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In this study, we present the first meta-analysis of human urine reported in the literature, drawing data from a
total of 35 articles with a combined participant count of 14,021. Through this analysis, we have developed an
artificial urine (AU) composition that can be adjusted within typical physiological parameters for in vitro ap-
plications. Our findings demonstrate the utility of this AU in determining the solubility of nitrofurantoin,
particularly in the context of crystalluria. Notably, we observe that in saline, nitrofurantoin solubility, within the

framework of its urinary pharmacokinetics, suggests a risk of crystalluria. However, in AU, this risk is mitigated
due to complexation with urea. More broadly, we anticipate that our developed formulation will serve as a
foundation for translational studies across biomedical and pharmaceutical sciences.

1. Introduction

Many living things produce biofluids in quantities large and small, to
digest food, excrete metabolites or to create a hostile environment for
other competing species. Due to the difficulties relating to the collection
of biofluids — which can be due to their rate of production, variability, or
ethical considerations — a need emerges to generate artificial biofluids. If
the typical composition of a biofluid is known, an artificial biofluid can
be formulated reproducibly to help us understand the more complex in
vivo system. The artificial variant has an additional advantage in that its
composition can be tuned to mimic a wide variety of contexts (physio-
logical or otherwise), improving its predictive capacity. To this end,
artificial biological fluids have been made for blood, plasma,[1,2] in-
testinal fluid,[3] and more.[4] A few of these artificial biofluids have
been well documented (e.g., FeSSIF and FaSSIF), with a standard
methodology of preparation.[4,5]

Urine is a common biofluid that is produced at the end of renal
filtration. During filtration, the blood is initially filtered through the
Bowman’s capsule and subsequent steps involve reclaiming useful sub-
stances through both passive and active tubular reabsorption.[6] At the
end, urine is produced, in which we expect to see salts (e.g., NaCl) and
small molecules (<40 kDa) like creatinine and urea which have not been
reclaimed. The approximate glomerular filtration rate in a healthy in-
dividual is 120 mL per minute, generating approximately 2 mL of urine.
[7] This equates to the kidneys processing 120 L of blood daily, with up
to only 2 L of that volume excreted.

Urine composition heavily depends on the diet and health of the
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individual, and therefore, is highly variable.[8] If one were to use
human urine as opposed to an artificial variant, then that urines
composition would need to be characterised for each experiment. This is
because human urine composition can change from moment to moment.
Due to this variation, it is preferable to construct an artificial urine (AU)
from many patient samples. However, during a literature search we
noted eighteen AU preparations of various composition from fourteen
separate studies, none from a patient population beyond 28 individuals.
We suggest that this highlights a clear gap in the literature as two
separate studies using different AU preparations may report contradic-
tory results. Therefore, we stress the importance of defining an AU
which accurately represents a true biological sample. In this work, we
aim to address this gap by analysing all the available literature to enable
us to propose a standard AU.

2. Materials & Methods
2.1. Search strategy

A review of studies investigating the composition of human urine
was performed in accordance with the Preferred Reporting Items for
Systematic Review and Meta-analyses (PRISMA) guidelines. Literature
searches were conducted using the following electronic databases be-
tween July and August 2023: Google Scholar, Ovid MEDLINE, PubMed,
Scopus and Web of Science. The terms used to search for the titles, ab-
stracts, and keywords were (human urine) AND (urine composition)
AND (24-hour OR 24-h). The same search terms were used for each
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database. Date range restrictions were not applied, and the included
studies were limited to humans only. All authors assessed the full-text
articles with the selection of eligible studies undertaken together. Dis-
agreements were resolved by mutual consensus, using the predefined
inclusion and exclusion criteria.

2.2. Study eligibility criteria

The participants included for eligibility were healthy males and fe-
males, > 18 years and < 65 years old. Subjects were considered healthy
if they had no past medical history of a chronic condition, which was
identified by extracting data from healthy control groups. No socio-
economic, race, or ethnicity limitations were applied. Only data from
complete 24 h urine samples were included to reduce the contributions
of natural fluctuations throughout the day. Studies focusing on patients
with nephrolithiasis, chronic kidney disease, intestinal failure, hyper-
tension, heart failure, coronary artery disease and other comorbidities
were excluded. Investigations which did not include a healthy control
group were omitted from the analyses. Spot urine studies were elimi-
nated from this paper due to their variability and unreliability in com-
parison to 24 hr urine samples.[9]

2.3. Data analysis

Only the major urinary components excreted as by-products from
normal metabolic processes were included in the analysis. These natu-
rally occurring organic and inorganic compounds are derived from in-
ternal cellular processes and can be influenced by exogenous factors
such as foodstuffs or medicines. Each urinary component from healthy
participants was extracted when available. For values that were stated as
weight or mmol per 24 h, the provided average urine volume for that
study was used to convert values to mM. For studies which did not
provide urine volume data, it was assumed that the urinary volume is
1,766 mL/day, an average from the reporting studies (n = 11,947).
Additionally, both 24 h urine volume and pH were also extracted. Where
urine phosphate concentrations were extracted from reported literature
studies, several studies reported “phosphate” values, however, in their
methods they noted that “phosphorus” concentration was measured. As
this study aimed to determine free phosphate and not phosphorus, these
studies were subsequently removed from this analysis. Raw and nor-
malised data for each component were compared, normalisation was
achieved using the weighted mean and weighted standard deviation,
which weighted the component concentration with the number of sub-
jects in each study.

2.4. Nitrofurantoin solubility in artificial urine

Nitrofurantoin was added in excess to 10 mL solutions of AU. The
solutions were then stirred (500 rpm) with a magnetic stirrer for 48 h at
constant temperature (37.5 °C) using a thermostatic water bath. Stirring
was then stopped for 1 h and 1 mL aliquots were taken from the solution
and filtered using pre-warmed PTFE filters (0.45 pm). Samples were
then diluted (1:100) using deionised water and analysed immediately by
HPLC-UV. The solution pH was determined at equilibrium and linked
with the concentration data.

HPLC-UV analysis was performed using an Agilent 1260 Infinity
series system (Agilent Technologies, Waldbronn, Germany) equipped
with a G1311B 1260 quaternary pump, G1329B 1260 auto-sampler,
vacuum degasser and G1316A 1260 temperature-controlled column
compartment maintained at 25 °C. A typical injection volume was 5 pL.
A C18 Kromasil 5 um, 4.6 d, 250 mm (MZ-Analysentechnik GmbH,
Mainz-Germany) column was used. Nitrofurantoin was eluted from an
isocratic mobile phase of 30/70 methanol and 0.05 % v/v aqueous tri-
fluoroacetic acid (TFA) at 7 min (254 nm) at a flow rate of 1 mL/min.
This procedure was repeated in triplicate. Quantification of drug con-
centration was obtained by calibration curves using the area under the
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curve. The phase present after dissolution was determined by Powder X-
Ray Diffraction (PXRD). Diffractograms were collected in Bragg—
Brentano geometry on a PANalytical Empyrean diffractometer equipped
with a sealed tube (Cu Kal2, A = 1.5418 f\) an 1D X’Celerator detector
between 5 and 40° 26.

3. RESULTS & DISCUSSION

The search identified 3,331 studies and after the removal of dupli-
cates, 2,983 studies were screened. After title and abstract exclusion,
139 full-text studies were assessed and 104 were excluded from the
analysis for reasons detailed in the predefined exclusion criteria. A total
of 35 articles with a combined total of 14,021 participants were included
in this review (Scheme S1).

3.1. Urea

With the highest concentration of all the components analysed, urea
has a weighted mean and standard deviation (SD) of 213.85 + 75.83
mM/24 h in 369 individuals. The absolute values ranged between
178.17 and 235.81 mM/24 h. Although urea is the largest component of
human urine other than water, only four studies reported values for it.
The weighted standard deviation from the mean ranged between 0.22
and 0.52 mM/24 h with an average of 0.34 (Figure S1) [10-13].

Urea is concentrated by urea recycling to create a high concentration in
the inner medulla, this concentration gradient allows for counter current
exchange of solutes in the loop of Henle, giving the kidney its concen-
trating power.[14] Therefore, due to its importance in kidney function, we
expect to see large concentrations of this species in the urine.

3.2. Chloride

The weighted mean and SD of chloride from the 24 h urine collec-
tions of 1,438 participants is 112.67 + 55.07 mM/24 h. The absolute
values ranged between 75.99 and 140.60 mM/24 h. The normalised
standard deviations ranged between 0.06 and 0.90 mM/24 h with an
average of 0.29 (Figure S2). The study with the largest normalised
standard deviation (0.84), suggests that chloride is more variable than
other studies indicate. However, this could be explained by methodo-
logical choices in determining chloride concentrations, namely: poten-
tiometric titration by Vinayagamoorthy, coulometry by Hesse and
Seiner, ion-selective electrodes by Wang, “standard laboratory tech-
niques” by Rodgers, unicel DxC 600 synchronic biochemical detecting
system by Cai and no method mentioned by Sui as analysis was out-
sourced to another laboratory. We note that for several components,
namely chloride and sodium, the study from Cai’s laboratory reports a
much larger spread of data than other studies.

The chloride ion is abundant within the body, accounting for, on
average, 0.15 % total body weight, or 115 g.[15] The body utilises this
important ion for acid-base balance and maintaining osmotic pressure, it
seems reasonable that this species, acquired from the diet, should be
present in such large quantity.

3.3. Sodium

A relatively large number of studies (24 of 35) included sodium in
their analysis. The weighted mean and SD of sodium from the 24 h urine
collections of 12,463 individuals was 89.62 + 37.14 mM/24 h. The
absolute values ranged between 54.30 and 139.74 mM/24 h. The nor-
malised standard deviation is 0.36, ranging between 0.05 and 0.86 mM/
24 h (Figure S3).[10,11,13,16-18,18-42] This component shows the
second highest range of normalised standard deviation, again an anal-
ysis by Cai is significantly more variable in comparison to the other
studies.

One study observed the effect of a ‘low’ and ‘high’ salt diet (<3.5 g
and 14.7 g per day) on urine composition.[13] However, both diets



K.A. Noble et al.

contained a reasonable amount of salt, for example, the authors noted
that in the average adult Croatian diet 11.6 g/day is consumed. As other
studies allowed individuals to eat and drink ‘freely’, both diets were
included in this meta-analysis as they were deemed within reason. As
sodium chloride symporters transport both sodium and chloride ions
simultaneously back from the filtrate and into the blood, and sodium
and chloride are often consumed together through the diet as table salt,
it seems logical that these ions should be seen in roughly similar quan-
tities within the urine. Fluctuations are probably explained by variation
in diet between individuals.

3.4. Potassium

The weighted mean and SD of potassium from the 24 h urine col-
lections of 12,545 individuals was 35.50 4+ 12.56 mM/24 h. The abso-
lute values ranged between 23.32 and 56.68 mM/24 h. The average
normalised standard deviation from the mean is 0.32, with a range be-
tween 0.04 and 0.50 mM/24 h (Figure S4).[10-13,16-18,18-37,39-43].

As one of the most abundant cations in body, potassium is involved in
nerve and muscle cell excitation through membrane electrical potentials.
[44,45] A potassium-sodium exchange occurs primarily in the collecting
duct where there are numerous K* channels. For K* to be secreted there
must be an overall negative charge in the lumen of the nephron to provide
an electrochemical gradient for potassium to travel down. This negative
charge is provided by the reabsorption of Na* which occurs at a faster rate
than the Cl ion, which often follows Na™.[44].

3.5. Ammonium

The weighted mean and SD of ammonium from the 24 h urine col-
lections of 474 individuals was 17.83 + 3.07 mM/24 h. The absolute
values ranged between 5.17 and 25.71 mM/24 h. The average normal-
ised standard deviation to the mean is 0.24, ranging between 0.08 and
0.38 mM/24 h (Figure S5) [11,12,17,18,25].

Ammonium excretion by the kidneys into the urine is essential to
maintaining a healthy serum CO; concentration. Disruption of this
mechanism can result in an increase of CO,, metabolic acidosis and
chronic kidney disease, therefore, as this mechanism is rather tightly
controlled to prevent acidosis, it could be expected that variation is
relatively limited.[46] Urine ammonium has been suggested to be an
effective marker for predicting acidosis.[46] Bingham proposes a urine
ammonium concentration much lower than the other studies by using a
colorimetric assay as opposed to Seiner and Hesse who both use an ion
selective electrode, and Fittschen, who detected ammonium enzymati-
cally. Possibly, this colorimetric test may have been less sensitive in
comparison to the ion selective electrode and enzymatic methodologies.

3.6. Phosphate

The weighted mean and SD of phosphate from the 24 h urine col-
lections of 505 individuals was 12.16 + 4.44 mM/24 h. The absolute
values ranged between 11.80 and 21.54 mM/24 h. The average nor-
malised standard deviation is 0.18, ranging between 0.05 and 0.39 mM/
24 h (Figure S6).[18,20-23,26-28,30,32,33,42].

Phosphate is a particularly important ion, helping form nucleic acids
within DNA and RNA, adenosine triphosphate to provide cellular energy
and phospholipids to form membranes and compartmentalise cells.[47]
As excessive phosphate levels can be detrimental and dangerous to an
individual, causing death by cardiovascular and chronic kidney diseases,
then phosphate regulation must be tightly controlled, as can be seen by
the low deviation of the data.[47] Robertson has reported several
components considerably higher than all other studies; this applies for
creatinine, uric acid, sodium, potassium, phosphate, calcium and mag-
nesium. For every component that Robertson has reported, the con-
centration has been the highest of all studies, because of this, his studies
have been removed from our meta-average.
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3.7. Sulphate

The weighted mean and SD of sulphate from the 24 h urine collec-
tions of 809 individuals was 9.98 + 2.07 mM/24 h. The absolute values
ranged between 8.21 and 13.80 mM/24 h. The average normalised
standard deviation is 0.17, the lowest of all components, with a range
between 0.06 and 0.38 mM (Figure S7).[17,18,25,30,33].

Intake of protein from the diet is reflected in sulphate presence in the
urine, however, sulphate also has the potential to be used as a marker for
the progression of kidney disease.[48] A low level of hydrogen sulphide
(H3S), a precursor of urinary sulphate, has previously been identified in
individuals suffering from chronic kidney disease.[48].

3.8. Creatinine

The weighted mean and SD of creatinine from 12,131 individuals
was 6.49 + 1.57 mM/24 h. The absolute values ranged between 0.86
and 14.29 mM/24 h. A study conducted by Athanasatou in 2018 re-
ported a daily creatinine excretion of approximately ten-fold below that
of all other studies, we believe this may be a ten-fold error arising from a
typographic error. Although Athanasatou’s study has been included in
the supplemental figures for comparison, it was excluded from our meta-
analysis average. The normalised standard deviations relative to the
mean ranged between 0.05 and 0.42 mM/24 h, with an average of 0.25
(Figure S8).[10,11,17-28,30-34,37,38,40,42,43,49-54].

The consistency of creatinine is to be expected and it is often utilised
to normalise other species found in the urine to counter variation in
urine volume. For example, when testing the urine for the misuse of
drugs, a certain threshold of creatinine must be detected to confirm that
the sample has not been manipulated by excessive fluid intake.[55].

3.9. Calcium

The weighted mean and SD of calcium from the 24 h urine collections
of 9,226 individuals was 2.58 & 1.28 mM/24 h. The absolute values
ranged between 1.43 and 3.00 mM/24 h. The standard deviations across
the twelve studies normalised to the mean ranged between 0.08 and
0.58 mM/24 h with an average of 0.40, the second highest of all com-
ponents (Figure S9).[17,18,20-30,32,33,42,53].

Calcium plays a role in producing action potentials during nerve
signalling. Calcium is rarely freely unbound in the plasma, as it is stored
within the bone, and the 1 % found in the extracellular fluid is often
bound to albumin (or contained within enzymes or other storage pro-
teins).[56] Because of this, we are unsurprised by our observation that
calcium excretion is relatively low.

3.10. Magnesium

The weighted mean and SD of magnesium from the 24 h urine col-
lections of 9,038 individuals are 2.38 + 0.87 mM/24 h. The absolute
values ranged between 1.36 and 3.24 mM/24 h. The magnitude of
dispersion relative to the mean averaged at 0.29 with a range between
0.07 and 0.59 mM/24 h (Figure S10).[17,18,20-30,32,33,42,57].

Only 3 % of serum magnesium is excreted into the filtrate, high
retention of magnesium may be due to its role in carbohydrate meta-
bolism, enzyme active sites and ion pump function.[58].

3.11. Citrate

The weighted mean and SD of citrate from the 24 h urine collections
of 2,654 individuals was 1.84 + 0.87 mM/24 h. The absolute values
ranged between 1.22 and 2.12 mM/24 h. The magnitude of dispersion
relative to the mean was the highest of all studies, averaging at 0.56 with
a range between 0.12 and 0.67 mM/24 h (Figure SI11).
[17,18,20-26,28,30,32,33].

Citrate forms a complex with calcium, resulting in an increase in
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solubility and a reduction in the likelihood of calcium stone formation.
[59] Diet and acid-base status will significantly impact and fluctuate
urinary citrate. This high variability is reflected in this study, with cit-
rate the most variable, of all 13 components identified.

3.12. Urate

The weighted mean and SD of urate from the 24 h urine collections of
9,209 individuals was 1.72 £+ 0.54 mM/24 h. The absolute values
ranged between 1.36 and 2.30 mM/24 h. The overall magnitude of
dispersion relative to the mean averaged 0.27, ranging between 0.08
and 0.35 mM/24 h (Figure S12).[11,17,18,20-30,32,33,42] This
component showed the lowest range of normalised standard deviations.
Unlike other mammals, humans do not possess hepatic uricase enzymes.
[60] This results in humans having a higher uric acid serum concen-
tration, a product of purine metabolism. The kidneys are capable of
coping with the excretion of this toxic product, increasing renal elimi-
nation after excess intake through diet.

3.13. Hippurate

The weighted mean and SD of hippurate from the 24 h urine col-
lections of 98 individuals over three studies was 1.59 + 0.16 mM/24 h,
the lowest of all the components analysed in this study. The absolute
values ranged between 0.71 and 1.93 mM/24 h (Figure S13). However,
of these three studies, only one reported a standard deviation which was
weighted to 0.15 mM/24 h.[49,51,61].

Hippurate is increased after the consumption of tea and fruits.[62]
Presence of gut microbiota is essential in the initial cleaving of these
precursor polyphenols, found in tea.[63] As two of only three studies did
not provide standard deviation, it is difficult to assess variability. The
two studies which employed HPLC to determine the urinary concen-
tration (Mulder, 2005 and Ogawa, 2011) were much closer than Ikeda’s
study, which described determination by manual chromatography.

3.14. Urine volume

Of the 35 studies identified within the meta-analysis, 24 provided
total 24 h urine volume. The weighted mean and standard deviation
were also calculated from these 11, 934 individuals at 1,766.53 +
712.96 mL per 24 h with the absolute mean variation between the
studies at 1,116 and 2,479 mL/24 h (Figure S14). The average nor-
malised standard deviation was 0.32 ranging between 0.03 and 0.47
mL/24 h.[11-13,16-34,37,38,40-42,52,57].

Hippurate L]

Urate —o-
Citrate
Magnesium
Calcium

Creatinine o4
Sulfate R
Phosphate
Ammonium o
Potassium —e-
Sodium
Chloride

Urea

—e

——

o

0.1 1 10 100
Concentration (mM)

1000
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3.15. Urine pH

We found 13 studies which provided total 24 h urine pH. The
weighted mean and standard deviation is pH 6.07 + 0.49 (Figure S15).
The absolute values of pH ranged between 5.89 and 6.77 with an
average normalised standard deviation of 0.06, which ranged from 0.01
to 0.10.[11,12,17,18,20-30,32,33,42,64] As urine pH was taken at the
end of the 24 h collection, this does not reflect the variability and
fluctuation of pH throughout the day, but only reports one average value
of the whole day.

3.16. Artificial urine proposal

We have summarised these above findings in Fig. 1 and Table 1,
below, with a comparison of the weighted means and standard de-
viations of all the components in human urine obtained from this review
from a total of 14,021 individuals. These findings have been converted
to a list of readily available chemicals and their weights, in mg/L for the
reader to reproduce the proposed AU (Table 3). Raw data detailed in
Figures S1-15.

3.17. Previously reported artificial urine compositions

An additional literature search for reported AU compositions found
18 different proposals from 14 separate studies. These compositions

Table 1
Comparison of the weighted means (mM) and weighted standard deviations for
each urinary component.

Component Weighted mean Weighted SD Normalised standard
(mM) (mM) deviation
Urea 213.85 75.83 0.34
Chloride 112.67 55.07 0.29
Sodium 89.62 37.14 0.36
Potassium 35.50 12.56 0.32
Ammonium 17.83 3.07 0.24
Phosphate 12.16 4.44 0.18
Sulphate 9.98 2.07 0.17
Creatinine 6.49 1.57 0.25
Calcium 2.58 1.28 0.40
Magnesium 2.38 0.87 0.29
Citrate 1.84 0.87 0.56
Urate 1.72 0.54 0.27
Hippurate 1.59 0.16 0.15
pH 6.07 0.49 0.06
Volume 1766.53 712.96 0.32
(mL)
Hippurate #
Urate ®
Citrate #»
Magnesium #®
Calcium ®»
Creatinine {e
Sulfate e
Phosphate | e
Ammonium { e
Potassium o
Sodium ——
Chloride —————
Urea —_———
0 50 100 150 200 250 300

Concentration (mM)

Fig. 1. Weighted mean and standard deviations of human urinary components on a log (left) and linear (right) scale, according to the 24-h urine collections of 35

literature references.
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Table 2

Comparison of previously reported AU compositions to the weighted mean and standard deviations of the 14,021 individuals from this meta-analysis. Values which fall within 1 SD of the weighted mean reported in this

study are in bold, values which fall outside of this range are in italic.

Shafat, Malpass, Sigg, Putnam,
2013

McCurdy,
2001[85]

Christmas,
2002[84]

Mayrovitz,
2001[83]

Opalko,  Grases, Grases, Grases, Grases, Grases,

1997

[81]

Brown,
1989
[80]

Chutipongtanate,
2010[79]

Shmaefsky,
1990(78]

Brooks,
1997
[771

Sarigul,

2022 1971[89]

2002[87]

1998 V
[82]

1998 IV
[82]

199811 1998 III
[82]

[82]

1998 1
[82]

2019(8]

[88]

[86]

222.96
159

166.5

266.4
114.1

416
210

200
105

404
251

170

120

249.75
88

Urea (mM)
Chloride

118.32

177.2

177.5

205.5

169.2 473.9 473.9 473.9 473.9 473.9

208.3

(mM)

Sodium

120.68 153.9 153.86 133.7 137

171.7

152.26 318.42 34282 36582  391.62 416.02 213.02

147.7

93.6

135 288

92.63

(mM)
Potassium

62.1

21.13

46 64 63.7

63.7

63.7 162.5 162.5 162.5 162.5 162.5

63.7

30

80

21

31.33

(mM)
Ammonium

24.3

19.82

36.92

86.9 86.9 86.9 86.9 56.1

86.9

27.6

15

25

23.67

(mM)

Sulphate

21.6

11.93

34.16 120.9 20.8

20.8

20.8 40.1 40.1 40.1 40.1 40.1

38.5

11

12.01

18

(mM)
Phosphate

3.2 3.23 14.24 1.5

19.8

32.3

3.23 13.9 27.8 40.9 55.6 69.5 17.61

32.3

14 39

23.33

(mM)

Creatinine

13.31

0.62

9.72

17.7

7.79

(mM)
Calcium

2.52 0.6

3.5

4.29

5.75

2.5

1.66

(mM)
Magnesium

8.2

3.9 3.85 2.03

3.82

3.85

3.85 5.9 5.9 5.9 5.9 5.9

3.85

4.39

(mM)
Hippurate

6.37

3.52

(mM)
Citrate (mM)
Urate (mM)

3.34
2.8

3.2 3.21 2.08

2.81

3.21

3.21

2.45

0.4

1.49
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Table 3
Proposed AU that reproducibly produces a solution of pH 6.4, if important, a
total volume of 1743 mL would be appropriate.

Component Quantity (mg/L) Aqueous solubility at 15 °C
Urea 12,843.64 900 g/L[91]
NaCl 2,891.31 353 g/L! [92]
NaHCOs; 679.16 82.7 g/Li [93]
KCl 2,646.76 336 g/L! [92]
NH,CI 953.63 356.8 g/L! [94]
NaySO,4 1,416.49 120 g/L[95]
Creatinine 734.08 13.33 g/Lf
NaH,PO,4-2H,0 1,884.88 850 g/L*

CaCl, 286.38 ca. 800 g/L[96]
MgCl, 226.13 548.5 g/Lf [97]
Gitric acid 353.57 23.61 g/L! [98]
Uric acid 289.36 47 mg/L[99]
Hippuric acid 285.68 3.75 g/Lt

T Determined by interpolation.
¥ Merck index at 20 °C

were compared to the weighted means of the constituents identified in
this study. In 10/18 studies, none of the component concentration
values lay within 1 SD of the weighted mean of this study. In 3/18 re-
ports, compositions contained between 1 and 2 constituents and 5/18
contained between 5 and 8 constituents within 1 SD of the weighted
mean of this study (Table 2).

Only two of these papers, Sarigul et al. and Chutipongtanate et al.
produced an AU with reference to a human sample (n = 28 and 5
respectively). However, in the study by Sarigul et al., only morning urine
was analysed after an 8-hour fasting period and in Chutipongtanate et al.
the urine of the 5 individuals were pooled before analysis. In total, six
studies provided a proposed artificial composition without any refer-
enced rationale. Of the 18 AU preparations identified, six reference
papers which we are unable to access, with one study referencing the
work of Burns and Finlayson.[65] Although this publication is often
cited, the manuscript cannot be accessed as the journal has been dis-
continued, both authors have passed and none of their colleagues or the
librarians at the University of Florida can locate the publication (per-
sonal communication). Additionally, two studies reported that pH was
adjusted using NaOH, NH4OH or HCI but did not detail how much was
added. Notably, several studies included components which we have not
selected in this study (Table S1).

Clinical values of healthy urine compositions have also been
extracted from UK resources: NHS trusts (South Tees,[66] York and
Scarborough,[67] North West London,[68] North Bristol,[69] Royal
Berkshire,[70] North West Anglia[71]), Pathology Harmony|[72] and US
sources: Merk[73], Mayo Clinic[74] and the International Association of
Providers of AIDS Care[75] (IAPAC) and, additionally, the Medical
council of Canada[76] (MCC) (Figure S18-S30). Notably, there is vari-
ation of the defined healthy ranges of urine components between
different NHS trusts on several occasions (urea, chloride, sodium,
creatinine, phosphate, magnesium, citrate and urate). Most notably,
Royal Berkshire reports that a healthy urine chloride concentration
should not exceed 108 mmol/24hr, however, South Tees and Scar-
borough report the healthy maximum at over double this value (250
mmol/24hr). Mayo Clinic reported the largest range for sodium,
ammonium, creatinine, magnesium, citrate, urate and hippurate and
was second highest for a further three components: urea, chloride and
calcium. This may introduce diagnostic variability in different sites but
might also reflect demogaphic differences. None of the UK, US or Ca-
nadian sources provided detail for their proposed healthy urine values.
Despite the variability of ranges between different sources, the data
range acquired from this meta-analysis overlaps with each component
from all sources.
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3.18. Proposed artificial urine

We have consolidated the urinary composition of over 14,000 in-
dividuals in the largest pooled analysis of urine composition to date.
This understanding has enabled us to propose a practical and repre-
sentative AU of 13 major components. The major components of human
urine, other than water, are urea (213.85 + 75.83 mM/24 h), followed
by chloride (112.67 + 55.07 mM/24 h), sodium (89.62 + 37.14 mM/24
h), potassium (35.50 + 12.56 mM/24 h), ammonium (17.83 + 3.07
mM/24 hr), phosphate (12.16 + 4.44 mM/24 h), sulphate (9.98 + 2.07
mM/24 h), creatinine (6.49 + 1.57 mM/24 h), calcium (2.58 + 1.28
mM/24 h), magnesium (2.38 + 0.87 mM/24 h), citrate (1.84 + 0.87
mM/24 h), urate (1.72 + 0.54 mM/24 h) and hippurate (1.59 + 0.16
mM/24 h).

To allow readers to easily reproduce the proposed composition of
AU, we have provided a table of readily available chemicals and their
weights in mg/L (Table 3). Components can be purchased in bulk from a
variety of chemical suppliers to make 1 L solutions working out at
around £50 (ca. €60) per formulation. By tuning the amounts of NaCl,
KCl and sodium bicarbonate, one can achieve a degree of pH control
using mineral acids or bases to achieve the same quantities across the pH
scale. We typically buy these items in bulk and prepare multiple batches
for storage in airtight containers. This base formulation can be spiked
with additional components if desired. We use NaHCO3 to reach the
target sodium concentration as this allows the user to increase the so-
dium icontent while carbon dioxide will bubble out. Additionally, we
note that uric acid is present above its solubility limit, however, we
suggest initially dissolving all the components except uric acid. Then
add the uric acid and immediately autoclave the solution. When dis-
solved in solutions of high ionic strength uric acid is known to sustain
high levels of supersaturation (up to 2200 mg/L) for up to 7 days.[90]
Experiments should consider the precipitation of uric acid.

Our formulation is intended to be dynamic and different groups may
choose to develop an AU where certain components (or indeed, every
component) is at one extreme or the other. Fundamentally, we provide a
reliable dataset from which a reasonable AU composition can be
developed. We expect that some teams might increase the complexity of
this formulation by adding additional components like proteins, pep-
tides, or cells.

3.19. An application of artificial urine

Crystalluria is a poorly understood phenomenon that is identified
following the appearance of crystals in the urine alongside reduced
kidney function and pain. These precipitates can cause direct damage to
the kidneys — a sensitive apparatus — which can be irreversible, as such
there is a critical need to understand the underlying chemistry of pre-
cipitation in the urinary tract to prevent crystalluria. Fundamentally,
precipitates will only nucleate when their solubility limit has been
exceeded (i.e., they become supersaturated), but the challenge is finding
out where that limit lies, particularly in complex solvents such as urine.
Drug aqueous solubility is often reported as a single unit and commonly
without solution pH, ionic strength, or temperature data. The solid
phase remaining after these measurements is also seldom reported.
Solubility data must be contextualised in this way to develop quantita-
tive mathematical relationships which can enable the prediction of drug
behaviour. At its most basic, solution pH, complexation, pK, and the
crystallising drug can all influence the phase solubility diagram, and
critically, all these characteristics are expected to change dramatically in
the kidneys.

We have previously identified [100] that nitrofurantoin is a good
false positive to test an AU formulation due to its apparent risk of
crystallisation in aqueous media, which is reversed in AU. These theo-
retical analyses have been confirmed experimentally in this work and we
find that nitrofurantoin solubility is increased in AU due to the presence
of urea and creatinine with which it forms complexes (Fig. 2). PXRD
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diffractograms confirm the presence of a new phase which matches that
of nitrofurantoin-urea (Figure S16). This increased solubility in our AU
is contrasted with the solubility in a simple urine mimic. As illustrated
by Chen, Cadwallader and Jun [101], urea initially increases nitro-
furantoin solubility up to around 2 % w/v urea, then solubility rapidly
decreases. Our proposal contains 12.8 g urea, while one quarter of AUs
reporting urea in the literature exceed 20 g per litre.

This solubility data is then contextualised by taking the highest con-
centration of nitrofurantoin that has been observed clinically in the urine
(Figure S17) and calculating the expected supersaturation of that solution
in various pH environments (between 4.5 and 8). This context reveals that
our AU predicts that nitrofurantoin is highly unlikely to cause crystalluria
while alternative AUs do not enable us to come to that conclusion.

3.20. Limitations

The kidneys maintain urine pH by excreting or conserving substances
in the urine filtrate. Such that the urinary pH will reflect (to a degree) a
difference in composition. Therefore, an AU with fixed composition may
not capture these subtle changes to urine composition and although all
the preceding studies detail an AU whose pH can be adjusted, the
composition may not reflect the in vivo state. Our values reflect urine
composition at pH 5-7.

Many studies provided 24 hr urine volume of the participants,
however, there were some studies which did not report this data;
therefore mM/L (mM) could not be accurately calculated for these
studies. To retain these data points, we averaged the 24 h urine output of
the 11,947 individuals whose data was provided in the remaining
studies. Using the average value of 1,766 mL per 24 hr we were then able
to calculate the concentrations for the studies which did not provide 24
hr urine volume. Some studies contained additional components outside
of the thirteen included in this study with oxalate, lactic acid and iron II
included in twelve, four and two studies, respectively. Oxalate presence
in the urine is primarily determined by ingestion of oxalate and oxalate
precursors in the diet,[102] lactic acid from metabolism and bacterial
production[103] and iron also through diet, with the majority being
reabsorbed in the nephron.|[104] These were not included in this work as
we decided to include thirteen major and well reported compounds to
allow the proposed AU to be practical and cost effective as well as
representative of a human urine sample. Certain study groups were more
likely to contain a bias within their sampling, for example, only sam-
pling one gender or one ethnicity, as was seen in several papers analysed
in this meta-analysis.[10,16,22,24,26,30,33,34,36,37,40,43,49,105,
106].

It is possible that the storage conditions prior to analysis affected the
determined concentrations of the supersaturated uric acid species. Many
teams refrigerated their urine before subsequent analysis which can
further reduce the equilibrium solubility of substances, resulting in
precipitation. The variety of methods employed would suggest that we
should have observed wide and dramatic variation in uric acid content,
but it appears that uric acid can sustain a supersaturated state such that
the values obtained may reflect a true uric acid concentration.

There are several ways to look at the composition of the urine, for
example, by weight of the solid over 24 h or by concentration. We
converted a variety of units of measurement into mM for ease of un-
derstanding. While we acknowledge that, for example, two people who
excrete the same weight of creatinine over a 24 h period may show a
slight difference in concentration based on the amount of liquid they
each have consumed, we felt that it was important to use universal unit
of measurement (with appropiate context, like volume/24h) to avoid
confusion. We also suggest that this difference in weight per 24 h vs mM
would only become evident with excess liquid consumption and as the
data taken from these studies allowed the participants to eat and drink
freely, and urine volume from each study was within a healthy range,
then mM is more than adequate to use as the unit of measurement to
determine composition.
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Fig. 2. pH solubility plot of nitrofurantoin in aqueous and artificial urine media (left). The maximum concentrations of nitrofurantoin found in the urine (200 mg/L,
0.000839 M) are divided by the equilibrium solubility of this drug in aqueous and AU solutions to find the theoretical supersaturation at that pH (right).

4. Conclusion

By combining over 14,000 individuals’ urine composition data, this
has allowed us to characterise the major components of human urine
more accurately than any previous study we have found. We have tried
to strike a balance between a fundamental composition which in-
corporates the available data on urine composition and practicality —
bearing in mind that users can spike this composition with less abundant
components should the need arise — we propose an AU containing
thirteen of the major compounds found in urine: urea, creatinine, urate,
hippurate, citrate, sodium, potassium, chloride, sulphate, phosphate,
ammonium, calcium, and magnesium.

By combining these datasets, we have enabled a better understand-
ing of a healthy human urine sample which could potentially be influ-
ential in diagnostics, pathogenic cellular and crystal growth, urinary
tract infection therapeutic testing and potentially much more. We have
leveraged this knowledge to develop a proposal for a standardised AU
(between pH 5-7) which can be formulated using cheap and readily
available constituents. This AU can serve as a foundation for future work
in this area and can be spiked to increase its complexity.
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