derived RNAs from a total of 36 HM
samples. For each condition we analyzed 6 samples (three dis-
tinct donors as biological replicates, and two technical repli-
cates per donor). The 6 different storage conditions were as
follows: 1) fresh milk kept on ice and processed within a
few hours of collection, 2) stored overnight at −4◦C, and 3) 1
freeze-thaw at −80◦C, 4) 2 freeze-thaws at 80◦C, 5) 3 freeze-
thaws at 80◦C, and 6) 4 freeze thaw cycles. All samples frozen
at 80oC were slowly thawed on Armor Metallic Beads that had
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Sample M2 Sample M3 Sample M4
Maternal Ethnicity White/Caucasian East Asian Middle Eastern

Maternal Age 29 years 32 years 28 years
Infant Gender Female Male Female

Parity 1 2 1
Infant Age (months) 2 months 4 months 10 weeks/2 months

Time of Day 6:20AM 8:15AM 8:30AM
Volume of Milk 102mL 18-19oz(547mL) 102mL

Table 1: Maternal demographic and milk donation characteristics

been stored at −20◦C, allowing for a more gradual thaw pro-
cess taking up to 2 hours. All handling of milk and exosomes
was conducted at 4◦C on Armor Metallic Beads.

Exosome Isolation

Exosomes from the fresh milk condition were isolated on the
same day using the SEC method. The procedure for SEC fol-
lowed manufacturer’s recommendations for use of Izon qEV
size-exclusion columns (qEVoriginal/70nm Legacy columns,
Izon Science, UK) and a BioRad Model 2110 Fraction Col-
lector. A volume of 500uL of HM supernatant was gently
loaded onto the column, followed by 1 column volume (10ml)
of PBS. Each sample was separated into 14 fractions of 0.5
mL volume. Fractions 6-11, which western blots indicate to
contain HM EVs, were pooled and stored at −80◦C. Columns
were stored and cleaned per the manufacturer’s recommenda-
tions.

RNA Isolation

EV-RNA was isolated from the pooled exosome frac-
tions, thawed on ice, for each sample using the NORGEN
Plasma/Serum Circulating and Exosomal RNA Purification
96-Well Kit, Slurry Format, following standard protocol, ex-
cept for half the sample volume was used. A total of 500uL of
sample was added to 900uL of BME/Lysis A solution, and in-
cubated at 60◦C for 10 minutes. 1.5mL of ethanol was added
and the mixture was spun for 2 minutes at 1000rpm. All cen-
trifugations in the spin plate were performed at 3900 rpm. Ad-
ditional minutes of spin were added after each wash to ensure
sample was fully dry.To elute the sample, a total of 28uL of
RNAse free water at 50◦C was added and spun at 3900rpm for
three minutes. Resulting eluted solutions were stored at -80oC
in DNA LoBind tubes. We successfully extracted RNAs from
26 of the initial 36 samples. We lost two samples, one fresh
milk and one freeze-thawed once, both from donor M4 due
to pipetting error. Due to technological failure with our cen-
trifuge during the RNA extraction step, we lost eight samples
from the freeze-thaw cycle conditions of donor M2.

Bioanalyzer

Estimate concentrations and tracer plots of RNA size distribu-
tions from each sample were obtained using the Agilent 2100
Bioanalyzer System with the Total RNA Analysis pg sensitiv-
ity (Eukaryote) chip.

Testing for Protein Contamination in SEC Columns

Izon Columns have been used to extract EVs from human
plasma and serum with high efficiency, yet have rarely been
used on human milk. Therefore, we assessed whether the
manufacturer’s recommendation of flushing between sam-
ples with 10mL of NaOH is sufficient for decontamination,
since HM has higher concentrations of proteins and other
macromolecules. Protein concentrations of PBS solutions run
through columns that had been used and cleaned 5x were an-
alyzed for presence of Protein A-280 on the ND-1000 Spec-
trophotometer (NanoDrop). Protein concentrations (mg/mL)
were undetectable, providing evidence that Izon’s recom-
mended decontamination protocol was sufficient for HM.

Data Analysis

Small RNA concentration estimates obtained from the Bioan-
alyzer were used as our primary outcome for all analyses. We
compared mean estimated levels of small RNAs across sam-
ples under each condition using ANOVA and paired t-tests.
We also used hierarchical linear regression models, with fixed
effect for donor, to analyze the effects of confounding factors,
including the number of times an Izon qEV size-exclusion col-
umn was used and the initial volume of the full pumping on
small RNA concentrations, in order to elucidate the influence
of details in methodology on small RNA yields. All data anal-
yses took place in Microsoft Excel and R version 4.2.2.

Acknowledgements

First and foremost, the first author would like to thank Dr.
Amy L. Non for the opportunity to contribute to her lab’s

10 | NHSJS Reports © The National High School Journal of Science 2023



ongoing work through partnering with her on this research
project, and for her kindness, mentorship, and dedication. The
authors would also like to thank members of Dr. Non’s Epi-
genetic Anthropology Lab at UC San Diego for their support,
both in the lab and during discussions; as well as Dr. Louise
Laurent’s lab, for allowing the authors to utilize their Bioana-
lyzer. Finally, the authors would like to thank the mothers who
volunteered to donate freshly pumped breast milk samples for
this study.

References

1 G. A. Lokossou, L. Kouakanou, A. Schumacher and A. C. Zenclussen,
Frontiers in immunology, 2022, 13, 849012.
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