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Aggregation of poorly crystalline
and amorphous components

of infectious urinary stones

Is mediated by bacterial
lipopolysaccharide

Jolanta Prywer'* & Agnieszka Torzewska?

Poorly crystalline and amorphous precipitate (PCaAP) is one of the components of the so-called
infectious urinary stones, which are the result of the activity of urease-producing microorganisms,
mainly from the Proteus species, in particular Proteus mirabilis. The main component of this kind of
stones is crystalline struvite (MgNH,PO,-6H,0). Bacteria can build into the structure of the urinary
stone and, in this way, they are one of the components of the urinary stone. From these three
components — PCaAP, struvite and Proteus mirabilis — PCaAP exhibits the greatest ability to aggregate.
The present study focuses on the aggregation of PCaAP. In particular, an influence of lipopolysaccharide
(LPS) isolated from Proteus mirabilis on aggregation of PCaAP is presented. An aggregation of PCaAP
is characterized by cross-sectional area of aggregates and zeta potential. The results demonstrate
that, in artificial urine, the influence of freely suspended LPS on aggregation of PCaAP depends on

the concentrations of LPS. Small concentrations of freely suspended LPS enhance the aggregation of
PCaAP compared to the control test. For high concentrations of freely suspended LPS the formation
of aggregates of PCaAP is inhibited. LPS, which is not freely suspended, but covers polystyrene latex
beads, has no such properties. The investigations provide evidence for the importance of biological
regulation in the PCaAP aggregation process.

Infectious urinary stones constitute a significant clinical problem that affects up to 20% of the population', mainly
in industrialized countries, and constitute between 10%? and 30%? of all human urinary stones. This type of uri-
nary stones is formed as a result of urinary tract infections caused by urease-producing microorganisms?, mainly
from the Proteus species®. Urease is a bacterial enzyme that accelerates the hydrolysis of urea, which is one of the
components of the urine of a healthy person. As a result of this hydrolysis, ammonia and carbamic acid are first
formed, which spontaneously decomposes to give carbonic acid and another molecule of ammonia. The resulting
ammonia decomposes into ammonium and hydroxide ions. The appearance of hydroxide ions means an increase
in the urine pH level. As a result of cascades of further reactions (described several times in the literature, for
example in refs.*%-1%), appropriate ions and chemical complexes are formed, which lead to the crystallization of
struvite (MgNH,PO,-6H,0) and formation of poorly crystalline and amorphous precipitate (PCaAP). PCaAP is
one of the main components of infectious urinary stones. Literature data indicate that the poorly crystalline
phases include carbonate apatite Ca,;,(PO,)¢CO; (abbreviated as CA) and hydroxylapatite Ca,,(PO,)s(OH),
(abbreviated as HAP)!»'2. CA and HAP may exist in non-stoichiometric forms, which means that groups CO;*",
OH ™ and PO~ in CA and HAP may be substituted for other anions present in the urine. Non-stoichiometric
forms include, for example, calcium sodium phosphate carbonate hydroxide, CagNa, 5(PO,),5(COs), ;(OH),, and
chlorapatite, Ca,y(PO,)sCl, '2. The amorphous phases which are the part of infectious urinary stones include:
amorphous calcium carbonate (ACC), amorphous calcium phosphate (ACP), and/or amorphous carbonated
calcium phosphate (ACCP)!!-13. All these poorly crystalline and amorphous phases are called briefly PCaAP.
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Figure 1. Struvite (arrow 1), bacteria Proteus mirabilis (arrow 2) and PCaAP (arrow 3) in the sample of artificial
urine. The image was obtained under an optical light microscope with transmitted light. Figure reprinted
from!'2.

PCaAP (Fig. 1, arrow 3) does not show any visible features characteristic of crystalline solids and occurs in the
form of clusters without a specific arrangement!!-1. As stated above, during infection with urease-positive bacte-
ria, a gradual increase in urine pH occurs. PCaAP begins to form when the urine pH reaches 6.8. For slightly
higher urine pH (>7.2), as a result of further chemical reactions induced by bacterial urease - magnesium ammo-
nium phosphate hexahydrate (MgNH, PO, - 6H,0, struvite) crystallizes'’. The size of struvite crystals along the
crystallographic axis b reaches 100 pm. Struvite forms polyhedral crystals with specific crystallographic surfaces
(Fig. 1, arrow 1). In living organisms (humans and animals), struvite crystals usually take on a coffin-like habit'4'>.

Typically, the solid phases, PCaAP and struvite, formed in the urinary tract are small enough (several microm-
eters) to be excreted from the urinary tract along with the urine stream, without damaging the epithelial cells.
Typically, the growth of a single crystal within the urinary tract does not lead to the formation of an infectious
urinary stone. Such a stone is formed as a result of aggregation of a large amount of small struvite crystals and
small PCaAP deposits. As indicated by literature!®, urinary stones contain highly aggregated crystals. In addition,
the bacteria can aggregate with themselves, as well as with struvite and PCaAP. So aggregated bacteria with stru-
vite and PCaAP can be embedded in the stone structure'’. Aggregation, as a much faster process than the growth
of a single crystal, can very quickly lead to a large stone. Therefore, it is believed that aggregation is one of the
main causes of urinary stones formation.

The aggregation process of struvite, PCaAP and microorganisms is studied in ref.'®. However, in ref.'® PCaAP
is called CA (carbonate apatite). During the research presented in ref.!%, we did not study the exact composition of
this precipitate, but we based on the literature (e.g. refs.'®!>1%), in which it is assumed that the resulting precipitate
is CA. After the research, the results of which we presented in ref.!> our knowledge about the phase composition
of the resulting precipitate is greater and hence the name change for PCaAP.

Our results presented in ref.'® show that of the three components: struvite, PCaAP and microorganisms,
PCaAP has the greatest ability to aggregate. In addition, our results presented in ref.”*” demonstrate that in the
presence of bacteria an increased aggregation process of PCaAP is observed. Experimental results indicate that
among the macromolecules released from Proteus mirabilis (P. mirabilis) cells, lipopolysaccharide (LPS) is respon-
sible for increased aggregation of PCaAP?°. LPS is a main component of the outer membrane in Gram-negative
bacteria and plays a role in their protection from adverse environmental conditions and it is an important vir-
ulence factor. Usually, LPS contains three parts in its structure: lipid A - specific carbohydrate lipid moiety that
anchors LPS to the outer membrane; oligosaccharide core and the most external part of LPS having contact with
the environment - antigen O (O- specific polysaccharide), connected to the core and composed of repeating
oligosaccharide subunits®!. There are many studies by other authors that suggest that, among large quantity of
different bacterial factors, bacterial polysaccharides including LPS play an important role in the process of crys-
tallization and infectious urinary stone formation?*-**. For example, in refs.?"?, it is shown that, during infection
caused by Proteus, LPS may accumulate Ca*" and Mg?" jons via electrostatic interactions and in this way accel-
erates the formation process of struvite and PCaAP. In ref.” authors study metal binding by LPS extracted from
strains of Proteus mirabilis, Proteus vulgaris and Proteus penneri and its influence on the struvite and PCaAP
formation process. Results presented in ref.?* show that there are no significant differences between bacteria and
its LPS interactions with Ca®* and Mg®* ions. From this result a conclusion is drawn that among the bacterial
factors present on the cell surface LPS is mainly responsible for ions binding. Bacterial polysaccharides and LPS
also influence the aggregation process of components precipitated in urine to form a stone?.

LPS due to the high biological activity and unusual physicochemical properties is subjected to numerous stud-
ies. As already mentioned, LPS is the main component of the outer bacterial membrane, so it is connected with
the bacterial cell. Watson and co-workers?® demonstrated that, the amount of LPS present in the cell surface of
Escherichia coli ranges from 28.9 fg to 49.4 fg per cell, depending on cell culture duration. During infection of the
urinary tract caused by bacteria such as P. mirabilis, in addition to LPS occurring on live bacteria, free LPS is also
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detected in the urine. This is related to the disintegration of cells as a result of their death, but it also takes place in
case of physiologically normal cells, for example, during their division and growth. It was found, for example, that
the level of LPS in urine of patients with urinary tract infections ranges between 10-350 pg/ml when the number
of bacteria is above 10* CFU/ml?’. It seems that this amount of LPS is sufficient to make this molecule play an
active role in the formation of urinary stones as evidenced by the results of clinical trials. It has been shown that
infectious urinary stones contain 36 times more LPS than those derived from metabolic disorders; e.g. P. mirabilis
induced urinary stone contained 250 ug LPS per gram?®. The literature review shows that researchers conduct
LPS studies in different contexts, and the most commonly used is free LPS suspended in a suitable solvent over a
wide concentration range from 2 pg/ml to 500 pg/ml**=!. In our previous work? to assess the effect of P. mirabilis
on PCaAP aggregation, we investigated the aggregation of PCaAP in the presence of bacterial macromolecules
with and without LPS. In the case of bacterial macromolecules with LPS, the concentration of LPS was in the
range 20-40 ug/ml. Such a concentration of LPS corresponds to the concentration of LPS in artificial urine after
incubation with P. mirabilis for 24 h at 37°C.

In the light of the above review of the literature and the results obtained by us'®%’, the aim of the present study
is to analyze the effect of LPS isolated from the P. mirabilis strain C11 on PCaAP aggregation and verify its ability
to influence aggregation processes. LPS isolated from P. mirabilis was chosen for analysis because this species is
isolated from human infectious urinary stones in 70% cases*>*. Based on the review of literature we investigated
an influence of LPS of concentrations from 12 pg/ml to 440 ug/ml. In the present study the sizes and zeta potential
values of PCaAP aggregates formed without bacteria but for different concentrations of LPS are compared with
the sizes and zeta potential values of PCaAP formed in the presence of P. mirabilis as a function of pH.

We also present a specially designed experiment in which polystyrene latex beads with dimensions close to
the size of bacteria are coated with LPS and thus mimic the presence of LPS-coated bacteria in the urine. The
experiment designed in such a way should give the answer whether the influence on PCaAP aggregation has
LPS freely suspended in artificial urine or connected with the bacterial cell. The goal of the present study is also
understanding the role of LPS in PCaAP aggregation and finding relation between concentration of LPS and sizes
of PCaAP aggregates.

18,20

Materials and Methods

Preparation of the artificial urine, bacterial suspension and LPS. Usually, the artificial urine
used for various experiments is made from the following components®, with concentrations (g/1) in brackets:
CaCl,-2H,0, calcium chloride dihydrate (0.651), MgCl,-6H,0, magnesium chloride hexahydrate (0.651), NaCl,
sodium chloride (4.6), Na,SO,, sodium sulfate (2.3), KH,PO,, potassium dihydrogen phosphate (2.8), KCl, potas-
sium chloride (1.6), NH,CI, ammonium chloride (1.0), Na;C,H;O,, trisodium citrate (0.65), Na,C,0,, disodium
oxalate (0.023), CO(NH,),, urea (25.0), C,;HoN;0,, creatine (1.1) and tryptic soy broth (10.0). Such a composition
of artificial urine is widely accepted in literature?>*>. In the present study we focus on the formation of PCaAP.
Therefore, the composition of artificial urine was modified. The modification consists in this that the magnesium
chloride hexahydrate (MgCl,-6H,0) was not added. This is related with the fact that the presence of magne-
sium chloride hexahydrate in artificial urine causes struvite precipitation, as described in Introduction, what is
unwanted. Struvite would be able to disturb the spectrophotometric and zeta potential measurements. Such a
composition of urine as well as the modification described has already been used by us in our previous studies
and is originally described in ref.>°.

The artificial urine of such a modified composition (Mg-free) was prepared by dissolving chemicals (Sigma
Aldrich) of reagent-grade purity in distilled water. The further course of action with artificial urine is the same as
procedure described in ref.”. This means, among other things, that the artificial urine was filtered using a mem-
brane filter with pore size of 0.2 pm. It was stored for a maximum 48 h at 4°C.

P. mirabilis strain C11 was obtained by courtesy of the Second Department of Urology, Medical University of
Lodz, Poland and isolated from kidney stone of patient of this clinic. Before the crystal growth experiment, bac-
teria were maintained on a slant of tryptic soy agar overnight at 37 °C and then suspended in artificial urine to the
concentration of 5-10° CFU per ml (the abbreviation CFU denotes colony forming unit). Precipitation of PCaAP
occurs after addition of the suspension of bacteria and incubation at 37 °C. The precipitation process occurs at
conditions emulating the natural conditions existing in human body during the infection by P. mirabilis.

LPS of P. mirabilis C11 was extracted from bacterial wall using hot phenol/water method. This method is
described in detail in, for example, ref.*”, but was developed by Westphal and Jann in 1965 and is originally
described in ref.’®. After extraction, LPS of P. mirabilis C11 was purified by treatment with cold aqueous 50%
trichloroacetic acid, centrifugation and dialysis. The experiment with LPS is designed in two ways. In the first
case, LPS is freely suspended in the solution of artificial urine. The tested concentrations of LPS are: 12 pg/ml,
50 pg/ml, 120 pg/ml, 200 pg/ml, 280 pg/ml, 360 pg/ml and 440 pg/ml. It should be noted that in the presence of
P. mirabilis at a concentration of 5-10° CFU per ml, the concentration of LPS in the urine ranges between 20 and
40 pg/ml*. Hence, the investigated LPS concentrations of 12 pg/ml and 50 pg/ml are slightly below and above
the LPS concentration limits in the presence of P. mirabilis. In the second case, LPS coats polystyrene latex beads
of mean size 3 pm. Polystyrene latex beads were purchased form Sigma Aldrich. In order to cover polystyrene
latex beads, they were incubated with LPS (in a ratio of 30 ul beads per 200 ug LPS) overnight at 4 °C in phosphate
buffer pH 7.2 (PBS) with gentle stirring. Next, beads were washed three times in PBS to remove unbound LPS,
and centrifuged each time (10,000 g for 10 minutes at 4°C). After washing, the beads were suspended in the artifi-
cial urine to give the concentration of 5-10° beads/ml. In this way the polystyrene latex beads coated by LPS mimic
the presence of bacteria in the artificial urine.

All experiments were performed using artificial urine of the same composition (modified, Mg-free). Control
test is a sample of Mg-free artificial urine without P. mirabilis, LPS and polystyrene latex beads and without any
other additives. In the case of the presence of P. mirabilis the precipitation process occurs as a result of urease
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activity; in all remaining cases the precipitation process of PCaAP occurs after gradual addition of aqueous
ammonia solution (1.2 M). The aqueous ammonia solution is added in portions, not continuously. Such addition
causes an increase in the pH and concentration of ammonium ions. In other words, the addition of aqueous
ammonia solution mimics the activity of urease and thus emulates the real infection of the urinary tract caused by
the bacteria. In all cases (control test, the experiments with the presence of P. mirabilis, the experiments with the
presence of LPS or polystyrene latex beads) the experiments were conducted under thermostated conditions at
374 0.5°C. The temperature was kept constant by circulating water from a constant temperature water bath. This
procedure has already been used by us in previous studies and is originally described in ref.®.

The pH of artificial urine was screened along the experiments using digital pH-meter (Elmetron CPC-401).
The initial pH of artificial urine was adjusted to a value of 5.8. The value of pH increases with time because of
urease activity in the case of presence of microorganisms or as a result of addition of aqueous ammonia solution
in the case of absence of microorganisms. The value of pH equal to 9.5 is the highest value obtained during both
kinds of experiments. In the case of the presence of P. mirabilis such a value is achieved after 8 h of incubation.
The pH level is correlated with the bacterial viability, pH higher than 8 acts bactericide. Therefore, the number
of live bacteria systematically decreases, and pH value does not exceed 9.5. In the case of the addition of aqueous
ammonia solution the experiments are also performed up to pH equal to 9.5. The behavior of bacteria in urine
and the increase in pH induced by the activity of bacterial urease is described in the literature, for example in
ref.?’. Imitating the behavior of bacteria in urine by adding aqueous ammonia solution has also been used in
research and is described, for example, in ref.?’.

Spectrophotometric measurements and microscopic observations. In order to define the effect
of LPS on PCaAP formation, the turbidity of artificial urine as an absorbance of light of defined wavelength
was measured. The optimized wavelength in all cases was equal to 400 nm. This wavelength is optimal in
respect of solid phases (PCaAP) produced in the artificial urine. Bacteria do not absorb this wavelength, there-
fore the absorbance does not increase with the increasing amount of bacteria. The measurements of turbidity
were performed using spectrophotometer Spekol 11 (Carl Zeiss) and glass cuvettes with path length of 10mm.
Additionally, during all sets of experiments, the samples from different stages of precipitation process were
observed with optical microscopy OptaTech MN 800. A drop of solution from the volume of artificial urine were
taken and put in the middle of the micro-slide and then covering with a cover slip. The same procedure was used
by us in our previous studies and is described originally in ref.%.

Electrophoresis mobility and zeta potential measurements. Electrophoretic mobility measurement
and zeta potential calculation of PCaAP were performed with Zeta-Meter 3.0+ system. The instrument consists
of a measurement cell called electrophoresis cell. This cell is in a form of tube, 10 cm long and 4 mm in diameter.
An electrical potential is applied to the electrodes at each end of the cell. The samples with investigated particles
(PCaAP or/and LPS or/and coated polystyrene latex beads) were injected into the cell. These particles move in
the electric field and are viewed and tracked with stereoscopic microscope with dark field illumination. This tech-
nique makes it possible to view micron-size particles without high-power magnification.

In the electrophoresis cell, the particles travel the reference distance. Based on the measured time taken by a
particle to travel the reference distance, the velocity of the particle is estimated. The velocity of a particle in a unit
of electric field is the electrophoretic mobility, j1, of a particle. On the basis of the electrophoretic mobility, 1, zeta
potential, G, is calculated. Strictly speaking, in the case of our experiment, zeta potential, , is determined using
the Smoluchowski approximation*’:

[l
S 1)
where € and n is the dielectric constant and viscosity of the solution, respectively. In our case the electrophoretic
mobility hence zeta potential of PCaAP is measured in the artificial urine. The viscosity of artificial urine used for
calculation of zeta potential is equal to 0.83 cP'8. The method of its determination is given in ref.!®. The dielectric
constant € used for calculation is equal to 74.2'%. This value of the dielectric constant corresponds to water at
37°C.

PCaAP was obtained from Mg-free artificial urine as described in the previous subsection. The measurement
of zeta potential followed directly after precipitation of this phase in the artificial urine. The artificial urine with
PCaAP and/or with LPS and/or with coated polystyrene latex beads were sonicated in an ultrasonic bath (Sonic-
3, Polsonic) for 3 minutes prior to measurement in order to ensure proper dispersion of the particles. This means
that the zeta potential measurement was performed for the non-aggregated particles. All experiments were car-
ried out under thermostated conditions at 37 +0.5°C. All zeta potential measurements were taken at various
pH from the range 7.5 to 9.5 in order to reflect the increasing pH during the real infection in urinary tract. Each
experiment was repeated three times and the mean, standard deviation and relative standard deviation were cal-
culated. Zeta potential of PCaAP in the presence of P. mirabilis was not measured.

Method for measuring cross-sectional areas and calculating mean cross-sectional areas of
PCaAP aggregates. To assess the effect of LPS on the PCaAP aggregation process, aggregate sizes were
first analyzed based on microscopic images. The procedure for obtaining microscopic images was as follows. The
drop of artificial urine with PCaAP was taken by pipette from the sample volume and placed on a micro-slide and
covered with a coverslip. This means that the PCaAP aggregates located under the coverslip were observed rather
as two-dimensional cross-sections, and not as three-dimensional forms. Therefore, the analysis of microscopic
images makes it possible to measure the cross-sectional areas of aggregates. A detailed description of the method
for measuring these cross-sectional areas of aggregates based on microscopic images is presented in ref.?’.
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Figure 2. Aggregation process of PCaAP in the absence (al-a5) and presence (bl - b5) of P. mirabilis (arrows)
and in the presence of LPS freely suspended in the artificial urine. LPS concentrations: 12 ug/ml (panels c1-c5);
50 pg/ml (panels d1-d5); 120 ug/ml (panels (el-e5); 200 pug/ml (panels f1-5), 280 ug/ml (panels g1-g5); 360 ug/
ml (panels h1-h5) and 440 pg/ml (panels i1-i5). Panels j1-j5 present aggregation process of PCaAP in the
presence of polystyrene latex beads (arrows) coated by LPS. The images’ quality is enhanced by the contrast and
brightness to enable the identification of P. mirabilis and PCaAP. Scale bar: 40 pm.

Several series of measurements were carried out with P. mirabilis, with several concentrations of LPS and with
polystyrene latex beads coated with LPS. The control test was always carried out for each measurement series. This
means that there were a lot of control series. The runs of the control series, despite being carried out in the same
way each time gave slightly different results. Cross-sectional areas (CSA) of PCaAP aggregates have always
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Figure 3. Mean cross-sectional area of PCaAP aggregates for control test (without P. mirabilis and without LPS)
compared with mean cross-sectional area of PCaAP aggregates in the presence of (a,b) P. mirabilis and freely
suspended LPS of different concentrations given in the insets and (c) LPS coated on polystyrene latex beads.

In the case of P. mirabilis the value of mean cross-sectional area of PCaAP aggregates for pH = 7.5 is not given
because for this pH, the agglomerations of bacteria are difficult to distinguish from PCaAP aggregates.

increased with increasing pH, however, not in the same way. In order to “average” the obtained results of the con-
trol series, the following actions were performed: the following CSA ratios were calculated for individual meas-
urement series: CSA g o/ CSA 117 5> CSApp_s 5/CSA pi1_g 0o CSA 10,0/ CSA 1 55 CSA 1 5/ CSA o
then these ratios were averaged, rejecting extreme values. The mean cross-sectional areas of the PCaAP aggre-
gates for individual pH values were calculated by multiplying the measured mean cross-sectional areas of the
PCaAP aggregates by the calculated average CSA ratios defined above. In this way, a one “universal control test”
was obtained, which is the same for all series of measurements. The control test shown in Fig. 3 is a “universal
control test”.

From the point of view of determining the impact of LPS on the aggregation process, what is important is not
the cross-sectional areas of the aggregates themselves, but their relation to cross-sectional areas in the control
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test, determining whether LPS at a given concentration enhances or inhibits the aggregation process at a given
pH. To unambiguously present the results from the series with suspended LPS, beads coated with LPS and P.
mirabilis in relation to “universal control test”, the following was done: for all series of measurements (with LPS,
beads and bacteria) the following ratios were calculated: cross-sectional area at a given pH to cross-sectional area
in a control test at the same pH (this is a control test for a given series, not a “universal control test”). The ratios
obtained were averaged, not the cross-sectional areas themselves. Then, these averaged cross-sectional area ratios
were scaled using “universal control test” to obtain the mean cross-sectional areas of the PCaAP aggregates for
individual pH. Figure 3 shows mean cross-sectional areas of PCaAP aggregates calculated in this way.

The mean cross-sectional areas of PCaAP aggregates were determined in exactly the same way in our previous
work?. In ref.?’, the mean cross-sectional areas in the control test and in the presence of P. mirabilis are identical
to those in the current work. The method used to calculate mean cross-sectional area of PCaAP aggregates helps
in comparing the results presented in the current work with the results in ref.? and in possible works published
in the future. It should also be remembered that the systems considered in this work and in ref.?’, especially in the
presence of bacteria, are dynamic biological systems. In such systems, tendencies of changes are observed rather
than absolute values only. Therefore, in this work we present the results of measurements of the cross-sectional
areas of PCaAP aggregates in relation to the “universal control test”, and not absolute measurements with a stand-
ard deviation.

In addition, it should be noted that cross-sectional area measurements are only helpful in determining the
effect of LPS on PCaAP aggregation and are only quantitative. Qualitative aggregation results can be obtained by
measuring zeta potential. We also present such results in this work.

Results

Role of P. mirabilis and LPS in aggregation of PCaAP. The formation of PCaAP in artificial urine
in the absence and presence of P. mirabilis depends strongly on pH value. The value of pH increases with time
because of urease activity in the case of presence of microorganisms or as a result of addition of aqueous ammonia
solution in the case of absence of microorganisms. Formation of PCaAP in the presence and absence of P. mira-
bilis has been the subject of our previous studies'®?’. From the study presented in ref.?° it follows that the aggre-
gation of PCaAP runs more efficiently in the presence of P. mirabilis than in the case of the absence of P. mirabilis.
This means that microorganisms accelerate the aggregation of PCaAP. The results of our present experiments are
presented in Fig. 2. Here we can see the processes of PCaAP formation depending on pH of artificial urine in the
absence (al-a5) and in the presence (b1-b5) of P. mirabilis. The results presented at Fig. 2, panels al-a5 and b1-b5
confirm literature data that in the presence of P. mirabilis the aggregates of PCaAP are much larger than in the
case of absence of P. mirabilis. In the presence of P. mirabilis PCaAP tends to form aggregates even for small pH,
rather than to appear in small, free deposits (Fig. 2, panels b1-b5). The results presented in ref.?® suggest that for
enhanced aggregation of PCaAP in the presence of P. mirabilis, LPS is responsible.

To verify the idea that LPS affects PCaAP aggregation, a series of experiments were carried out in the presence
of LPS. In the case of LPS freely suspended in artificial urine the tested concentrations are equal to 12 pg/ml, 50
pg/ml, 120 pg/ml, 200 pg/ml, 280pug/ml, 360 pg/ml and 440 pg/ml. The results of our experiments are presented
in Fig. 2 rows ¢, d, e, f, g, h, and i as microscopic images. Looking at these pictures it is difficult to evaluate the
influence of LPS on the formation and aggregation of PCaAP. Based on these pictures we can only conclude
that probably this influence depends on the concentration of LPS. To assess the effect of LPS on the PCaAP
aggregation process, aggregate sizes were first analyzed based on microscopic images. In Fig. 3 PCaAP aggregate
sizes are presented as mean cross-sectional areas of PCaAP aggregates. The method of calculating these mean
cross-sectional areas is presented in Materials and Methods section.

The results shown in Fig. 3a confirm the microscopic observations described above, i.e. PCaAP aggregates
are the largest in the presence of bacteria. Table 1 shows the detailed percentage changes in mean cross-sectional
areas of PCaAP aggregates. From this Table it follows that in the presence of P. mirabilis the aggregates of PCaAP
are larger than those in the control test (without LPS and without P. mirabilis) even by 234% for pH equal to 8.5.

The mean cross-sectional areas of PCaAP aggregates in the presence of LPS freely suspended in the artificial
urine are presented in Fig. 3a,b. Figure 3a is related to the small and intermediate concentrations of LPS, while
Fig. 3b is related with high concentration of LPS. From Fig. 3a it is seen that for the smallest tested concentrations
of LPS equal to 12ug/ml and 50 pg/ml the mean cross-sectional areas of PCaAP aggregates are larger compared to
control test. As follows from Table 1 the aggregates of PCaAP in the presence of LPS of concentration equal to 12
pg/ml are larger than those in the control test even by 119% for pH = 9.0. For concentrations of LPS equal to 12
pg/ml and 50 pg/ml the cross-sectional areas of PCaAP aggregates are comparable with those in the case of pres-
ence of P. mirabilis for high pH equal to 9.0 and 9.5 (Fig. 3a). For pH equal to 8 and 8.5 the aggregates of PCaAP
are smaller than those in the presence of P. mirabilis by 45% and 47% for LPS concentration equal to 12pg/ml
and 50 pg/ml, respectively (Fig. 3a). However, for pH equal to 9 and 9.5 the aggregates of PCaAP are smaller than
those in the presence of P. mirabilis by only 23% and 16% for LPS concentration equal to 12 pg/ml and 50 pg/ml,
respectively. For pH equal to 9.5, the aggregates of PCaAP are even larger than those in the presence of P. mirabilis
by 5% for LPS concentration equal to 50 pg/ml (Fig. 3a). These results suggest that LPS of concentration equal to
12 pg/ml and 50 pg/ml enhance the aggregation of PCaAP when compared with control test.

For higher concentrations of LPS equal to 120 pg/ml and 200 pg/ml the mean cross-sectional areas of PCaAP
aggregates (Fig. 3a) are significantly smaller than those in the presence of P. mirabilis. In this case we may say
that the cross-sectional areas of PCaAP aggregates are closer to those in the case of control test than those in the
presence of P. mirabilis. For the highest tested concentrations of LPS equal to 280 pg/ml, 360 pug/ml and 440 pg/
ml the aggregates of PCaAP are the smallest compared with other tested concentrations of LPS (Fig. 3b). In this
case the cross-sectional areas of PCaAP aggregates are much smaller than those in the control test for the whole
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pH 75 |80 85 9.0 95
P. mirabilis * +109 +234 +145 +120
12 ok +34 +54 +119 +41
50 wE +28 +52 +61 +131
120 Hx +60 +67 —52 —60
frepspended 8500 | | 99 om0
280 woE —11 —33 —28 —22
360 —34 |54 —45 —59 —57
440 —-38 | —6 —36 —47 —55
polystyrene latex beads coated by LPS | —24 | —24 -2 -9 —28

Table 1. Percentage changes (%) in average cross-sectional area of PCaAP aggregates with respect to control
test depending on pH in the presence of P. mirabilis, freely suspended LPS of different concentrations and LPS
coated on polystyrene latex beads. *In the case of P. mirabilis the percentage change for pH =7.5 is not given,
because for this pH, the agglomerations of bacteria are difficult to distinguish from PCaAP aggregates. **For
these concentrations of LPS and pH equal to 7.5 PCaAP is formed in very small amount making impossible the
measurement of cross-sectional area of PCaAP aggregates.

range of pH. This means that LPS with the highest concentration tested inhibits PCaAP aggregation as compared
to the control test.

The presented results show that LPS demonstrates three-phase activity depending on its concentration. For
small concentrations (12 pg/ml and 50 pg/ml), LPS enhances the aggregation of PCaAP when compared to con-
trol test. For these concentrations of LPS the cross-sectional areas of PCaAP aggregates are comparable with those
in the case of presence of P. mirabilis for high pH equal to 9.5. For intermediate concentrations of LPS equal to 120
pg/ml and 200 pg/ml the aggregates of PCaAP are of comparable cross-sectional areas with those in the control
test and, at the same time, much smaller than those in the presence of P. mirabilis. For highest tested concentra-
tions equal to 280 pg/ml, 360 pg/ml and 440 pg/ml, LPS inhibits the formation of PCaAP aggregates. For these
concentrations of LPS, the cross-sectional areas of aggregates of PCaAP are smaller than those in the control test
and much smaller than those in the presence of P. mirabilis. However, it should be remembered that the described
results concern the situation when LPS is freely suspended in the artificial urine. In reality, as described in the
Introduction, LPS is detected in the urine, but it also occurs on the surface of bacterial cells. Considering this
fact that LPS is not only detected in the urine, but also occurs on the surface of bacterial cells, a second type of
experiment was thinked of.

This kind of experiment, as described in Materials and Methods Section, consists on this that LPS coats pol-
ystyrene latex beads. In this way, the polystyrene latex beads coated by LPS mimic the presence of bacteria in the
artificial urine. Figure 3c presents the comparison of the cross-sectional areas of PCaAP aggregates in the case
of the presence of P. mirabilis with control test and the case in which polystyrene latex beads are coated by LPS.
On the basis of Fig. 3c we may conclude that in the case of LPS coated on the polystyrene latex beads the mean
cross-sectional area of PCaAP aggregates is comparable with that in the case of control test (without P. mirabilis
and without LPS); see also Table 1. The measurements of mean cross-sectional area of PCaAP aggregates are in
agreement with microscopic observations presented in Fig. 2, panels j1-j5. Here, we can see that the course of
aggregation of PCaAP in this case is very similar to that in the case of control test; Fig. 2, panels al-a5.

From these results it follows that the influence of LPS on the average cross-sectional areas of PCaAP aggre-
gates depends on this whether they are freely suspended in the artificial urine or coated on the polystyrene latex
beads. When LPS is freely suspended in the artificial urine it is in the form of long chains consisting of a lipid and
a polysaccharide. In such a form, for higher concentrations, LPS may coat easily small PCaAP deposits and not
allow forming of large aggregates. The greater the concentration of LPS the more intensely LPS inhibits the aggre-
gation of PCaAP. LPS which is coated on the polystyrene latex beads has no such properties because LPS adheres
to the surface of these beads and does not pass to the artificial urine.

PCaAP aggregation characterized by zeta potential. Figure 4 presents zeta potential of PCaAP
depending on pH in the case of control test, in the presence of freely suspended LPS (Fig. 4a,b) in the Mg-free
artificial urine and in the case when LPS is coated on polystyrene latex beads (Fig. 4c). Table 2 gives the zeta
potential, (, standard deviation, SD, and relative standard deviation, RSD, for each measuring point shown in
Fig. 4. The RSD reaches values from a few to several percent. For example, in the case of a control test for pH=7.5
RSD is equal to 12.9%. It seems that this is due to the fact that for this pH the amount of PCaAP formed is very
small and measuring the zeta potential is very difficult in this case. In general, it can be assumed that both SD and
RSD values are within reasonable limits and are standard, taking into account that the system under consideration
is a complex and dynamic biological system. In the case of some concentrations of LPS for pH equal to 7.5 zeta
potential of PCaAP is not given (Fig. 4 and Table 2). This is because, in these cases, PCaAP is formed in very small
amount making impossible the measurement of zeta potential. On the basis of Fig. 4 one can see that for control
test zeta potential of PCaAP increases slightly with pH. For the lowest value of pH equal to 7 zeta potential takes
the lowest value equal to —28.7 mV. With increase in pH, zeta potential also increases and for the highest value of
pH equal to 9.5 it takes value of =23.1 mV.

Zeta potential of PCaAP in the presence of freely suspended LPS of low concentrations equal to 12 pg/ml and
50 pg/ml takes higher values (less negative) than those for PCaAP in control test; Fig. 4a. The results demonstrate
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Figure 4. Zeta potential of PCaAP in the presence of (a,b) freely suspended LPS of different concentrations
given in the insets and (c) polystyrene latex beads coated by LPS.

that zeta potential for PCaAP in the case of LPS of concentration equal to 50 pg/ml takes the highest value equal
to—-18.4mV for pH=9.5. In comparison with control test for the same pH = 9.5 this zeta potential value is higher
(less negative) by 36%. In the case of intermediate concentrations of LPS equal to 120 pg/ml and 200 pg/ml zeta
potential of PCaAP takes smaller values (more negative) compared with the concentrations of LPS equal to 12
pg/ml and 50 pg/ml; Fig. 4a. For the highest concentrations of LPS equal to 280p.g/ml, 360 pg/ml and 440 pg/ml
zeta potential of PCaAP takes smaller vales (more negative) compared to control test; Fig. 4b. In particular, for
concentration of LPS equal to 440 pg/ml for pH =7.5 zeta potential of PCaAP is comparable with those for the
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pH
7.0 7.5 8.0 8.5 9.0 9.5
¢ [mV] —28.7 —28.2 —27.2 —25.2 —23.6 | —23.1
Control Test SD [mV] 3.7 2.0 2.3 1.2 1.8 1.5
RSD [%] 12.9 7.0 8.5 48 7.6 65
(¢ [mV] * —28.2 —26.9 —24.5 —-20.2 | —=21.2
12 SD [mV] * 1.8 1.5 1.3 1.0 0.6
RSD [%] * 6.4 5.6 5.3 5.0 2.8
¢ [mV] * —27.8 —25.8 —23.7 —19.2 | —18.4
50 SD [mV] * 1.4 1.2 23 28 1.0
RSD [%] * 5.0 4.7 9.7 14.4 5.6
¢ [mV] B 281 | -266 |-237 |-—243 |-251
120 SD [mV] * 2.0 2.0 1.1 1.7 1.4
RSD [%] * 7.1 7.5 4.7 6.9 55
¢ [mV] * —27.9 —28.9 —23.2 —21.2 | =233
£f§z;‘t‘:§fgffj ﬁf; Sh;’j] 200 [SD[mV] |* 33 28 28 27| 26
RSD [%] * 11.8 9.9 11.9 127 | 111
¢ [mV] * —29.0 —28.1 —26.1 —25.1 | =245
280 SD [mV] * 11 11 1.6 13 1.6
RSD [%] * 3.6 3.8 6.0 5.1 6.5
¢ [mV] * —28.4 —29.8 —27.7 —31.7 | =309
360 SD [mV] * 2.7 1.1 3.0 2.3 1.2
RSD [%] * 9.5 3.6 10.8 7.3 39
¢ [mV] * —28.0 —29.2 —27.2 —30.4 | =315
440 SD [mV] * 1.3 1.3 1.3 1.2 13
RSD [%] * 48 44 49 4.0 4.0
¢ [mV] * —25.8 —25.7 —24.7 —22.5 | =222
PCaAP with latex beads SD [mV] * 2.2 1.7 1.5 13 1.3
RSD [%] * 8.5 6.5 59 6.0 6.0

Table 2. Zeta potential, (, standard deviation, SD, and relative standard deviation, RSD, of PCaAP for control
test and in the presence of LPS of different concentrations and in the presence of LPS coated on polystyrene
latex beads. *In these systems PCaAP is formed in very small amount making zeta potential measurement
impossible.

control test; Fig. 4b. However, with increase in pH zeta potential of PCaAP for this concentration of LPS becomes
more and more negative taking the smallest value equal to —31.5mV for pH equal to 9.5; Fig. 4b.

The situation is different when LPS coats polystyrene latex beads; Fig. 4c. Zeta potential of PCaAP in the pres-
ence of so prepared beads displays values very close to those in the case of control test. With increase in pH zeta
potential of PCaAP slightly increases (becomes less negative).

Zeta potential is a crucial indicator of the stability of the particle suspension. As a rule, suspensions of parti-
cles with ( satisfying the -30mV > >30mV condition are considered stable*"*2. This means that suspensions
of particles having C satisfying this condition are stable, whereas suspensions of particles with ( in the (—30 mV,
+30 mV) range tend to aggregate. Taking into account this criterion we may say that the suspension of PCaAP is
the most stable for low pH up to 7.5 for which zeta potential is close to =30 mV. With increase in pH, zeta poten-
tial of the suspension of PCaAP for control test (Fig. 4a), for the concentration of LPS equal to 12 pg/ml, 50 pg/
ml (Fig. 4a) and for the suspension of PCaAP in the presence of polystyrene latex beads (Fig. 4c), becomes less
negative. Therefore, the suspension of PCaAP becomes more unstable with respect to aggregate. This means that,
for these cases, PCaAP aggregates much more efficiently. In the case of higher concentrations of LPS equal to 360
pg/ml and 440 pg/ml (Fig. 4b) zeta potential of the suspension of PCaAP decreases (becomes more negative) with
increasing in pH. This means that for this case PCaAP does not tend to aggregate.

In conclusion, the results of zeta potential measurements indicate that the effect of LPS on PCaAP aggregation
depends on the LPS concentrations. The course of variation of the zeta potential in the presence of LPS with the
lowest tested concentrations equal to 12 pg/ml and 50 pg/ml is comparable with that in the presence of P. mirabi-
lis. This means that LPS at concentrations 12 pg/ml and 50 pug/ml enhances PCaAP aggregation. LPS with higher
concentrations (360 pg/ml and 440 pg/ml) does not show aggregation enhancing properties. On the contrary,
LPS with higher concentrations inhibits PCaAP aggregation. These results are consistent with our microscopic
observations (Fig. 2) and measurements of cross-sectional area of aggregates (Fig. 3).

Let us focus for a moment on the composition of artificial urine, which we use for our research. As mentioned
in Materials and Methods, we use modified urine without MgCl,-6H,O. Therefore, one could ask whether the
lack of MgCl,-6H,0 in artificial urine has an impact on the zeta potential and, consequently, on the aggregation
of PCaAP. Lack of MgCl,-6H,0 can affect the distribution of ions in artificial urine and its conductivity, and
conductivity affects the zeta potential®’. The conductivity of artificial urine for normal and modified composition
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Figure 5. Dependence of absorbance of artificial urine versus pH for concentration of LPS equal to (a) 50 ug/ml
and (b) 360 ug/ml. The graphs concern the formation of PCaAP. The gradual increase in absorbance is related

with the precipitation of PCaAP. Symbols 9, A and ' correspond to the aggregation process shown in Fig. 2
in rows a, d and h, respectively.

was studied in ref.'®. These studies show that the conductivity of artificial urine without MgCl,-6H,0 is slightly
lower compared to urine of normal composition. To be precise, the conductivity of urine without MgCl,-6H,0
in the pH range of 7 to 9.5 is lower than the conductivity of urine with normal composition by an average of 0.13
mS/cm, which is 0.68% of the average value of urine conductivity with a normal composition in this pH range.
Such small changes in conductivity should not affect the zeta potential and consequently PCaAP aggregation.
Therefore, our results of zeta potential measurements should be considered reliable and correct also in the case of
urine with normal composition.

Influence of LPS on the nucleation and growth of PCaAP.  The results presented above show that the
freely suspended LPS affects PCaAP aggregation. One may wonder whether the freely suspended LPS affects the
precipitation of PCaAP, i.e. the amount of PCaAP formed and the pH at which PCaAP begins to form. To analyze
this problem the spectrophotometric measurements were performed. In particular, the turbidity of artificial urine
with and without LPS as the absorbance of light of the defined wavelength (400 nm) was measured. Figure 5 pre-
sents our spectrophotometric results i.e. the absorbance as a function of pH for a control test (without P. mirabilis
and without LPS) and for two exemplary LPS concentrations (50 pg/ml and 360 pg/ml). The measuring points
shown in Fig. 5 come from one example series. This series is representative of all measured series. The nature of
the absorbance changes depending on the pH is the same for all series. The gradual increase in absorbance is due
to the formation of solid phase in the artificial urine, strictly speaking the PCaAP formation. On the basis of Fig. 5
one may notice that in the case of low LPS concentration equal to 50 pg/ml the increase in absorbance takes place
for the same pH as in the case of control test. Additionally, the maximum value of absorbance is the same as for
control test. This means that the precipitation of PCaAP in the presence of LPS of concentration equal to 50 pg/
ml proceeds in the same manner as for the control test. In other words, LPS freely suspended in the artificial urine
of concentration equal to 50 pg/ml does not influence on the precipitation process of PCaAP. The situation is a
little different in the case of LPS of concentration equal to 360 pg/ml. In this case, based on Fig. 5, one may notice
that the gradual increase in absorbance takes place for the same pH as in the case of control test. This means that
the presence of LPS in this concentration does not influence on the nucleation of PCaAP. However, beginning
form pH =7.2 the absorbance is slightly higher (Fig. 5) than in the case of control test. Additionally, the maxi-
mum value of absorbance is slightly higher compared to the control test. This means that in the presence of LPS
of concentration equal to 360 pg/ml the amount of formed PCaAP is a little greater (by 16%) than in the case of
control test. The similar tendency is observed also for the concentration equal to 440 pg/ml (data not shown in
Fig. 5). The higher the concentration of LPS, the more pronounced the described tendency is. This observation
can be explained in the same way as in ref.?’. In ref.?’ the problem of PCaAP aggregation in the presence of bac-
terial macromolecules with and without LPS is undertaken. In ref.?°, we showed an increase in the maximum
absorbance value in the presence of bacterial macromolecules with LPS.

In ref.?’ we suggest that LPS can serve as a matrix giving favorable sites for PCaAP nucleation and formation.
This suggestion results from the similarity to the case described in the literature***¢ and concerning the study of
polysaccharides as a matrix for precipitation of solid phases. The authors of articles**-*° indicate that polysaccharides
can play the role of nucleation sites and can mediate the development of these solid phases. This is due to the fact
that polysaccharides can lower the energy barrier for nucleation and thus accelerate nucleation****. Polysaccharides
are part of LPS, therefore we suggest that in the case observed in this study, LPS may act similarly to polysaccharides
and mediate the development of PCaAP and increase the maximum amount of PCaAP. The interaction between
LPS and precipitated PCaAP can take place by means of vander Waals forces or hydrogen bonds. This effect has been
described for polysaccharides*>*#8. We suggest that in the present study, the increase in maximum absorbance at
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elevated LPS concentrations can be explained in the same way. In the same manner we explain the increase in the
amount of PCaAP formed in the presence of bacterial macromolecules with LPS in ref.%.

Conclusions

From among many bacterial factors which may have an influence on the aggregation of PCaAP, in the present
study, an influence of LPS is investigated. The obtained results show that LPS has an impact on PCaAP aggrega-
tion. This effect depends on the concentration of LPS and on whether LPS is freely suspended in artificial urine or
coats latex beads that simulate the presence of bacteria. Freely suspended LPS of low concentrations (12 pg/ml, 50
pg/ml), enhances PCaAP aggregation. For such concentrations of LPS, the cross-sectional areas of PCaAP aggre-
gates are comparable to those in the presence of bacteria. The LPS concentrations of these orders are those found
during urinary tract infections with P. mirabilis. This result means that in the case of P. mirabilis infection LPS is
responsible for PCaAP aggregation. The presented investigations provide evidence that aggregation processes of
PCaAP are subject to biological regulations.

In the case of high concentrations of freely suspended LPS (360 pg/ml, 440 pg/ml), the formation of PCaAP
aggregates is inhibited. It should be noted, however, that such high concentrations do not occur during urinary
tract infections. The possible mechanism of inhibition of aggregation by high-concentration LPS may be as fol-
lows: LPS freely suspended in the artificial urine is in the form of long chains consisting of a lipid and a polysac-
charide and in such a form, LPS of higher concentrations, coats easily small deposits of PCaAP and does not allow
forming of large aggregates. The higher the concentration of LPS the more intensely LPS inhibits the aggregation
of PCaAP.

LPS which is coated on the polystyrene latex beads has no effect on PCaAP aggregation. In this case LPS
adheres to the surface of these beads and does not pass to the solution of artificial urine. In other words, only LPS
freely suspended in artificial urine affects the PCaAP aggregation.

In summary, it was found that the LPS is involved in the aggregation of PCaAP during infectious urinary
stones formation and this effect depends on its concentration in urine. Aggregation of solid phases is a very
important step in the formation of urinary stones because resulting agglomerates can easily stop in the urinary
tract and continue to grow to form stone. To date, there is little information on the aggregation mechanism and
factors responsible for this process in the context of formation of infectious urinary stones. Knowledge on this
subject may have a practical application in the treatment or prevention of the urolithiasis by seeking aggregation
inhibitors. This approach has already found its application. For example, the study of aggregation mechanisms
contributed to finding a substance that inhibits the aggregation of calcium oxalate crystals®.
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