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Background and Objectives: Parenteral nutrition (PN) provides nutrition intravenously, often as two-in-one
(T10) or all-in-one (AIO) solutions. These solutions are complex, containing around 50 chemical components,
which can affect the admixture stability. While there is substantial data on stability tests for PN solutions, the
methodologies and acceptance criteria are not well-defined in current literature. This scoping review aimed to
identify and summarise the current tests and methods used to assess the stability of AlO solutions in hospital set-
tings. Methods and Study Design: Comprehensive searches on stability tests and parenteral nutrition were con-
ducted in Web of Science (WoS), PubMed, and Scopus on 11 January 2024, updated on 4 April 2025. Searches
were limited to articles published in English from January 2010 to March 2025. Data extraction was done on the
included studies for descriptive analysis. Results: 33 articles met the inclusion criteria, 25 focused on AlO solu-
tions, six included both AIO and TIO, and one was on lipid emulsion only. Eleven stability tests were identified
and classified into physical, chemical, and microbiological categories. The suggested core set of tests for as-
sessing AlO solution stability includes visual inspection, pH measurement, particle size distribution using dynam-
ic light scattering and light obstruction, zeta potential measurement, lipid peroxidation using the thiobarbituric ac-
id reactive substances (TBARS) assay, and sterility testing via membrane filtration. Conclusions: This review
identifies a suggested core set of stability tests essential for evaluating AIO solutions in hospital settings. Adop-

tion of these standardised methods can enhance the reliability and consistency of stability assessments.
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INTRODUCTION

Parenteral nutrition (PN) is a form of nutritional therapy
involving essential nutrients delivered via an intravenous
route. The essential nutrients are amino acids, carbohy-
drates, lipids, electrolytes, vitamins, and trace elements.
The two-in-one (T10) PN solution refers to a formulation
that combines amino acids, glucose, electrolytes, vita-
mins, and trace elements into a single aqueous mixture,
but excludes the lipid emulsion. This type of preparation
is typically used when the inclusion of lipids compromis-
es the stability of the formulation or when lipid admin-
istration is not clinically indicated.! In contrast, the all-in-
one (AIO) PN solution, also known as a total nutrient
admixture (TNA), incorporates both the aqueous compo-
nents (amino acids, glucose, electrolytes, vitamins, and
trace elements) and the lipid emulsion into a single infu-
sion bag. This allows for the simultaneous administration
of all nutrients, offering greater convenience and reduced
risk of contamination from multiple infusions.

PN is widely recognised as a highly complex admixture
comprising over 50 chemical entities, hence, PN stability
is a concern and can be easily compromised.? PN solution
may exhibit physical manifestations of instability, such
as crystallisation and broken emulsion, as well as che-
mical manifestations, such as hydrolysis and oxidation.?®

Physical and chemical degradation from instability can
impact a substance's pharmacological action or pharma-
ceutical properties, leading to reduced drug efficacy and
potential therapeutic failures, toxicity, or adverse events.*

At present, there are no specific, standardised, and
complete guidelines or protocols that clearly describe the
essential stability tests for PN formulations. This is par-
ticularly important for in-house or hospital-compounded
PN formulations, as they lack the manufacturer-
established stability data typically available for commer-
cially prepared products, making the determination of
their stability critical to ensure patient safety and thera-
peutic efficacy. International Conference of Harmoniza-
tion of Technical Requirements for Registration of Phar-
maceuticals for Human Use (ICH) Q1A(R2),> ASEAN
Guidelines on Stability Study on Drug Product,® Food and
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Drug Administration (FDA)’s Guidance on Stability Test-
ing on New Drug Substances and Products,” and Europe-
an Medicine Agency (EMA)’s Guideline on Stability
Testing® provided general guidance on the stability testing
of new drug substances and products, but they do not in-
clude any specific information or sections addressing PN
formulations. Additionally, the Yellow Cover Document
published by the National Health Service (NHS) in 20162
only provides basic tests such as visual inspection, pH
measurement, and assessment of degradation products.
The document also focuses solely on the practices in the
United Kingdom and does not describe the test methods
or acceptance criteria in detail.

The existing guideline documents mentioned above
were found to be vague, incomplete, or nonspecific in
establishing the stability profiles of PN solutions. This
highlights a significant gap in the literature and under-
scores the need for more comprehensive and practical
guidance. This scoping review aims to identify and con-
solidate the current stability tests performed on AIO PN
solutions, including the methods and acceptance criteria
reported in the literature for stability assessment of these
solutions in hospital settings. By synthesising evidence on
physical, chemical, and microbiological stability assess-
ments, this review aims to propose a comprehensive list
of suggested stability tests specific to AIO PN formula-
tions in hospital settings. The collated data will serve as a
reference to guide future stability studies and support
standardisation of stability testing practices.

This review focuses on PN stability testing of AlO so-
lutions compounded for adult patients. While most earlier
studies assessed formulations containing older lipid emul-
sions such as Intralipid, the introduction of newer lipid
emulsions with distinct physicochemical properties ne-
cessitates updated stability evaluations. This is especially
critical in hospital settings where PN is compounded in-
house rather than sourced commercially. Defining appro-
priate stability tests for these formulations is essential to
ensure safe and effective adult PN therapy and to promote
standardised testing practices across institutions.

METHODS

For this scoping review, Joanna Briggs Institute (JBI)
guide was used,’ and the reporting was guided by the
PRISMA-ScR (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for Scoping Re-
views) checklist.’® No review protocol was published
prior to this review.

Eligibility criteria
This scoping review included experimental studies evalu-
ating the stability of PN formulations intended for human
use. Eligible publications reported physical, chemical, or
microbiological stability tests performed on PN solutions.
As the review specifically focuses on AIO PN solutions,
studies involving TIO solutions only were excluded. Only
full-text articles published in English from January 2010
to March 2025 were considered to ensure the inclusion of
up-to-date and clinically relevant methodologies and to
exclude outdated technologies.

Studies involving infusion or simulated infusion in pa-
tients were excluded. To maintain focus on established

testing practices, studies comparing different methods for
the same stability test or describing the development of
new analytical methods were not included. Similarly,
compatibility studies such as interactions between PN
components or co-administered drugs were excluded.
However, in studies that reported both compatibility and
stability data, only the stability results were extracted.
Avrticles reporting stability studies as part of new product
development or routine quality control/assurance were
also excluded.

Non-primary literature, including review articles,
guideline documents, expert opinions, and letters to the
editor, was excluded due to the absence of primary data.
The inclusion and exclusion criteria were structured based
on the Population, Concept, Context (PCC) framework,
and are summarised and presented in Supplementary Ta-
ble 1.

Search strategy
The search for relevant studies began with preliminary
searches in PubMed and Google Scholar conducted by
the first reviewer (NA). From this initial exploration,
keywords and Medical Subject Headings (MeSH) terms
were extracted from the titles and abstracts. Eight “gold
standard” articles were identified to help inform and re-
fine the final search strategy. Keywords were categorised
into two core concepts; "stability tests" and “parenteral
nutrition”, including relevant synonyms. The refined
search strategy was validated by a second reviewer (CM)
and systematically applied to three electronic databases:
Web of Science (WoS), PubMed, and Scopus using Bool-
ean operators ("OR" for expansion, "AND" for narrow-
ing). The search was performed on the selected databases
on 11 January 2024, with an update on 4 April 2025. The
full search strategy applied to PubMed was as follows:
(Stability test*[MeSH Terms]) OR (Stability assess-
ment[Text Word])) OR (Galenic stability[Text Word]))
OR (Precipitation testfMeSH Terms])) OR (Physico-
chemical  stability[Text Word])) OR (Stability
study*[Text Word])) OR (Integrity test[Text Word])) OR
(Degradation  testfMeSH Terms])) OR (Shelf-life
testfMeSH Terms])) OR (Stability-indicating method
study[Text Word])) OR (Physicochemical stability[Text
Word])) OR (Kinetic stability[Text Word])) OR (Chemi-
cal interactions[Text Word])) OR (Drug stability[MeSH
Terms])) OR (emulsion stability[Text Word])) AND
(Parenteral nutrition[MeSH Terms]) OR (Parenteral nutri-
tion formulation*[Text Word])) OR (Parenteral nutrition
solution*[MeSH Terms])) OR (Parenteral nutrition solu-
tion*[Text Word])) OR (Parenteral nutrition emul-
sion*[MeSH Terms])) OR (Total Parenteral Nutri-
tion[MeSH Terms])) OR (TPN[Text Word])) OR (Intra-
venous feeding[MeSH Terms])) OR (Intravenous nutri-
tion[MeSH Terms])) OR (Parenteral feeding[MeSH
Terms])) OR (Peripheral PN[Text Word])) OR (peripher-
al parenteral nutrition[MeSH Terms])) OR (Total nutrient
admixture*[Text Word])) OR (Total nutrition admix-
ture*[Text Word])) OR (Central PN[Text Word])) OR
(central parenteral nutrition[MeSH Terms])) OR (Paren-
teral solution*[MeSH Terms])) OR (Parenteral hyperali-
mentation[MeSH Terms])) OR (Intravenous hyperalimen-
tation[MeSH Terms])).
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The search was limited to articles published in English
from January 2010 to March 2025. Search results were
cross-checked to confirm the retrieval of all the pre-
identified “gold standard” articles. The complete search
strategies used in all three databases are documented in
Supplementary Table 2.

Study selection

All results obtained were exported to EndNote 21 to re-
move duplication. Following the removal of duplicates,
the remaining articles were screened for relevance based
on titles and abstracts regarding their potential relevance
using Rayyan systematic review software. Full-text arti-
cles of the potentially eligible studies were then assessed
against the predefined inclusion and exclusion criteria.
All screening steps were performed by the first reviewer
(NA) and independently verified by the second reviewer
(CM). Any discrepancies were to be resolved through
consultation with a third reviewer (BK or MM).

Data extraction and charting

Key data relevant to the research objectives were extract-
ed from the included studies using a Microsoft Excel data
extraction template developed by the first reviewer (NA)
with input from the second reviewer (CM). The data ex-
tracted included (a) study details (authors, title, and year
of publication); (b) study objectives; (c) type of PN solu-
tions; (d) variables in the PN solutions being studied
(compositions, packaging, storage conditions etc.); (e)
details of the stability tests (type of test, test methods,
time points and study duration); and (f) acceptance limits
for the tests and the references. Extraction was conducted
by NA and reviewed by CM. The full data extraction re-
sults are presented in Supplementary Table 3.

Data synthesis

The included studies were grouped for descriptive analy-
sis to evaluate the distribution of study characteristics,
including the country of origin. The types of PN solutions
addressed in each study were identified, specifically as
AIO, TIO, both, or lipid emulsions. Additionally, the sta-
bility tests mentioned or described in each study were
listed and compiled into a table. Subsequently, a narrative
synthesis was conducted to rank the stability tests and
their methods based on the clinical relevance of each pa-
rameter, its reliability in detecting (in)stability, practicali-
ty, and potential clinical impact. Test methods were also
assessed based on accuracy, sensitivity, feasibility, and
cost-effectiveness. This approach enabled a critical re-
view of the findings to identify and propose the essential
tests required to establish AIO PN stability.

RESULTS

The electronic database search yielded a total of 1180
articles. After removing 290 duplicates using EndNote
and Rayyan software, 890 articles were screened by title
and abstract, resulting in the exclusion of 811 articles.
The remaining 79 articles were searched for full-text, and
only 76 full-text articles were obtained and assessed for
eligibility. A total of 33 articles met the inclusion criteria
and were included in this scoping review. The results of

the screening process using the PRISMA extension for
scoping reviews are shown in Figure 1.

Characteristics of included articles

The included studies were predominantly conducted in
Europe, particularly in Poland (n = 8), Spain (n = 4),
France (n = 3), and Italy (n = 3), with contributions from
Asia, including Indonesia (n = 2) and China (n = 2). Out
of the 33 included studies, 25 focused on AIO solutions,
six studies examined both AIO and TIO solutions, one
studied AIO solutions and lipid emulsions, and one was
conducted solely on lipid emulsions. From these studies,
11 stability tests were identified and classified into physi-
cal, chemical, and microbiological tests. A summary of
the tests conducted by each study is presented in Table 1.

Physical tests
Visual inspection was commonly conducted (included in
25 studies), following European Pharmacopoeia (EP)
guidelines. The method involved two different trained
personnel examining the AIO solutions against black and
white backgrounds to detect signs of physical instability,
such as creaming, coalescence, phase separation, and the
presence of free oil droplets.!2 A total of 23 studies
conducted pH measurement tests, typically performed
using calibrated pH meters at room temperature with
buffer solutions at pH 4, 7, and 9.*%° pH values <5.0 or
deviations exceeding +0.2-0.5 units were often consid-
ered indicative of instability.202

Particle size analysis was assessed in 28 studies based
on the United States Pharmacopoeia (USP) <729> guide-
lines, which describe two main methods. Method 1, dy-
namic light scattering (DLS) or laser diffraction, was
most used (n = 27), while Method I, single-particle opti-
cal sensing (SPOS) or light obscuration (LO), was used in
six studies to quantify the proportion of fat in droplets
exceeding 5 um, known as PFATS5. Four studies utilised
both methods to achieve more accurate results. Addition-
ally, optical microscopy was used in nine studies to assess
droplet size. The USP recommends the mean droplet di-
ameter (MDD) should not exceed 0.5 um and PFAT5
should be less than 0.05%.22

Zeta potential, which reflects the electrostatic stability
of emulsions, was assessed in 13 studies using Laser
Doppler electrophoresis via DLS instruments.**?% The
tests were conducted at 25 £ 1°C after diluting samples
with sterile water.'32024-%6 Stydies suggested a zeta poten-
tial in the range of —20 to —-50 mV was considered ideal
for ensuring emulsion stability due to sufficient electro-
static repulsion between droplets.’®42325 Five studies
assessed osmolarity using osmometers that operate on the
principle of freeze point depression, also known as cryo-
scopic osmometry. The osmometers were calibrated with
standard solutions at 200 and 500 mosmol/kg.’® Meas-
urements were reported in osmolality and converted to
osmolarity. Although most studies did not specify ac-
ceptance limits, one mentioned that a +5% deviation from
the initial value was acceptable.?®

Only one study®® measured surface tension using a
computer-controlled tensiometer via the Wilhelmy plate
method at 25 + 0.5°C. Although no specific acceptance
limits were established, consistent surface tension values
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[ Identification, screening, and inclusion of studies ]

Records identified from database
searching:

PubMed (n=270)

Scopus (n = 354)

Web of Science (n = 556)

Identification

X

Records removed before screening:
Duplicate records removed (n=290)

Records excluded (total n=811)

Records screened for title/abstract
(n=2890)

Y

Reports sought for retrieval
(n=79)

Screening

s Irrelevant/out of context (n = 658)

*  Animal studies (n= 81)

e Compatibility of drugs in PN solutions
(n=38)

s No abstract found (n = 10)

e  Notin English (n=13)

*+  Review articles (n = 11)

Reports not retrieved (full text

Reports assessed for eligibality
(n=76)

retracted/cannot be retrieved)
(n=3)

h J

Reports excluded (total n = 43):
o Compatibility study (n=12)
o Development and characterisation of

Studies mcluded in review
(n=133)

(e )|

h 4

product/quality control (n=9)
o Non-primary studies (reviews,
commentary, response, etc.) (n=8)
o Stability during infusion, not storage
(n=4)
o  NotinEnglishin=1)
o Method development/comparison (n =
7
2)
o  Not indicative of PN stability (n=3)
o  Two-in-one solutions (n = 4)

Figure 1. PRISMA flow diagram for study identification, screening, and inclusion*®

over time were associated with a stable interfacial struc-
ture, whereas declining values suggested reduced stabil-
ity.?® Density and viscosity measurements were docu-
mented in two studies.'®?" Density was determined using
vibrating tube oscillation meters with internal temperature
control and standard fluid calibration. Viscosity was
measured using viscometers equipped with circulation
baths to maintain constant temperature, and the instru-
ments were calibrated with standard liquids. However,
none of the studies mentioned specific acceptance criteria
for these parameters.®%’

Chemical tests

Chemical stability assessment of AIO solutions mainly
focused on lipid peroxidation and micronutrient analysis.
Lipid peroxidation test was reported in seven studies us-
ing various analytical techniques. These included spec-
trophotometry at 560 nm using the FOX (ferrous oxida-
tion of xylenol) assay,?® iodometric titration with 1%
starch as a colourimetric indicator,**?° potentiometric

titration, and the thiobarbituric acid reactive substances
(TBARS) assay, which was used in three studies.!6:%:3
One study also used liquid chromatography-mass spec-
trometry (LC-MS) to measure malondialdehyde (MDA),%
a byproduct of polyunsaturated fatty acid peroxidation.
However, no official pharmacopoeial acceptance limits
for peroxide values were identified. Micronutrient analy-
sis, reported in five studies, focused on vitamins A, C,
and E. The most commonly used method was reversed-
phase high-performance liquid chromatography (RP-
HPLC).?62% One study applied electrospray ionisation
tandem mass spectrometry (ESI-MS/MS) specifically for
the detection of vitamin C.%3

Microbiological tests

Microbiological stability was conducted in six studies,
primarily through sterility testing in accordance with the
British Pharmacopoeia (BP) guidelines. Two standard
sterility testing methods were identified: membrane filtra-
tion and direct inoculation. Membrane filtration, used in
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Table 1. Summary of stability tests conducted by each study

No Author, Year AlO/ BOTH/ LE Visual inspection Particle size pH Osmolarity Vitamin assay

1 Hanifah et al. (2019) BOTH X (B) X (AIO) X (B) X (B)

2 Gostynska et al. (2021)%° AIO X X X X

3 Janu et al. (2011)%° AIO X X X X

4 Forchielli et al. (2019)%! AIO X

5 Turmezei et al. (2015)% AIO X X

6 Watrobska-Swietlikowska & Macloughlin (2019)*3 AIO X X X X

7 Watrobska-Swietlikowska et al. (2015)52 BOTH X (B) X (AIO) X (B)

8 Watrobska-Swietlikowska et al. (2014)%3 BOTH X (B) X (AIO) X (B)

9 Silva et al. (2015)%° AIO X X

10 Lobo et al. (2018)** AlIO X X X X

11 Gonyon et al. (2013)% AIO X

12 Jalabert et al. (2011)% AlIO

13 Giorgiaetal. (2023) BOTH X (B) X (AIO) X (B)

14 Forchielli et al. (2014)% AIO X

15 Bourcier & Poullain-Termeau (2015)% AlO X X X

No Author, Year Zeta potential Dynamic surface Peroxide value Sterility Density Viscosity
tension

1 Hanifah et al. (2019)™*

2 Gostynska et al. (2021)%° X

3 Janu et al. (2011)%° X

4 Forchielli et al. (2019)!

5 Turmezei et al. (2015)% X X

6 Watrobska-Swietlikowska & Macloughlin (2019)*3 X

7 Watrobska-Swietlikowska et al. (2015)52 X

8 Watrobska-Swietlikowska et al. (2014)%3

9 Silva et al. (2015)%° X X

10 Lobo et al. (2018)** X X X

11 Gonyon et al. (2013)%

12 Jalabert et al. (2011)% X

13 Giorgiaetal. (2023)% X (AIO)

14 Forchielli et al. (2014)%

15 Bourcier & Poullain-Termeau (2015)%® X

AIO: All-in-one solution; TIO: Two-in-one solution; BOTH: Both all-in-solution and two-in-one solution are studied; LE: Lipid emulsion; B: BOTH.
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Table 1. Summary of stability tests conducted by each study (cont.)

No Author, Year AlO/ BOTH/ LE Visual inspection Particle size pH Osmolarity Vitamin assay

16 Gao et al. (2021)% AIO X X X

17 Zhao et al. (2021)'° AIO X X X X

18 Rieraetal. (2018)%2 BOTH X (B) X (AIO) X (TIO) X (TI0)

19 Skouroliakou et al. (2012)?8 AIO X X X X

20 Tovsen et al. (2015)'6 AIO/LE X X

21 De Cloet et al. (2018)%° BOTH X (B) X (AIO) X (B)

22 Watrobska-Swietlikowska et al. (2018)7 AIO X X X

23 Hanifah et al. (2021)% AIO X X X

24 Mirkovié et al. (2013)%® AIO X X

25 Télessy et al. (2011)% AlIO X X

26 Watrobska-Swietlikowska (2019)? LE X X X

27 Driscoll et al. (2010)® AIO X X

28 Stawny et al. (2020)% AIO X X X X

29 Sayed et al. (2021)% AIO X X

30  Pietkaetal. (2015)% AlO X X X

31 Escuder-Vieco et al. (2024)% AIO X X

32 Otero-Millan at al. (2024)%" AlIO X X X

33 Otero-Millan at al. (2024)° AlO X X X

No Author, Year Zeta potential Dynamic surface Peroxide value Sterility Density Viscosity
tension

16 Gao et al. (2021)%

17 Zhao et al. (2021)

18 Riera et al. (2018)*2 X (TIO)

19 Skouroliakou et al. (2012)?8 X

20 Tovsen et al. (2015)'6 X X

21 De Cloet et al. (2018)?° X (AIO)

22 Watrobska-Swietlikowska et al. (2018)7 X

23 Hanifah et al. (2021)% X

24 Mirkovié et al. (2013)%®

25 Télessy et al. (2011)% X X

26 Watrobska-Swietlikowska (2019)? X

27 Driscoll et al. (2010)*®

28 Stawny et al. (2020)% X

29 Sayed et al. (2021)% X

30 Pietka et al. (2015)%¢ X X

31 Escuder-Vieco et al. (2024)%°

32 Otero-Millan at al. (2024)%" X X

33 Otero-Millan at al. (2024)° X X

AIO: All-in-one solution; TIO: Two-in-one solution; BOTH: Both all-in-solution and two-in-one solution are studied; LE: Lipid emulsion; B: BOTH.
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one study,? involved passing the sample through a 0.45
pum membrane, followed by incubation on nutrient pads
for seven days. Direct inoculation, used in two studies,
required 5-10 mL of the sample to be directly introduced
into culture media and incubated at 37°C for 14 days.*4%
One study used a depth spreading method,® while two
studies did not specify the method used. Across all meth-
ods, the accepted criterion for sterility was the absence of
microbial growth in the culture medium.

Suggested stability tests for A1O solutions

A key outcome of this scoping review is the suggested list
of essential stability tests for assessing the physical,
chemical, and microbiological stability of AIO PN formu-
lations, particularly those compounded in hospital set-
tings. Based on the tests identified from the included
studies, each test was ranked according to its level of im-
portance, categorised as high, intermediate, or low in de-
termining the overall stability of AIO PN solutions. Addi-
tionally, where multiple methods were available for a
particular test, these were further categorised based on the
relevance, practicality, and analytical value to guide re-
searchers in selecting the most appropriate approach. A
summary of the suggested core tests and corresponding
rankings is presented in Table 2.

The physical tests presumed most critical include visual
inspection, particle size analysis, pH measurement, and
zeta potential measurement. Among the available meth-
ods for particle size analysis, both Method | (DLS) and
Method Il (SPOS) as described in the USP <729> are
proposed to be the most relevant. These methods are
complementary, with Method | providing MDD data and
Method Il offering information on the proportion of large
droplets (PFAT5), both of which are critical indicators of
emulsion stability. For chemical stability, lipid peroxida-
tion assessment via the TBARS assay is proposed as the
most suitable method due to its sensitivity and wide-
spread use. In terms of microbiological stability, sterility
testing using the membrane filtration technique is sug-
gested.

This compilation represents a novel contribution of the
present review and provides a foundational framework for
standardising stability evaluation protocols, especially for
in-house hospital-compounded AlO PN formulations.

DISCUSSION

Over the past 15 years, there has been no significant in-
crease or trend in the number of stability tests conducted
on PN formulations; this number has remained relatively
constant. However, it is noteworthy that while North
America was reported as the largest global PN market in
2023,%* the majority of recent stability studies were car-
ried out in Europe, followed by countries in Asia, particu-
larly the Asia Pacific region. This area is experiencing
rapid growth in the global PN market, likely driven by an
ageing population and a rising incidence of chronic dis-
eases.*

As noted earlier, this review revealed a geographical
disparity in the conduct of PN stability studies, with a
clear dominance of high-resource or advanced countries.
The majority of the included studies originated from Eu-
ropean countries such as Spain, Poland, Italy, and France.

Western and European countries currently account for an
estimated 80-90% of published PN stability studies, indi-
cating that the practice is well-established in these re-
gions. In contrast, the current contribution of middle- and
low-income countries to this field appears to be minimal.
Only a few studies were identified from countries like
Indonesia, China, Egypt, and Serbia, with just one or two
publications from each. This limited representation from
resource-constrained settings makes it difficult to perform
meaningful cross-regional comparisons or to draw global-
ly relevant conclusions.

Several factors may contribute to the underrepresenta-
tion of lower and middle-income countries in PN stability
studies. High-resource countries seem to have better ac-
cess to advanced analytical equipment, stronger research
infrastructure, and more comprehensive regulatory guide-
lines or standards that encourage or mandate stability
testing, such as the USP, BP, EP, and Japanese Pharma-
copoeia (JP). These settings may also foster a greater
awareness of the importance of PN stability studies and
benefit from more robust financial support. In contrast,
studies from middle- and low-income countries often fo-
cus on simpler, more cost-effective assessments, such as
visual inspection, pH measurement, and particle size
analysis.111521:243536 - More complex and resource-
intensive stability tests, such as analyses of amino acids
or vitamins, and microbiological tests, were scarcely re-
ported. This scarcity can be attributed to limited access to
advanced analytical technologies, high costs of reagents
and skilled labour, and competing healthcare priorities.®”
39 Additionally, awareness of the importance of stability
data in ensuring PN safety may be limited among
healthcare providers.®” Thus, it is hoped that this review
can raise awareness of the feasibility and significance of
PN stability testing in limited- or low-resource settings,
ultimately encouraging broader participation from these
countries and more inclusive research outputs that reflect
a wider range of clinical and logistical contexts.

This scoping review aimed to identify and summarise
current practices in the physical, chemical, and microbio-
logical stability testing of AIO PN solutions in hospital
settings. From the 33 included studies, we identified a
wide array of tests used, with notable methodological
inconsistencies and reporting standards. These discrepan-
cies include variability in duration of study, instrument
specifications, sample handling procedures, environmen-
tal testing conditions, and the acceptance criteria. Such
discrepancies hinder reproducibility and limit the compa-
rability of findings across studies.

Moreover, while existing guidelines, such as those
from the ICH and NHS, provide general direction on sta-
bility-indicating parameters, they often lack detailed ex-
perimental methodologies tailored to PN solutions. This
lack of clarity has led to procedural variability and lack of
standardisation within the scientific community. Past re-
views have also largely focused on individual stability
domains, such as either physical or chemical aspects, ra-
ther than offering an integrated protocol. To address these
challenges, we identified commonly used tests and evalu-
ated their potential as standard components for a stability
testing protocol for AIO PN formulations. The six sug-
gested core tests; visual inspection, pH measurement,
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Table 2. Summary of suggested stability tests and methods for AlO solutions

Test name Category/ Rank of ~ Method option Category/ Rank  Comment/ Remark
importance’ of relevance’
Physical
Visual inspection (n = 25) +++ Against a black and a white background to detect visual +++
changes
Particle size analysis (n = 32) +++ Method I: dynamic light scattering or laser diffraction +++ -Provide essential data/parameter (MDD &
PFAT5)
-More accurate
Expensive instrument
Method II: light obscuration technique +++
Optical microscopy + -Complement data
-More accessible
-Visualization & characterization
-Poor statistics, lack accuracy
pH measurement (n = 23) +++ Calibrated pH meter/potentiometry +++
Zeta Potential measurement (n =13)  +++ Laser Doppler-electrophoresis or laser Doppler velocimetry — +++
Osmolarity (n =5) ++ Calibrated osmometer +++
Dynamic surface tension (n = 1) + Dynamic method; Du-Nody ring and Wilhelmy plate opera-  +++
tions of a computer-controlled tensiometer
Density (n = 2) + Mechanical oscillation density meter calibrated with stand- +++
ard fluids
Viscosity (n = 2) + Viscometer calibrated with standard fluids +++
Chemical
Vitamin assay (n = 4) ++ HPLC +++ -High sensitivity and specificity
-Costly and requires expertise
ESI/MS-MS ++ -Costly and requires expertise
-Not easily accessible
Peroxide value (n =7) +++ FOX method ++ -Measures primary products (hydroperoxides)
TBARS assay +++ -Measures secondary oxidation products (MDA)
-Suitable for complex matrices like PN
HPLC or LC/MS ++ -High sensitivity and specificity
-Costly and requires expertise
lodometric titration + Classic method, less sensitive
Microbiology
Sterility tests (n = 6) +++ Membrane filtration +++ -Higher sensitivity
-Costly and laborious sample preparation
Direct inoculation ++ -Non-specific and less sensitive

-Simpler, less costly

HPLC: High-performance liquid chromatography; ESI/MS-MS: Electrospray ionisation mass spectrometry; FOX: Ferrous oxidation; TBARS: Thiobarbituric Acid Reactive Substances; LC-MS: Liquid chromatog-
raphy mass spectrometry; MDD: Mean droplet diameter; PFAT5: Percentage of fat residing in globules >5 pm values; MDA: Malondialdehyde; PN: Parenteral Nutrition

T+++: High, ++: Intermediate; +: Low
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particle size analysis (via DLS or SPQOS), zeta potential
measurement, TBARS assay for lipid peroxidation, and
sterility testing, were prioritised based on their recurrence
in the literature, accessibility, and clinical relevance.
These are the essential components of a suggested testing
protocol for AlO PN stability evaluation.

Key findings and relevance

Visual inspection was nearly universally applied, serving
as a basic yet important screening method to detect signs
of instability in AlO solutions, including creaming, coa-
lescence, and the presence of oil droplets.*** Although
this method is limited by human visual accuracy,* it pro-
vides a quick, straightforward, and cost-effective way to
monitor early signs of physical changes, making it an
appropriate routine physical test for assessing the stability
of PN solutions.*® pH monitoring, reported in over 80%
of the included studies, is a simple yet sensitive marker
for early chemical degradation or component incompati-
bilities, as significant fluctuations in pH can signify
chemical degradation or interactions that may compro-
mise the product's safety and efficacy.'® A decrease in pH
in AIO solutions may indicate the breakdown of lipids
into fatty acids, resulting in increased acidity. Conse-
quently, when the pH of the solutions falls below 5.0, the
stability of the lipid emulsion is compromised, indicating
substantial degradation of lipids into free fatty acids and
the subsequent formation of larger lipid globules.?*4!

Particle size analysis was one of the most employed
methods to assess the physical stability of AIO PN formu-
lations. The test monitors MDD and identifies larger
droplets that may indicate aggregation, emulsion break-
down, and potential instability if these parameters exceed
acceptable limits.!® This test is also crucial to ensure that
the lipid globules do not pose a risk of embolism by ex-
ceeding the 5-pum dimension threshold of human capillar-
iES.13’42

USP <729> recommends two complementary methods
for particle size analysis in PN solutions, which are
Method | for measuring MDD and Method Il for quanti-
fying PFATS5. This method guarantees precise and de-
pendable outcomes while enabling thorough characterisa-
tion of PN solutions.?%?" Laser diffraction DLS are used
for MDD (Method 1), and when feasible, should be em-
ployed together, as laser diffraction is more effective for
detecting larger globules, while DLS excels at identifying
particles in the nanometer range.’* Method II, which
quantifies PFAT5 using light obstruction (SPOS), is criti-
cal for detecting large lipid globules (>5 um), which must
be kept below 0.05% to minimise the risk of embolism
and other fatal complications.'*

The final physical test proposed for assessing the sta-
bility of AlO solutions involves zeta potential measure-
ments. Zeta potential is essential for indicating the stabil-
ity of oil-in-water systems, such as AlO solutions, as it
reflects the surface charge of lipid droplets. A high abso-
lute value (-20 to -50 mV) signifies strong electrostatic
repulsion between lipid droplets, preventing aggregation
and coalescence.*®234143 |t is particularly useful for de-
tecting early signs of instability before visible changes
occur.?38

Chemical stability was primarily assessed via lipid pe-
roxidation, with the TBARS assay identified as the most
relevant method. TBARS quantifies malondialdehyde
(MDA), a toxic byproduct of lipid oxidation®** offering a
simple, reproducible approach suitable for complex ma-
trices such as PN solutions despite moderate sensitivity
and specificity.*

Lastly, for microbiological stability, the only widely
documented test for this category is the sterility test. Ste-
rility testing assesses whether the PN solutions are free
from microbial contamination and remain sterile through-
out their intended shelf-life and storage conditions, to
ensure patient safety during use.'> Among the two meth-
ods outlined by BP, a study by Montejo et al.*¢ mentioned
that membrane filtration was preferred over direct inocu-
lation as the former proved to be more effective and ena-
bled better differentiation between accidental contamina-
tion and genuine bacterial growth. Membrane filtration is
preferred for filterable pharmaceutical products as it iso-
lates microorganisms more effectively, reducing interfer-
ence from the product matrix and improving microbial
recovery during incubation.*’#8 It also allows testing of
larger sample volumes, increasing contamination detec-
tion.” However, it has drawbacks, including a potential
10% reduction in PN solution volume,* more complex
sample preparation, and higher equipment costs.

Implications for clinical practice and policy

Given the complex, multicomponent nature of AIO PN
formulations and their role in the care of especially criti-
cally ill patients, the implementation of a standardised
and rational set of stability tests is crucial. This review
proposes a stability testing protocol based on six suggest-
ed essential parameters: visual inspection, pH, particle
size, zeta potential, lipid peroxidation, and sterility test-
ing. Adoption of this protocol could help improve quality
assurance in hospital pharmacies, facilitate regulatory
compliance, and enhance patient safety. These sugges-
tions are particularly relevant for low- and middle-income
countries, where AIO PN solutions are often compounded
in-house and may lack access to commercial testing infra-
structure.

Strengths and limitations

While the review is strengthened by its systematic ap-
proach and focus on recent, clinically relevant practices,
certain limitations must be acknowledged. Despite a
broad search strategy, some relevant studies may have
been missed due to language and database restrictions.
The 15-year limit was selected to ensure technological
and methodological relevance. Although expert consulta-
tion was not included, reliance on established guidelines
and robust literature review enhances the reliability of our
findings.

Conclusion

This scoping review systematically compiled and evalu-
ated current practices in the stability testing of AIO PN
solutions. Despite the availability of various analytical
methods, significant heterogeneity and methodological
gaps were observed across the literature, particularly in
study design, test selection, and reporting standards.
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These inconsistencies highlight the absence of a unified,
evidence-based protocol for establishing AIO PN stabil-
ity, especially in hospital settings. This review offers an
overarching view of key stability tests that may be valua-
ble in assessing the stability of compounded AIO solu-
tions in hospital settings. These recommendations are not
evidence-validated but rather represent a reasoned syn-
thesis and opinion-based approach drawn from the re-
viewed literature. Six tests were proposed as essential
components of a potential stability testing protocol for
consideration: visual inspection, pH measurement, parti-
cle size analysis (using both DLS and SPOS/LO methods,
including PFATS reporting), zeta potential, TBARS assay
for lipid peroxidation, and sterility testing via membrane
filtration. Ultimately, this review aims to serve as a prac-
tical guide for researchers, pharmacists, and clinicians,
supporting more informed, reproducible, and standardised
assessments of AlO PN solution stability. Future research
should prioritise the development and validation of har-
monised testing guidelines tailored for AIO PN, with col-
laborative efforts across disciplines and countries playing
a crucial role in advancing safe and effective parenteral
nutrition practices globally.
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