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Abstract

Human Milk (HM) is the optimal source of nutrition for preterm newborns (PTNBs). Still, adapting the appropriate
nutrient supply for these babies is a major challenge. Lyophilization is a common procedure employed to conserve
HM that enables reconstitution of the milk in different volumes, therefore it provides better control of nutrient content,
and consequently facilitates adapting its nutritional content to better fulfill the needs of PTNBs. Thus, this study
assessed the proximate composition of HM, lyophilized HM, and hydrated lyophilized HM. For that matter, mature
HM of 20 mothers was collected and sampled into 3 sample pools (HM, lyophilized HM, and hydrated lyophilized
HM) for further analysis to define their proximate composition. Results demonstrated that lyophilization increased by
8-fold ash, protein, lipid, and carbohydrate content, and energy values compared to HM. Moreover, dilution of 1 g of
lyophilized HM with 3.5 g of water was proven ideal for babies weighing up to 1.5 kg, as it provides macronutrient
concentrations that approach the recommended nutritional needs. Furthermore, lyophilized HM displayed potential as
a possible replacement of infant formulas since, regarding macronutrients, it can supply the nutritional needs of
PTNBs.
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Resumo

O Leite Humano (LH) é a fonte ideal de nutricdo para recém-nascidos pré-termo (RNPT). Ainda assim, adaptar o
suprimento adequado de nutrientes para esses bebés ¢ um grande desafio. A liofilizacdo é um procedimento comum
empregado na conservacdo do LH que possibilita a reconstituicdo do leite em diferentes volumes, pois proporciona
melhor controle do teor de nutrientes e, consequentemente, facilita a adequacéo do seu teor nutricional para melhor
atender as necessidades dos RNPT. Assim, este estudo avaliou a composicdo centesimal de LH, LH liofilizado e LH
liofilizado hidratado. Para tanto, LH maduro de 20 méaes foi coletado e amostrado em 3 pools de amostras (LH, LH
liofilizado e LH liofilizado hidratado) para andlise posterior para definir sua composi¢do centesimal. Os resultados
demonstraram que a liofilizacdo aumentou em 8 vezes o teor de cinzas, proteinas, lipidios e carboidratos e os valores
de energia em comparacdo com o LH. Portanto, a diluicdo de 1 g de LH liofilizado com 3,5 g de agua mostrou-se
ideal para bebés de até 1,5 kg, pois fornece concentragcdes de macronutrientes que se aproximam das necessidades
nutricionais recomendadas. Além disso, o LH liofilizado apresentou potencial como possivel substituto das férmulas
infantis, uma vez que, em relagdo aos macronutrientes, pode suprir as necessidades nutricionais dos RNPT.
Palavras-chave: Leite humano; Liofilizacdo; Reconstituicdo; Recém-nascidos prematuros; Composicdo préxima;
Férmulas infantis.

Resumen

La leche humana (LH) es la fuente dptima de nutricion para los recién nacidos prematuros (RNPT). Aln asi, adaptar
el suministro de nutrientes apropiado para estos bebés es un gran desafio. La liofilizacion es un procedimiento comdn
empleado para conservar LH que permite la reconstitucion de la leche en diferentes volimenes, por lo tanto,
proporciona un mejor control del contenido de nutrientes y, en consecuencia, facilita la adaptacion de su contenido
nutricional para satisfacer mejor las necesidades de los RNPT. Por lo tanto, este estudio evalud la composicion
proximal de LH, LH liofilizado y LH liofilizado hidratado. Para el caso, se recolectd6 LH maduro de 20 madres y se
tomaron muestras en 3 grupos de muestras (LH, LH liofilizado y LH liofilizado hidratado) para su posterior analisis
para definir su composicién proxima. Los resultados demostraron que la liofilizacion aumentd 8 veces el contenido de
cenizas, proteinas, lipidos y carbohidratos, y los valores de energia en comparacion con LH. Ademas, la dilucién de 1
g de LH liofilizado con 3,5 g de agua demostr6 ser ideal para bebés de hasta 1,5 kg, ya que proporciona
concentraciones de macronutrientes que se acercan a las necesidades nutricionales recomendadas. Ademas, la LH
liofilizada mostr6 potencial como posible reemplazo de las formulas infantiles ya que, en cuanto a macronutrientes,
puede suplir las necesidades nutricionales de los RNPT.

Palabras clave: Leche humana; Liofilizacidn; Reconstitucion; Recién nacidos prematuros; Composicion proximal;
Férmulas infantiles.

1. Introduction

Human milk is the greatest source of nutrition for newborns, being considered the ideal foodstuff due to its ability to
adapt its composition throughout lactation to meet the newborn requirements for growing and development (Andreas et al.,
2015; Pons et al., 2000). HM is classified into three groups with distinct properties based on the lactation period of the mother,
which are: colostrum, transitional, and mature (Ballard & Morrow, 2013; Lawrence & Lawrence, 2016; Zivkovié et al., 2015).

Breastfeeding has a positive effect on the cognitive and brain development of the child, therefore, the practice should
be encouraged and strongly advised as the only source of nutrition for children up to six months old, and later supplemented for
two or more years (Gonzalez & Visentin, 2016). Still, it is imperative to meet the specific nutritional demands of preterm
newborns (PTNBs), which makes adapting the supply of nutrients required for adequate nutrition, aimed at decreasing the
growth deficit of newborns, a major issue (O’Connor et al., 2008).

PTNBs exhibit physiological and enzymatic immaturity, hence, their nutritional needs are different from those of term
newborns. Even for PTNBs, where breastfeeding is not contraindicated, problems may arise due to tolerance. Therefore,
feeding HM to the PTNB is strongly recommended since it has been demonstrated that the practice favors faster weight gaining
whilst lessening the risk of medical complications and future development of food allergies (Ahammad et al., 2018).

The key recommendation is that PTNBs are breast-fed HM collected from their birth mother or HM that has been
donated by a Human Milk Bank (HMB), which shall be fed to the newborn orally through a small cup or enteral nutrition if

necessary, based on the degree of prematurity and difficulty in sucking. The HMB is an organization founded with the intent of
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collecting, trialing, processing, pasteurizing, storing, and distributing HM donated by lactating women who produced HM in
excess, thus offering adequate nutrition to several newborns (Updegrove et al., 2020, Fang et al., 2021). HM of preterm
mothers physiologically adapts to meet the nutritional demands of the PTNBs, modifying itself accordingly throughout the
lactation period from gestational age to birth (World Health Organization, 2003; Nessel et al., 2019).

HM is highly perishable, as such, conservation techniques are crucial to increase its shelf life. Lyophilization is a
simple and efficient procedure that could be employed to preserve HM in HMBs since it can preserve HM without undermining
its nutritional properties (Cortez & Soria, 2016). Lyophilization is based on sublimation, which brings forth advantages
compared to regular freeze-drying methods since it preserves the nutrients’ structure. This method utilizes low temperatures to
remove humidity, increasing stability during storage and transporting, and lessening the likelihood of degradation (Picaud &
Buffin, 2017). HM submitted to this procedure can be reconstituted in different volumes to better meet the nutritional needs of
PTNBs, by enabling better control of nutrient content (Oliveira et al., 2019).

Prescription of lyophilized HM reconstituted in different volumes to PTNBs that cannot be breastfed directly could be
an alternative to supply the nutritional needs of these neonates, which are higher than those of term newborns. Hence, this study
aimed to assess the proximate composition of liquid, lyophilized, and reconstituted lyophilized HM that could be used as an
individualized form of nutrition for non-extreme PTNBs that weigh approximately 1.5 kg, can be fed HM, and do not require

parenteral nutrition.

2. Methodology
2.1 Sampling

This study has been forwarded to, and approved by the Research Ethics Committee (CEP), under process number
2.797.476, of the Universidade Estadual de Maringa (UEM, Maringa, Parana, Brazil). Samples of mature HM were collected
from 20 different mothers, under a cooling temperature of 4 °C at the Human Milk Bank (HMB) located at the Hospital
Universitario de Maringa (Maringd, Parana, Brazil). Then, the volume collected of HM was homogenized into a sampling pool,
with approximately 2 L, and stored at -40 °C in a vertical MFV/UFV ultra-freezer (Terroni Equipamentos Cientificos,
Paulicéia, Sdo Paulo, Brazil). From the previously formed sample pool, 1 L was separated for lyophilization and further

analyses.

2.2 Lyophilization

Aliguots of 80 mL from the mature HM sample pool (evenly allocated into 12 flasks of 80 mL, totaling 960 mL of the
sample) were lyophilized in an SLH-50 lyophilizer (Terroni Equipamentos Cientificos, Paulicéia, Sdo Paulo, Brazil), under the
following instrumental conditions: the temperature of the tray and condenser was set at 40 °C and -55 °C, respectively, and the
procedure was carried out under constant pressure of 100 mbar. Lyophilization was over under 48 h. It is important to note that
the equipment used was developed and adapted exclusively for samples of LH, and operates under strict hygiene standards,

inert atmosphere, and aseptic conditions.

2.3 Reconstitution of lyophilized Human Milk
Approximately 1.0 g of lyophilized HM was weighed and mixed with 7.94 g of ultrapure water in order to reconstruct

the sample. The procedure was carried out based on the water loss throughout lyophilization.
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2.4 Proximate Composition

Moisture, ash, and crude protein content analyses were carried out as described by AOAC/2005 (Association of
Official Analytical Chemists, 2005). Moisture content was determined gravimetrically on a micro-processed oven with forced
air renewal (Sterilifer) operating at 105 °C for 4 h. Ash content was acquired by dry-ashing samples in a furnace (Quimis) at
600 °C for 6 h. Crude protein content was calculated employing the semi-micro Kjedahl method, by converting the total
nitrogen content using a multiplication factor of 6.38.

Lipid content was determined as described by the Folch, Lees, & Sloane Stanley (1957) method, which utilizes a
sample:solvent ratio of 1:20 and chloroform:methanol ratio of 2:1 v v. Carbohydrate content was acquired by simple
subtraction [100 - (moisture content — ash content — crude protein — total lipids)] and expressed as Nifext fraction (nitrogen-free
extract). Energy values were calculated by multiplying values for crude protein, carbohydrate, and total lipids content by 4.00,
4.00, and 9.00 kcal g%, respectively, and results were expressed as kcal 100 g (Anvisa, 1998).

2.5 Statistical Analysis

Analyses required to define the proximate composition of samples of liquid, lyophilized and reconstituted HM were
performed in triplicate and results were expressed as mean + standard deviation. Values for proximate composition of samples
were submitted to variance analysis (ANOVA) and means were compared by Tukey’s test with a 95% significance level
through Assistat 7.7. software (Silva, 1996).

3. Results and Discussion
3.1 Proximate Composition
Table 1 provides the experimental data regarding the analyses required for obtaining the proximate composition and (g

100 g1) and energy values (Kcal 100 mL* or Kcal 100 g*) of mature liquid, lyophilized, and reconstituted lyophilized HM.

Table 1. Proximate composition (g 100 g*) and energy values (Kcal 100 mL* or Kcal 100 g*) of mature liquid, lyophilized,
and reconstituted lyophilized HM.

Samples Moisture Ash Crude Protein Total Lipids Carbohydrate Energy value
HM 86.84° + 0.58 0.21° £ 0.03 1.25°+0.20 3.60° +0.55 7.78°+£0.22 70.88" + 1.69
HM 1yophilized 1.00°+ 0.07 1.712+0.03 9.212+0.51 30.092 +0.53 58.002 + 0.95 527.98% £ 2.95
HM reconstituted 88.412+0.34 0.21°+0.01 1.27° +0.26 3.97°+0.07 6.42° +0.50 64.87¢+1.36

Results were expressed as mean + standard deviation (SD) of triplicates. Values with different lower-case letters in the same column are
significantly different (p <0.05) according to Tukey’s test. Source: Authors (2022).

It can be seen from Table 1 that mature HM demonstrated moisture, ash, crude protein, and total lipid contents, and
energy values of 86.84 g 100 g%, 0.21 g 100 g%, 3.60 g 100 g%, 7.78 g 100 g%, and 70.88 g 100 g%, respectively. However, data
from the table demonstrates that lyophilizing HM revealed a statistically significant increase in ash (1.71 g 100 g%), crude
protein (9.21 g 100 g), total lipids (30.09 g 100 g*), and carbohydrate content (58.00 g 100 g2), and energy value (527.97 g
100 g) whereas, as expected, a substantial decrease in moisture content (1.00 g 100 g*) was verified.

The findings of this study broadly support the work of other studies investigating the proximate composition of
unprocessed HM in the same lactation phase. Furthermore, in accordance with the current results, previous studies have
identified similar ranges for moisture (87.73-89.85%), ash (0.21-0.24%), total lipids (1.30-3.48%), crude protein (1.12-1.27%),
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and carbohydrate content (6.97-7.50%), and energy values (61.81 g 100 g') (Santos et al., 2021; Silva et al., 2007; Brasil,
2015; Leite et al., 2019; Shi et al., 2011; Léké et al., 2019; Rydlewski et al., 2019).

Regarding lyophilized HM, previous studies on mature HM conducted by Martysiak-Zurowska et al., (2022) and
Castro-Albarran et al. (2016), reported a moisture content of 3.92% and 1.64%, respectively, which concurs with the results
obtained by this study. Maintaining the moisture content of lyophilized HM under 5% is particularly crucial since higher values
directly affect the perishability of the product due to an increase in bacterial, enzymatic, and oxidative activity (Martysiak-
Zurowska et al., 2022).

The findings above strongly imply that investigating the proximate composition of mature HM before and after
lyophilization would greatly contribute to a deeper understanding of how the procedure affects the product.

As previously explained, the purpose of submitting HM to lyophilization is to remove water from the product through
sublimation and decrease its perishability (Pisano et al., 2019). Several advantages strengthen the application of the
lyophilization procedure, for instance, inhibition of microbial growth, enhancement of shelf life whilst preserving flavor and
nutritional characteristics, volume reduction, ease of transport, and lipid oxidation hindering (Morais et al., 2016). Furthermore,
the procedure does not impact the food composition, but instead, concentrates the endogenous macronutrients and
micronutrients (Morais et al., 2016; Vishali et al., 2019), which is corroborated by the results acquired for liquid and
lyophilized HM (Table 1). Such points are indeed advantageous, directly and indirectly, to the HMBs and PTNBs that may
eventually need HM from an HMB for its complete development.

3.2 Reconstitution of Human Milk and value of macronutrients for preterm newborns (PTNBs)

Following lyophilization, HM was reconstituted through the addition of ultrapure water. For that matter, ordinarily, the
volume of water required to reconstruct the sample is defined by gauging the volume lost during lyophilization and mixing the
same amount with the powdered sample. The results for moisture (88.41 g 100 g?), ash (0.21 g 100 g2), crude protein (1.27 g
100 g?), total lipids (3.97 g 100 g!), and carbohydrate (6.42 g 100 g') content, and energy values (64.87 g 100 g*) of
reconstituted lyophilized HM summarized in Table 1 demonstrate that lyophilizing the sample did not modify its
macronutrients composition.

Interestingly there is little to no published data regarding reconstitution of HM with different volumes of water,
focusing primarily on adapting the nutrient content to better suit the nutritional need of the PTNBs. Thus, a table (Table 2) was
built with the macronutrient content of distinct dilutions of reconstituted HMs, calculated based on the mass of lyophilized HM
and water used to reconstruct it, consequently generating the mass of reconstituted lyophilized HM obtained and its specific

macronutrient composition.
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Table 2. Reconstitution of lyophilized HM with distinct water volumes and the macronutrient content for such products

expressed as g 100 g* (crude protein, total lipids, and carbohydrate content).

o Lyophilized HM Reconstituted HM ] o
Dilution Water (g) Crude Protein Total lipids Carbohydrates
() ()
1 1 7 8 1.27 3.97 6.42
2 1 35 45 2.54 7.94 12.84
3 1 1.75 2.75 5.08 15.88 25.68
4 1 0.875 1.875 10.16 31.78 51.36
5 1 0 1 9.21 30.09 58.00

Source: Authors (2022).

It can be seen from Table 2 that decreasing the volume of water used to reconstruct the sample increases the crude
protein, total lipid, and carbohydrate content of the dilution. This is exceptionally advantageous since PTNBs require special
care due to their degree of biochemical immaturity, accelerated growth, and higher incidence of clinical complications (Silva &
Mura, 2011). Thus, nutritional care for this neonate profile aims to mimic the nutritional conditions of the mother's womb by
providing the nutrients required for growth and development (Accioly, Saunders, & Lacerda, 2009). In addition, from adequate
nutritional support, there is a reduction in risk factors that can increase the possibility of complications from prematurity
(McNelis, Fu, & Poindexter, 2017).

It is well established from a myriad of studies that the preterm requires proper nutritional support, and partial or
complete lack of said support can lead to risk factors that may increase medical complications throughout prematurity and
subsequent growth and development inhibition (McNelis, Fu, & Poindexter, 2017).

Considering that the protein requirements of a PTNB range from 2.7 to 3.5 g / kg a day (Mahan, Escott-Stump, &
Raymond, 2013), for a PTNB weighing approximately 1.5 kg, the macronutrient content present in 1 g of lyophilized HM (5.08
g 100 g1), when diluted into 3.5 g of water (Table 2, dilution 2), come very close meeting the nutritional needs of the neonate.
Protein excess offers no benefits, but instead, increases the risk of metabolic problems, such as an increase in ammonia and
urea, metabolic acidosis, metabolic and renal overload due to glomerular filtration process immaturity, and may lead to
neurological disorders (Waitzberg, 2004). Conversely, the supply of adequate protein content is responsible for providing the
amino acids required for the PTNB development, playing a key role in the digestion and absorption of nutrients by the
intestinal mucosa and defense against infections (Guo, 2021; Lénnerdal, 2003).

The lipid necessities of a PTNB range approximately between 5.9 and 11.6 g / kg a day (Waitzberg, 2004). The
PTNBs are more vulnerable to lack of lipid intake since the intrauterine deposition which happens in the 3° trimester was
influenced by the prematurity (Silva e Mura, 2011). Hence, close inspection of Table 2 demonstrates that reconstitution of
lyophilized HM with 3.5 g of water (dilution 2) (15.88 100 g*) may meet the requirement of a PTNB weighing approximately
1.4 kg. This lipid content is essential for neonate growth and development, meeting its greatest energy demands whilst fulfilling
primordial metabolic and physiological functions, and acting as thermal insulant (Delplanque, Gibson, Koletzko, Lapillonne, &
Strandvik, 2015). According to Gonzélez & Visentin (2016), HM has lipids essential for infant brain development, making up
the central nervous system structure, and playing key roles in development, migration, and nerve cell differentiation. To date,
no HM substitutes have been able to mimic its lipid profile, besides these substitutes demonstrate differences in digestion and

lipid absorption (Lépez-Lopez et al., 2001).
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Regarding carbohydrate requirements, the PTNBs need between 10 and 15 g / kg a day (Mahan, Escott-Stump, &
Raymond, 2013). It can be seen from Table 2 that dilution 2 of HM, using 3.5 g of water, contains 25.68 g 100 g7,
consequently matching the requirement of the profile of a 1.7 kg neonate. In HM, the main carbohydrate is lactose, whereas
infant formulas (IFs) are evenly comprised of lactose and glucose polymers added aiming to adjust calorie supply, lessen the
osmatic load and improve carbohydrate absorption (Vasconcelos, 2011). Since lactose is the main carbohydrate of HM, it has a
favorable effect on mineral absorption by increasing the solubility of calcium salts. Besides, lactose and minerals are vital to
stabilizing the osmotic pressure of HM, preventing osmotic diarrhea (Guo, 2021).

Therefore, taking into consideration the discussion above, it can be concluded that dilution 2, 1 g of lyophilized HM
into 3.5 g of water, is ideal for preterm newborns weighing approximately 1.5 kg since the protein (5.08 g 100 g1), lipid (15.88
g 100 g1), and carbohydrate (25.68 g 100 g*) content supplied by this dilution comes extremely close to meeting the nutritional
requirements of this PTNB profile.

3.3 Reconstituted human milk versus Infant formulas

Lyophilized HM can be an excellent alternative to substitute the usage of IFs, since IFs lack in their composition few
bioactive compounds, carbohydrates, and proteins that are exclusive to HM (Martin, Ling, & Blackburn, 2016; Brasil, 2014).
The superiority of HM over IFs for PTNBs is indisputable and despite previous research in the literature stating the benefits of
calcium, phosphorous, and protein supplementation, feeding the neonate with HM is still strongly advised due to its several
advantages over IFs, for instance lessening the risk of necrotizing enterocolitis mortality, enhanced immunological response
and antibodies that avoid hospital infections, among others (Waitzberg, 2004; Silva & Mura, 2011).

Succinctly, formulas for preterms have higher energy and protein contents, and lower lactose and essential fatty acids
content, and must follow the standards defined by the Codex Alimentarius, being capable of supplying the nutritional needs of
the infant throughout the first months of life until food introduction, contamination-free, and ensure normal growth and
development (Waitzberg, 2004).

The lipid composition of the majority of IFs vary according to the mixture of the different sources of lipid employed,
resulting in differences in the structure, composition, and complexity of the fat compared to that of HM since the lipid
composition of HM is extremely diverse (Delplanque, Gibson, Koletzko, Lapillonne, & Strandvik, 2015). Thus, producers are
advised to offer IFs that mimic as best as possible the nutrient profile of HM whilst, according to the Codex, having an energy
value, crude protein, total lipids, and carbohydrate content ranging from 60 to 70 Kcal 100 g, 1.8 t0 3.0 g 100 mL*, 4.4 t0 6.0
g 100 mL™?, 9.0 to 14.0 g 100 mL, respectively (Anvisa, 2011).

In contrast, IFs meant for PTNBs must provide a calorie content between 60 and 70 Kcal per 100 mL (Guo, 2014). The
proximate composition of such formulas must contain a crude protein, carbohydrate, and total lipids content ranging from 2-
3.5%, 10.4%, and 2.77-4.23%, respectively (Mendonca, Araljo, Borgo, & Alencar, 2017; Fanaro, Ballardini, & Vigi, 2010). As
a result, as shown by Table 2, an intermediate between dilution 1 and 2 would certainly meet the parameters recommended by
the codex. Diluting 1 g of the powdered sample into 5.25 g of water would possibly generate 6.25 g of a sample with the
following proximate composition: 1.91% of crude protein, 5.96% of total lipids, and 9.63% of carbohydrates. Subsequently,
satisfying the recommended nutritional requirements.

A study conducted with 24 PTNBs divided into three groups fed with HM provided by HMBs supplemented with 5%
of bovine-based protein, vaporized HM, and lyophilized HM, respectively, observed that despite the lack of negative metabolic

repercussions while the study was being carried out, the PTNBs fed with HM supplemented with bovine-based protein may
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exhibit damaged future cognitive development since the additive increases blood phenylalanine content of the neonates
(Thomaz et al., 2014).

Thus far several studies have highlighted the superiority of HM over IFs. Nevertheless, in cases where usage of IFs is
mandatory, the nutrient requirements of PTNBs can be met through intervention with lyophilized HM since substitution of HM
for IFs provides no immunological protection. Besides, no IF can mimic the impact of HM on the PTNBs’ physiological

programming and long-lasting beneficial effects on the child’s life (Grazziotin & Moreira, 2016).

4. Conclusions

Lyophilizing the samples increased the macronutrient content (crude protein, total lipids, and carbohydrates) of
mature HM besides lessening moisture content, subsequently enhancing the perishability of the sample. Reconstitution of
powdered HM with several volumes of water can adapt the macronutrient content of the product, either generating a more
concentrated or diluted meal. Besides, our results indicated that reconstitution of 1 g of lyophilized HM with 3.5 g of water
was the optimal dilution to feed PTNBs weighing approximately 1.5 kg as it provides the amount of nutrients needed by this
PTNB profile.

Lastly, the findings reported here shed new light on alternatives for IFs, since the lyophilization and reconstruction
procedure of HM enables the adaptation of nutrient concentration to better suit the nutritional needs of neonates according to

their weigh, allowing to concentrate or dilute the nutrients to better match the necessities of each neonate profile.
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