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Abstract 

Parenteral nutrition is an integral part of the nutritional support of critically ill neonates, 
infants, and children in the intensive care units (ICUs) and at home. Therefore, the ade-
quacy and the effectiveness of parenteral nutrition, PN, support are among the major con-
cerns of doctors and pharmacists. The aim of this study is the physicochemical and stabil-
ity evaluation of nanoemulsions, which are used for parenteral nutrition. These 
nanoemulsions are for intravenous (IV) administration of lipids, amino acids, glucose, 
electrolytes, trace elements as well as vitamins. Light scattering techniques are used for 
the identification of the hydrodynamic diameter (Dh), size polydispersity index (PDI), and 
the ζ-potential of the prepared nanoemulsions. Stability assessment is performed in dif-
ferent conditions, mimicking those of the hospital. The stability studies involve shelf-life 
measurement of these NEs over 10 days in two storage conditions (25 °C and 4 °C) using 
dynamic light scattering. According to the US Pharmacopeia, the droplet size should be 
under the upper limit of 500 nm (0.5 µm). Transmission electron microscopy (TEM) is 
used for the shape of the droplets of the nanoemulsion emulsion for parenteral nutrition 
for the first time. The results showed that the droplet size was around 300 nm, with a 
homogeneous population and negative ζ-potential. The morphology was vesicular and 
spherical, typical for NE droplet shape. The results from all the characterization tech-
niques show that the formulations meet the high-quality standards of nanoemulsions for 
neonates, infants and children. 

Academic Editor: Julia Maldonado-

Valderrama 

Received: 8 August 2025 

Revised: 16 September 2025 

Accepted: 19 September 2025  

Published: 25 September 2025  

Citation: Papandreou, P.;  

Triantafyllopoulou, E.; Pispas, I.; 

Havaki, S.; Papagiannopoulos, A.; 

Gorgoulis, V.G.; Pippa, N.  

Physicochemical Morphological 

Evaluation and Stability Assessment 

of Nanoemulsions Containing  

Nutrients for Parenteral Nutrition. 

Colloids Interfaces 2025, 9, 64. https:// 

doi.org/10.3390/colloids9050064 

Copyright: © 2025 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Colloids Interfaces 2025, 9, 64 2 of 14 
 

 

Keywords: nanoemulsions; stability assessment; TEM; nutritional support 
 

1. Introduction 
Nanoemulsions (NE) are considered nanosystems due to the size of their droplets in 

the nanoscale [1]. They are composed of two immiscible liquids, water and oil. Surfactants 
play a key role in the structure and viscoelastic properties, as well as in the stability of NE. 
NEs are widely used in pharmaceutical technology for the encapsulation, protection, and 
controlled release of active substances [1]. NE is a formulation strategy for the increase in 
the bioavailability of poorly water-soluble active substances [2]. They can be administered 
by different routes, including the oral, transdermal, and parental. The rapid onset phar-
macological action of NE is responsible for the fast therapeutic effect because the active 
substance reaches the systematic circulation quickly. NEs are prepared both in laboratory 
and industrial scale via different production protocols, including high- and low-energy 
input. Last but not least, NEs can be sterilized using filtration due to their nanosized drop-
lets, making them identical for IV administration and for parenteral nutrition [1–4]. NEs 
are thermodynamically unstable isotropic nanosystems, and for this reason, the stability 
assessment is required after their preparation. The size which is synonymous to the drop-
let size, size distribution, ζ-potential, and stability over time are considered the Critical 
Quality Attributes (CQAs) of NEs. Additionally, the transparent appearance is also crucial 
for the usage of NEs. The surfactants mentioned above are one of the Critical Material 
Attributes (CMAs) of the NE, accompanied by the nature of the oil and the aqueous phase. 
The improved physical stability is strongly associated with the nature and the percentage 
of the surfactants [3,4]. Younger preterm newborns have lower nutritional resources, 
which puts them at a higher risk of postnatal malnutrition, particularly at very low gesta-
tional ages. Because of this, early growth and nutrition at this life period are crucial in 
determining the long-term health of premature infants [5]. It is well-known that in paren-
teral nutrition (parental nutrition ), intravenous fat emulsions are a dense source of energy 
that supply necessary fatty acids [6]. According to a recent prospective observational 
study, Wang and colleagues (2021) declared that the majority of preterm infants with birth 
weight less than 1500 g remain lower than the nutritional requirements [7]. A newly pub-
lished randomized controlled trial showed the significant role of parental nutrition in the 
cases of parenteral nutrition-associated cholestasis, which is strongly associated with the 
low birth weight and preterm newborns [8]. From the Skouroliakou group, nanoemulsion 
formulations have already been developed. The all-in-one parenteral admixture with 
SMOFlipid (soybean oil; medium-chain triglycerides; olive oil; fish oil) as an alternative 
ingredient to soybean used for neonates was also found stable physicochemically for the 
time-period of clinical use. The SMOFlipid was a nanoemulsion with α-tocopherol-en-
riched lipid [9]. Its usage favors oxidation resistance due to its components: vitamin E, 
which is an antioxidant compound and a mixture of lipids including ones that are less 
prone to lipid peroxidation, such as medium-chain triglycerides, eicosapentaenoic and 
docosahexaenoic acids [10]. According to a double-blind clinical trial, the administration 
of these nanoemulsions exhibited an added value for the preterm newborns [11]. 

The aim of this study was the physicochemical and stability evaluation of nanoemul-
sions, which are used for parental nutrition. Light scattering techniques were used for the 
determination of the hydrodynamic diameter (Dh), polydispersity index (PDI), and the 
zeta potential (ζ-potential) of the prepared nanoemulsions. Stability assessment was per-
formed under different conditions, mimicking those of the hospital. The stability studies 
involve shelf-life measurement of these NEs over 10 days in two storage conditions (25 °C 
and 4 °C) using dynamic light scattering. In general, the nanoemulsions intended for 
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parenteral use are consumed within the hospital in 24 h or at most 48 h. The reason the 
physicochemical characterization took 9 days is to ensure that the physicochemical char-
acteristics remained unaffected during a longer period for safety reasons [12,13]. These 
extended periods of stability tests are strong evidence of risk-based assessment for the 
self-life of the nanoemulsions. According to the US Pharmacopeia, the droplet size should 
be under the upper limit of 500 nm (0.5 µm). To the best of the authors’ knowledge, this 
is the first time that an analysis of the relationship between the formulationʹs constituent 
parts and a clinically useful NEʹs stability behavior has been carried out. These NEs are 
widely used all-in-one parenteral admixtures in hospitals [14]. 

2. Materials and Methods 
2.1. Materials 

The formulations of sample 1 (Table 1) and sample 2 (Table 2) are described in Tables 
1 and 2, respectively. The ingredients of the formulations, as well as the macronutrients 
and the energy, are included in Tables 3 and 4 for the formulation of sample 1 and in 
Tables 5 and 6 for sample 2. In some cases in the tables, the units are expressed per kilo-
gram of the neonates, infants, and children. Peditrace, SMOFlipid, Soluvit, Magnesium 
sulfate heptahydrate, Glucose solutions, Calcium gluconate 10% solution, Vitalipid Infant, 
and Vamin Infant were obtained from Fresenius Kabi (Bad Homburg, Germany), while 
sodium chloride and potassium chloride were purchased from SDS (Peypin, France). The 
selected containers were ethyl vinyl acetate plastic bags that were automatically filled (Mi-
croMacro 12, Baxa, Englewood, CO, USA). 

Table 1. The formulation of sample 1. 

Ingredient Amount (mL) 
Calcium gluconate 10% 3.85 

Glucose 10% 135.74 
Glucose 35% 24.06 
Glycophos 2.03 

MgSO4·7H2O 25% 0.15 
Peritrace 1.35 

Potassium chloride 10% 6.44 
SMOFlipid 200 mg/mL 16.92 
Sodium chloride15% 5.35 

Soluvit 0.18 
Vamin Infant 57.00 

Vitalipid Infant 0.54 

Table 2. The formulation of sample 2. 

Ingredient Amount (mL) 
Calcium gluconate 10% 6.32 

Glucose 10% 111.24 
Glucose 35% 77.92 
Glycophos 2.78 

MgSO4·7H2O 25% 1.39 
Peritrace 5.25 

Potassium chloride 10% 4.15 
SMOFlipid 200 mg/mL 27.83 
Sodium chloride 15% 2.17 

Soluvit 5.25 
Vamin Infant 170.44 

Vitalipid Infant 5.25 
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Table 3. The macronutrients of the formulations of sample 1. 

 Amino Acids Glucose Fat Energy 
Non-Pro-

tein Energy 

 g g/kg kcal G g/kg kcal g g/kg kcal kcal 
kcal/k

g kcal 

Parental 
nutrition 3.72 0.12 14.89 22.00 0.73 74.79 3.38 0.11 30.46 120.13 4.00 105.24 

Table 4. The micronutrients and additives of the formulation of sample 1. 

Micronutrients and Additives Value per Bag Value per Kg 
Ca2+ 1.69 mEq 0.06 mEq/kg 

Trace elements 1.35 mL 0.05 mL/kg 
K+ 8.63 mEq 0.29 mEq/kg 

Lipophilic vitamins 0.54 mL 0.02 mL/kg 
Mg2+ 0.30 mEq 0.01 mEq/kg 
Na+ 17.77 mEq 0.59 mEq/kg 

Water-soluble vitamins 0.18 mL 0.01 mL/kg 
PHO4− 2.03 mmol 0.07 mmol/kg 

Table 5. The macronutrients of the formulations of sample 2. 

 Amino Acids Glucose Fat Energy Non-Pro-
tein Energy 

 g g/kg kcal g g/kg kcal g g/kg kcal kcal kcal/kg kcal 
Parental 
nutrition 10.60 3.53 42.40 47.70 15.90 162.18 5.30 1.77 47.70 252.28 84.09 209.88 

Table 6. The micronutrients and additives of the formulation of sample 2. 

Micronutrients and Additives Value per Bag Value per Kg 
Ca2+ 2.65 mEq 0.88 mEq/kg 

Trace elements 5.00 mL 1.67 mL/kg 
K+ 5.30 mEq 1.77 mEq/kg 

Lipophilic vitamins 5.00 mL 1.67 mL/kg 
Mg2+ 2.65 mEq 0.88 mEq/kg 
Na+ 10.60 mEq 3.53 mEq/kg 

Water-soluble vitamins 5.00 mL 1.67 mL/kg 
PHO4− 2.65 mmol 0.88 mmol/kg 

Sodium chloride 15% 2.17 mL (In the bag) 
Soluvit 5.25 mL (In the bag) 

Vamin Infant 170.44 mL (In the bag) 
Vitalipid Infant 5.25 mEq (In the bag) 

2.2. Methods 

2.2.1. Preparation of NEs 

According to previously published data [12], when formulating an NE for parental 
nutrient daily formula for neonates, numerous factors should be taken into consideration 
such as age, weight, clinical state of the neonate/child, and environmental conditions—
type of incubator, phototherapy, etc. In this investigation, the all-in-one parenteral admix-
ture NEs that were formulating were placed into ethyl vinyl acetate plastic bags using an 
automated compounder (MicroMacro 12, Baxa, Englewood, CO, USA). 
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2.2.2. Dynamic Light Scattering 

A standard ALV system (ALV GmbH, Hessen, Germany) was utilized to perform 
dynamic light scattering (DLS) measurements. The analysis was conducted by implement-
ing an ALV-CG-3 goniometer and an ALV-5000/EPP multi-tau digital correlator with a 
He-Ne laser at λ = 632.8 nm. In DLS, the time-autocorrelation function of scattered light 
intensity gଶ(q, τ)  is linked to the field autocorrelation function gଵ(q, τ)  via the Siegert 
equation (Equation (1)), where β is a normalization constant [15,16]. The field autocorre-
lation function then provides a relaxation rate Γ distribution, which is transformed into a 
diffusion coefficient D distribution (Γ=D·q2=1/τ) . Then, the Stokes–Einstein equation 
(Equation (2)) is used to calculate the hydrodynamic radii Rh, with kB as the Boltzmann 
constant, T as the sample temperature, and η as the solvent viscosity. The CONTIN algo-
rithm was used to examine the dispersed intensity-weighted distributions of hydrody-
namic radii at θ = 90o. Each experiment was performed in triplicate with 30 s duration [17]. 

g2൫q,τ൯-1=βหg1(q,τ)ห2 (1)

Rh=
kBT

6πηD (2)

2.2.3. Electrophoretic Light Scattering 

A Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern, UK) was used to perform 
electrophoretic light scattering (ELS) measurements. The device uses a combination of la-
ser Doppler velocimetry and phase analysis light scattering (PALS). Equation (3) shows 
the relation between electrophoretic mobility µe and frequency shift ∆f, with no as the sol-
vent refractive index, λ as the wavelength of the laser, θ as the scattering angle, and E as 
the electric field. Equation (4), namely Henry’s equation, connects the electrophoretic mo-
bility µe to the ζ-potential, with εo as the solvent dielectric constant in vacuum, εr as the 
relative dielectric constant, η as the solvent viscosity, f(ka) as the Henry function, k as the 
reciprocal Debye length λD, and a as the particle radius. The product ka refers to the ratio 
between the thickness of the electrical double layer and the particle radius. 

µe=
λ

nosinθ ·
1
E ·Δf (3)

µe=
2
3 ·
εoεrζf(ka)

η  (4)

Under the Smoluchowski approximation, Henry’s function is constant and equal to 3/2, 
and ζ-potential can be given by Equation (5) [18,19]. The apparatus converts the electropho-
retic mobilities into a ζ-potential distribution by performing several measurements of the 
mobilities at a fixed scattering angle of θ = 173° using PALS. To find the mean value and 
standard deviation of the ζ-potential, ten measurements were collected at T = 25 °C [20]. 

ζ=
ηµe
εοεr

 (5)

2.2.4. Transmission Electron Microscopy (TEM) 

Two samples of nanoemulsions were examined with Transmission Electron Micros-
copy applying the negative staining technique. Specifically, 5 µL of each sample was al-
lowed to be absorbed for 5 min to the surface of Formvar/Carbon coated copper, 200 mesh-
square grids. The used grids were placed previously in a glow discharge unit to render 
them hydrophilic. After absorption, each grid was blotted with filter paper, washed thrice 
on drops of ultrapure water, and placed on a drop of 2% aqueous uranyl acetate (UA) 
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solution for 2 min. The excess UA was removed, and the grids were left to air dry. The 
specimens were then observed in a JEM 2100Plus Transmission Electron Microscope 
(JEOL Ltd, Tokyo, Japan) operating at 120 kV and equipped with LaB6 filament. Images 
were photographed at original magnification 50,000× using a Gatan OneView digital cam-
era (Gatan, Pleasanton, CA, USA). The digital camera was calibrated at each magnification 
setting using a reference grid with grating replica and latex spheres, according to the in-
structions of Gatan. 

3. Results and Discussion 
3.1. Nanoemulsion for Parental Nutrition 

The prescribed regimens were calculated by the clinical decision support program 
NutriNet-parental nutrition, which analyzes the input data and calculates a daily regimen 
prescribed at IASO Hospital. 

The prescribed regiment provides total energy, protein, glucose, and fatty sub-
stances. Also, the parental nutrition regimens included micronutrients (Tables 1 and 2). 
The weight ratios of amino acids and fat (in mg) were less than the one referred to in the 
literature. The program calculates the ratio mEq Ca/mmol P, the osmolarity of parenteral 
solution, and the ratio non protein kcal/g. NutriNet-parental nutrition enables the user to 
print an order form for the patient record as well as a label that gets placed on the patient’s 
bag. It is also linked with an automated compounding device (ACD) for the preparation 
of the parental nutrition bag, and any data can be exported for statistical or data collection 
purposes. The prescribed solutions were to be examined by the compounding device. 

The use of a specialized software program results in an adequate provision of energy 
and nutrients. Due to a variety of available current practice guidelines that exist (allowing 
individualized patient parental nutrition prescribing), patients’ requirements should be 
balanced with a standardized process regarding the stability to enhance their safety and 
reduce errors. Nowadays, healthcare automation is a useful tool to overcome the burden 
of calculations, including stability parameters, thus enabling the successful provision of 
individualized parental nutrition to become an efficient and safe standard routine proce-
dure. NutriNet-parental nutrition and similar software will lead to the consistency of pa-
rental nutrition prescriptions through their screening of algorithm input information on 
stability substance and clinical application. 

Four batches of five AIO admixtures containing macro- and micronutrients were 
compounded with commercially available lipid emulsions and amino acid solutions. 
Their stability was tested under conditions simulating clinical use. All the admixtures 
were assessed for criteria set by the USP: (a) under the upper limit (0.5 µm) set and (b) 
percentage of volume weighted particles with diameter more than 5 µm (PFAT5). In this 
study, the characteristics of the samples are analyzed in Tables 3 and 4 (sample 1) and 
Tables 5 and 6 (ample 2) (see Section 2.1.). Details about the ingredients, the micronutri-
ents, and the energy are also given. 

3.2. Physicochemical Evaluation and Stability Assessment of the Nanoemulsions. 

Physicochemical properties of the two nanoemulsions were assessed in HPLC grade 
water on the day of preparation, with results summarized in Table 7 and Figure 1. The 
dispersed droplets exhibit a mean hydrodynamic diameter of 328 nm (sample 1) or 299 
nm (sample 2) and comprise homogenous populations (PDI = 0.1). Based on our measure-
ments, the SMOFlipid (four-oil lipid emulsion) with a concentration of 200 mg/mL forms 
lipid vesicles with a uniform size distribution. Their size is not significantly different. This 
is expected because the oil phase is not greatly different in the two samples. The lipids are 
surfactants that can self-assemble into aqueous media in different (vesicular and/or 
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compact) structures. Moreover, they preserved their dimensions in PBS and at 37 °C, in-
dicating that the samples could be stable in such environmental conditions (Table 7 and 
Figure 1). The subtle broadening of the size distribution of sample 2 in PBS and at 37 °C 
was probably related to mild and potential aggregation of the nanoemulsions. Such be-
havior is possible given the increased salinity present in PBS solutions in relation to HPLC 
grade water. 

Table 7. Physicochemical characteristics of the dispersions on the day of their preparation. In all 
cases SD is lower than 1%. 

Sample Diluent Dh (nm) PDI ζ-Potential (mV) 
1 HPLC grade water 328 0.1 −36 
2 HPLC grade water 299 0.1 −33 
1 PBS 299 0.1 - 
2 PBS 309 0.132 - 

 

Figure 1. Size distributions of the dispersions from DLS on the day of preparation in HPLC grade 
water at 25 °C and in PBS at 37 °C. The line colors represent the different samples/conditions: sample 
1 in HPLC grade water at 25 °C (black), sample 2 in HPLC grade water at 25 °C (red), sample 1 in 
PBS at 37 °C (blue), and sample 2 in PBS at 37 °C (magenta). 

Moreover, they preserved their dimensions in PBS and at 37 °C, indicating that the 
samples could be stable in such environmental conditions (Table 7 and Figure 1). Zeta 
potential absolute values of dispersions larger than 30 mV suggest that the electrostatic 
repulsion is greater than the attractive forces according to Derjaguin–Landau–Verwey–
Overbeek (DLVO) theory and are deemed as stable [21,22]. Therefore, both formulations 
seem to maintain adequate stability according to ζ-potential measurements with values 
approximately equal to −35 mV (Table 7). The presence of the trace elements is responsible 
for the high zeta potential values (Tables 1 and 2). On the other hand, the formulation 
includes both chaotropic (i.e., Ca2+, Mg2+) and kosmotropic (i.e., K+, Na+ and PHO4−) ions, 
according to the Hofmeister series. The presence of chaotropic ions is responsible for 
breaking the structure of water molecules onto the surface of the colloidal systems [23]. 

This is further supported by their stability assessment (Table 8 and Figures 2–4). Con-
sidering lipid oxidation possibility, all formulations were protected from light and air dur-
ing storage. It should be noted that these nanoemulsions are prepared in the hospital, and 
for this reason the preparation protocol is easy, and the duration of the stability 
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assessment is 9 days. Namely, their dimensions did not change significantly for at least 48 
hours at ambient temperature, although there is an observed decrease in particle size from 
Day 0 to Day 2. Nanoemulsions may undergo interfacial rearrangements after prepara-
tion. The size decrease pattern could be attributed to interfacial stabilization [24]. After 9 
days their size distributions corresponded to wider peaks implying that the formation of 
aggregates was initiated though. However, storage at 4 °C improved the dispersions sta-
bility for at least 9 days (Table 8, Figure 3). Even though the sensitivity of the dynamic 
light scattering (DLS) technique to larger particles may have contributed to an observed 
size variation (Table 8) [25], in fact the stability is demonstrated due to narrow size distri-
butions of similar mean size for at least 9 days (Figure 3). 

Namely, their dimensions did not change significantly for at least 48 hours at ambient 
temperature, whereas after 9 days their size distributions corresponded to wider peaks, 
implying that the formation of aggregates was initiated. The high ζ-potential values, as 
well as the presence of glucose, gave the systems the required physicochemical stability 
over time. The electrostatic interactions caused by high ζ-potential values and the hydra-
tion forces due to the presence of glucose are responsible for keeping the lipidic droplets 
well separated from each other and lead to the absence of aggregation or sedimentation 
phenomena. According to the extended or modified DLVO theory, the hydration forces 
can also contribute to the stability of dispersions [26–28]. However, storage at 4 °C im-
proved the dispersions stability, exhibiting narrow peaks of similar mean size for at least 
9 days (Figure 3). Even though physical stability is not necessarily accompanied by chem-
ical stability, lower storage temperature could enhance emulsion chemical stability as well 
due to lipid peroxidation dependance on storage conditions [9,10,29]. This can be at-
tributed to lower coalescence and flocculation rates and more stable emulsifier organiza-
tion at the oil–water interface that are expected at the lower temperature. Based on the 
physicochemical data, both dispersions fulfill the USP criteria for injectable lipid emul-
sions, since they have an average diameter that does not exceed 500 nm and could remain 
stable for at least 48 hours at ambient temperature and 9 days at 4 °C [30]. 

Table 8. Physicochemical results at different storage conditions during time. In all cases SD is lower 
than 1%. 

Sample 
Storage 

Conditions 
Time from Preparation (Days) 

0 1 2 7 9 
  Dh PDI Dh PDI Dh PDI Dh PDI Dh PDI 

1 
25 °C 328 0.1 308 0.2 263 0.2 349 0.2 350 0.2 
4 °C - - 285 0.1 271 0.1 304 0.1 308 0.1 

2 25 °C 299 0.1 286 0.1 268 0.1 329 0.1 341 0.2 
4 °C - - 316 0.1 249 0.2 298 0.1 304 0.1 
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Figure 2. Size distributions of sample 1 from DLS under different storage conditions: (a) 25 °C and 
(b) 4 °C. The colors represent different time points T (days): T = 0 (black line), T = 1 (red line), T = 2 
(blue line), T = 7 (magenta line), Τ = 9 (green line). 
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Figure 3. Size distributions of sample 2 from DLS under different storage conditions: (a) 25 °C and 
(b) 4 °C. The colors represent different time points from preparation T (days): T = 0 (black line), T = 
1 (red line), T = 2 (blue line), T = 7 (magenta line), Τ = 9 (green line). 

 

Figure 4. Stability assessment for 9 days under different storage temperatures (25 °C and 4 °C). The 
colors represent the different samples and storage conditions: sample 1 at 25 °C (black points) and 
4 °C (blue points) and sample 2 at 25 °C (red points) and 4 °C (magenta points). In all cases SD is 
lower than 1%. 

3.3. Morphological Characterization of the Nanoemulsions 

Shape and morphological characteristics of droplets are critical quality attributes of 
nanoemulsions, which affects their stability over time as well as interactions with living 
cells. TEM is widely used for the characterization of the microstructure of nanoemulsions, 
giving important information about the droplet size and morphology, as well as stability 
assessment [31,32]. 

Figures 5 and 6 show the TEM micrographs of samples 1 and 2, respectively. In both 
cases, nanoparticulate structures and sample 1 aggregates especially are observed (Figure 
5a,b). The sizes of the nanoparticles are in good agreement with those observed by DLS, 
keeping in mind that DLS is biased towards larger sizes as size distributions are weighted 
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by the scattered intensity. It should be noted that the TEM images are obtained from the 
dispersed samples, avoiding the visualization of the particles/flocculates from the cake at 
the bottom of the vial. These samples are representative of the dispersed/solution state of 
the samples that were used for the characterization from DLS. Generally, dark droplets 
are observed via TEM images in the cases of formation of nanoemulsions [31,32]. Spherical 
droplets with a size around 300 nm in diameter and multicompartment structures with 
darker walls are present in sample 1 (Figure 5b). For sample 2, vesicular structures are 
visualized in Figure 6b. In our case, the darker walls appear like that because of the higher 
amount of uranyl stain absorption at the outer surface of the structures, in the context of 
negative staining, resulting in the “3D-depiction” of the structures (Figures 5 and 6).  

The different amounts of fats are probably responsible for the self-assembly into de-
formed bicompartmental structures. According to the literature, these structures are ob-
served as intermediate and metastable phases during the formation of microemulsions, 
which are prepared by unicameral nanovesicles/nanoemulsions [33]. 

  
(a) (b) 

 
(c) 

Figure 5. (a–c) Transmission electron micrographs of sample 1 nanoemulsions; UA negative stain-
ing; original magnification: 50,000×. Scale bar: 200 nm. 
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(a) (b) 

 
(c) 

Figure 6. (a–c) Transmission electron micrographs of sample 2 nanoemulsions; UA negative stain-
ing; original magnification: 50,000×. Scale bar: 200 nm. 

4. Conclusions 
The designed nanoemulsions were found to have the desired physicochemical char-

acteristics as characterization by light scattering methods indicated. This was proved by 
the mean sizes (~300 nm) and their relatively narrow size distributions (PDI~0.1) that were 
not perturbed in physiological conditions (PBS at 37 °C). To the best of the authorʹs 
knowledge, this is the first time TEM is used for the morphological characterization of 
emulsions for parenteral nutrition. The formulations showed sufficient colloidal stability 
for the intended application, which was attributed to their strongly negative ζ-potential. 
We believe that the extended stability assessment and morphological characterization 
could offer new insights into the regulatory framework of nanoemulsions, supporting a 
more risk-based approach to defining their shelf life. 
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