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Introduction: Crystalluria is thought to be associated with kidney stone formation and can occur when

urine becomes supersaturated with calcium, oxalate, and phosphate. The principal method used to

identify urinary crystals is microscopy, with or without a polarized light source. This method can detect

crystals above 1 mm in diameter (microcrystals). However, analyses of calcium oxalate kidney stones have

indicated that crystallite components in these calculi are 50–100 nm in diameter. Recent studies have

suggested that nanocrystals (<200 nm) elicit more injury to renal cells compared to microcrystals. The

purpose of this study was to determine whether (i) urinary nanocrystals can be detected and quantified by

nanoparticle tracking analysis (NTA, a high-resolution imaging technology), (ii) early-void urine samples

from healthy subjects contain calcium nanocrystals, and (iii) a dietary oxalate load increases urinary

nanocrystal formation.

Methods: Healthy subjects consumed a controlled low-oxalate diet for 3 days before a dietary oxalate

load. Urinary crystals were isolated by centrifugation and assessed using NTA before and 5 hours after the

oxalate load. The morphology and chemical composition of crystals was assessed using electron micro-

scopy, Fourier-transform infrared spectroscopy (FTIR), and ion chromatography-mass spectrometry (IC–

MS).

Results: Urinary calcium oxalate nanocrystals were detected in pre-load samples and increased sub-

stantially following the oxalate load.

Conclusion: These findings indicate that NTA can quantify urinary nanocrystals and that meals rich in

oxalate can promote nanocrystalluria. NTA should provide valuable insight about the role of nanocrystals

in kidney stone formation.
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U
rine can be supersaturated with minerals such as
calcium, oxalate, and phosphate that are derived

from dietary sources or endogenous metabolism.1–3 The
interaction and binding of these minerals with each
other can result in the formation of urinary crystals.
Several lines of evidence have established that the
majority of calcium oxalate (CaOx) kidney stones form
when CaOx crystals deposit on Randall’s plaques or
plugs of ducts of Bellini.4–6 Crystallites appear to be the
building blocks of such stones and are sub-micron in
size (50–100 nm in diameter), as characterized by
atomic force microscopy, electron microscopy, and
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X-ray diffraction.7,8 Conventional methods currently
available to detect and characterize crystals that are
excreted in urine include polarized light microscopy,
scanning electron microscopy, urine filtration, evapora-
tion, and centrifugation.9–15 Several research groups
have suggested that the degree of crystalluria is posi-
tively correlated with kidney stone risk in stone for-
mers9,13 and individuals with metabolic disorders.16

Recently, Daudon et al. proposed that crystalluria pre-
dicts kidney stone recurrence and could potentially be
useful in assessing responses to preventive therapy.17

We have previously shown that dietary oxalate loads
substantially increase plasma oxalate and urinary oxa-
late excretion in normal subjects and stone formers.18,19

Whether crystalluria accompanies these surges in oxa-
late excretion was not established.

Increased urine supersaturation with stone-forming
components is thought to augment crystal binding to
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https://doi.org/10.1016/j.ekir.2020.04.029
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:taneciamitchell@uabmc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2020.04.029&domain=pdf


P Kumar et al.: Diet Induces Crystalluria in Humans CLINICAL RESEARCH
the nidus of a stone and promote stone growth.20–22

Both CaOx (monohydrate and dihydrate) and brushite
crystals in stones have been identified to be 60–100 nm
in size using powder X-ray diffraction; however, hy-
droxyapatite crystals appear to be significantly smaller
(15 nm).20 It has also been reported in a separate study,
using atomic force microscopy, that these small parti-
cles are between 50 and 280 nm.23 The presence of such
crystals could be a potential source of epithelial cell
inflammation.24 Recently, it was reported that nano-
crystals cause more organelle injury and apoptosis to
cultured renal cells than crystals larger than 1 mm, and
their effects can vary based on crystal shape and size.25

These findings suggest that nanocrystals may play an
important role in stone growth and cause cellular
injury and oxidative stress, which may further drive
stone formation.26 Thus, the ability to accurately
identify and quantify nanocrystals could help further
define important events in kidney stone formation.

Currently, there are no well-established methods
that can measure both the size and numbers of uri-
nary nanocrystals. Previous investigations have used
a range of instruments including a nanoscale flow
cytometer, a Zetasizer Nano-ZS with an X-ray
diffractometer, and fluorescently labeled bisphosph-
onate probes to evaluate urinary nanocrystals.27,28

Limitations of these approaches include the
inability to quantify the number of nanocrystals
present, the use of nonspecific fluorescent probes,
and the need for extensive sample preparation. The
purpose of this study was to determine whether (i)
urinary nanocrystals can be detected and quantified
by NTA (a high-resolution imaging technology), (ii)
early void urine samples contain calcium nano-
crystals, and (iii) a dietary oxalate load increases
urinary nanocrystal formation in healthy subjects.
NTA measures nanoparticles in solution based on
Brownian motion using a laser.29 NTA has been used
in a number of studies to assess particle size and
enumerate nanoparticles, such as exosomes, lipo-
somes, microspheres, and vesicles in a variety of
biological samples including blood, breast milk, and
urine.30–33 Additionally, implementation of fluores-
cent filters, fluorescent dyes, and antibodies can
enhance the specificity of NTA.34 Fluo-4 is a fluo-
rescent dye that has been used previously to detect
calcium-containing particles in human synovial fluid
using flow cytometry and fluorescent microscopy.35

We therefore assessed whether fluorescent calcium-
binding dyes could also be used to assess urinary
nanocrystals by NTA. Our findings show that both
micro- and nano-sized urinary crystals can be
detected before and following a single dietary oxalate
load. As NTA can efficiently and specifically detect
Kidney International Reports (2020) 5, 1040–1051
calcium-containing nanocrystals in human urine, it
should be a useful tool for increasing our under-
standing of kidney stone formation and growth.

METHODS

Reagents

CaOx monohydrate crystals were synthesized by
adding sodium oxalate (1 mM) to CaCl2 (10 mM) in
HEPES/NaCl solution.36 The mixture was vortexed
for 1 minute and allowed to stand undisturbed for 72
hours. Subsequently, the liquid layer was removed
without disturbing the crystal layer. CaOx crystals
were collected and underwent a series of centrifu-
gations to remove all liquid. Lastly, the pellet was air
dried inside the hood for 2 days prior to weighing
and visualizing under a polarized light microscope.
The concentration of oxalate in the crystals was
determined using IC–MS.37 Calcium phosphate (CaP;
hydroxyapatite) crystals, Calcium green (hex-
apotassium salt), Fluo-4 pentapotassium salt (Fluo-4),
and gold nanoparticles were all purchased from
Millipore Sigma (St. Louis, MO). Fluo-4 AM and
Calcein Ultragreen AM were purchased from AAT
Bioquest (Sunnyvale, CA).

Clinical Protocol and Urine Collection

This research was approved by the University of Ala-
bama at Birmingham (UAB) Institutional Review Board
and was in accordance with the Helsinki declaration.
Additionally, this work is registered under
clinicaltrials.gov (identifier: NCT03877276). Written
informed consent was obtained from all participants.
Healthy adults who do not form kidney stones (n ¼ 14,
age 34.5 � 9.8 years, BMI 25.2 � 3.8 kg/m2, and 50%
women) were recruited from the Birmingham, AL area.
Diets were prepared by the CCTS Clinical Research Unit
and were controlled in protein, carbohydrate, calcium,
oxalate, and other nutrients.18 Diets contained 50 mg
oxalate and 1000 mg calcium/2000 kcal per day. Par-
ticipants consumed this low-oxalate diet for 3 days
prior to fasting overnight. The following morning,
participants were asked to void after waking up and
consume 4 cups of water. After arriving at the clinical
research unit, they provided a fasted urine sample (pre-
oxalate; 2 hours after first void) that was kept at room
temperature (RT) and processed within 5 minutes of
collection. Next, they consumed breakfast and an 8-
mmol oxalate load containing 68 mg of calcium (i.e.,
blended smoothie containing spinach, banana, orange
juice, and avocado). After consuming the oxalate load,
participants collected their urine over 5 hours (post-
oxalate sample) at RT. Participants did not consume
any other food and only consumed bottled water
throughout this time. All urine samples were
1041
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Figure 1. Flow diagram of experimental protocol to assess urinary nanocrystals. Pre-oxalate and post-oxalate urine samples were centrifuged,
collected, and acidified or non-acidified for future analysis. Pellets were washed with ethanol and centrifuged prior to being either dried and
acidified (crystalline fraction) or re-suspended in ethanol (nanocrystals). EtOH, absolute ethanol; HCl, hydrochloric acid; RT, room temperature.

CLINICAL RESEARCH P Kumar et al.: Diet Induces Crystalluria in Humans
maintained at RT and processed within 5 minutes of
collection as described below.
Urine Processing

Urine pH, volume, and osmolality (Wescor Vapro Va-
por Pressure Osmometer, Logan, UT) were measured
prior to processing urine as shown in Step 1 of
Figure 1. Following centrifugation (4000 RPM for 10
minutes at RT), aliquots of urine were acidified with 2N
hydrochloric acid or not acidified (steps 2–4, Figure 1).
Acidified urine samples were used to measure calcium,
phosphate, and oxalate. Non-acidified urine was used
to measure creatinine. Urine calcium, phosphate, and
creatinine were assessed using an EasyRA chemical
analyzer. IC–MS was performed to measure oxalate
levels as previously described.37,38 Pellets harvested
from urine following centrifugation were washed with
absolute ethanol and centrifuged (4000 RPM for 10
minutes at RT) twice to remove traces of urine and
cellular debris (Step 5, Figure 1). Pellets were either
resuspended in absolute ethanol prior to NTA; Step 6)
or dried with argon gas and resuspended in 0.5 M HCl
1042
before determining oxalate, calcium, and phosphate
concentrations (steps 7–9, Figure 1).
Nanoparticle Tracking Analysis

The NanoSight NS300 Instrument (Malvern In-
struments, Malvern, UK), equipped with a 500 long
pass Chroma Emission fluorescence filter and a 488-nm
laser, was used to measure the concentration and size of
urinary nanocrystals of less than 1 micron. The
NanoSight platform was cleaned with air and water to
ensure no residue was present and to remove any po-
tential air bubbles prior to analyzing samples. Gold
nanoparticles (100 nm in diameter, Millipore Sigma, St.
Louis, MO) were diluted in water (1:1000) and included
as a control to optimize and evaluate instrument set-
tings and performance. CaOx and CaP crystals (Milli-
pore Sigma, St. Louis, MO) were also used as controls to
adjust the focus and camera settings.

CaOx and CaP crystals were diluted in water (50 mM,
equivalent to 7.3 mg/ml and 25.2 mg/ml, respectively)
and incubated with either Calcium Green, Fluo-4, Fluo-
4 AM, or Calcein Ultragreen AM fluorescent dyes
Kidney International Reports (2020) 5, 1040–1051



Table 1. Urine chemistries of study participants
Pre-oxalate Post-oxalate

Volume (ml) 79.8 � 8.7 907.9 � 147.9

pH 6.3 � 0.1 7.1 � 0.1

Osmolality (mOSM/kg) 419.4 � 71.1 286.3 � 58.8

Creatinine (g) 0.08 � 0.02 0.24 � 0.04

Oxalate (mg) 5.05 � 2.6 33.3 � 4.9

Calcium (mg) 4.4 � 1.5 13.5 � 3.6

Phosphate (mg) 18.9 � 7.5 41.8 � 8.0

Oxalate/creatinine (mg/g) 19.6 � 3.1 117.6 � 18.9

Data are presented as mean � SEM.
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(10 mM) for 30 minutes at RT. Calcium green and Fluo-4
are fluorescent calcium-binding dyes that are cell per-
meant and membrane impermeant, respectively. Fluo-4
AM is a cell-permeant calcium-binding fluorescent dye
with an acetomethyl group that masks negatively
charged carboxylic groups and has high chemical sta-
bility. Calcein Ultragreen AM is a cell viability marker
that has properties similar to those of Fluo-4 AM.
Samples were subsequently analyzed on the NanoSight
to detect particles. Pre-oxalate and post-oxalate urine
samples were resuspended in MilliQ water (1:10) prior
to being stained with Fluo-4 AM (10 mM) for 30 mi-
nutes and analyzed on the NanoSight machine. All
samples were recorded for 5 captures per sample and
collected for 60 seconds using a camera level of 12.
Images and videos were recorded and saved for each
measurement. The flow of samples was continuously
monitored to ensure the platform was not clogged.
Three replicates were analyzed to ensure method and
data rigor and reproducibility.

Confocal, Polarized Light, and Electron

Microscopy

Microscopy was used to assess crystal morphology. All
samples (CaOx and CaP crystals; pre- and post-oxalate
load samples) were plated in 8-well chamber slides in
Milli-Q water prior to being treated with Fluo-4 AM
dye (10 mM; 30 minutes) to image crystals. Z-stack
images were collected using a Zeiss LSM 710 spectral
confocal laser scanning microscope (Carl Zeiss Micro-
scopy, GmbH, Jena, Germany) and analyzed using Zen
2.3 Lite software (Carl Zeiss AG, Oberkochem, Ger-
many). In additional experiments, polarized light mi-
croscopy was used to identify birefringent crystals.
Samples (50 ml) were placed on glass microscope slides
and covered with coverslips and viewed under polar-
ized light using an Olympus BX51 microscope with
QIMAGINE RETIGA camera. Images were captured
using Bioquant Imagine Analysis software (Nashville,
TN). Crystalluria was further assessed using electron
microscopy.39 Samples (3 ml) were applied to glow-
discharged 400-mesh, carbon-only copper grids (Elec-
tron Microscopy Sciences, Hatfield, PA) and allowed to
air dry. The unstained grids were imaged on a FEI
Tecnai F20 electron microscope (Eindhoven,
Netherlands) operated at 200 kV with nominal magni-
fications between 10,600� and 15,200�. Images were
collected on a Gatan K2 direct electron detector.

Nanocrystal FTIR Analysis

FTIR was used to confirm composites (i.e., calcium,
oxalate, and phosphate) in CaOx and CaP crystals and
human urinary crystal samples. Background correction
was applied before sample analysis. A small volume of
Kidney International Reports (2020) 5, 1040–1051
concentrated sample (10 ml) was placed on the diamond
window of the FTIR spectrometer (Thermo Scientific
Instruments, Waltham, MA) sensor to collect the
spectrum under attenuated total reflectance mode.
Spectra were collected on 64 scans per sample in the
range of 400–4000 cm–1.

Nanocrystal Analytic Methods

The amount of calcium and phosphate present in uri-
nary nanocrystals was determined by IC with sup-
pressed conductivity detection (Thermo Fisher
Scientific Inc., Waltham, MA). Phosphate was
measured using an AS11-HC-4 mm, 2 � 250 mm, anion
exchange hydroxide, as previously described.38 Cal-
cium was measured using a CS16-Fast-4 mm, 2 � 150
mm, cation exchange column operated at 0.16 ml/min,
at 40 �C, with 30-mM methanesulfonic acid as the
mobile phase.

Statistical Analysis

GraphPad Prism (version 7; La Jolla, CA) software was
used for statistical analyses. All data are presented as
mean � SE. Differences in pre-oxalate and post-oxalate
samples were determined using a 2-tailed Student’s t
test. A P value <0.05 was considered statistically
significant.

RESULTS

The Effect of a Dietary Oxalate Load on Urine

Chemistries and Crystalluria

Urine was collected to evaluate urine chemistries before
and after a dietary oxalate load (Table 1). Urine volume,
pH, creatinine, oxalate, calcium, and phosphate levels
were all elevated following the oxalate load compared
to pre-oxalate samples. As expected, osmolality was
decreased following the oxalate load (Table 1). The
amount of oxalate in post-oxalate samples was 6-fold
higher than pre-oxalate samples (19.6 � 3.1 mg/g
creatinine pre-oxalate vs. 117.6 � 18.9 mg/g creatinine
post-oxalate; Table 1). These values are consistent with
our previous studies assessing urinary oxalate levels
following a load.18,19 To identify whether crystals
1043



Figure 2. Urinary oxalate levels in healthy subjects following a dietary oxalate load. Ion chromatography–mass spectometry was used to assess
(a) soluble and (b) crystalline oxalate levels in healthy subjects on a controlled diet before (pre-oxalate sample) and following an oxalate load
(post-oxalate sample). *P < 0.05.
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formed with an oxalate load, urinary oxalate levels
(soluble and crystalline) were assessed using IC–MS. As
shown in Figure 2a, soluble urinary oxalate levels were
significantly increased following the oxalate load
compared to pre-oxalate samples. This elevation in
oxalate was also observed in crystalline fractions of the
samples (Figure 2b).

NTA Detects CaOx and Calcium Phosphate

(CaP) Crystals

Urinary nanocrystals were evaluated using NTA after
determining that crystalline oxalate levels were
elevated following an oxalate load. Fluorescent-labelled
dyes that bind to calcium (Fluo-4, Calcium green, and
Fluo-4 AM [Fluo-4 hydrophobic acetomethoxyl]) or
detect cell viability (Calcein Ultragreen AM) were
evaluated for their ability to enhance the detection of
calcium-containing crystals by NTA. Fluo-4 AM was
the only dye that could detect CaOx crystals (50 mM,
Supplementary Figure S1A). The inability of the other
dyes to stain nanocrystals could be a result of their
negative charge. Based on a dose response curve using
a fluorescence plate reader, a concentration of 10-mM
Fluo-4 AM produced an adequate signal-to-noise ratio
(Supplementary Figure S1B). CaOx crystals were also
evaluated using both fluorescence and non-
fluorescence scattered light filters for NTA
(Supplementary Figure S1C). The use of a fluorescence
filter detected CaOx crystals in post-oxalate samples
labelled with Fluo-4AM and increased specificity
compared to samples detected by scattered light only.
To determine whether NTA could correctly assess
known concentrations of crystals, a standard curve of
Fluo-4 AM–labelled CaOx crystals was generated
(Supplementary Figure S2). The number of particles
detected correlated with the concentration of known
amounts of CaOx crystals (R2 ¼ 0.94). As shown in
Figure 3a, the size of CaOx crystals (50 mM) labelled
with Fluo-4 AM ranged from 75 to 300 nm (mean, 206.5
� 18.2 nm). Labelled CaP crystals (50 mM) ranged from
1044
90 to 390 nm in size (Figure 3b). Confocal microscopy
showed that CaOx crystals were more aggregated and
had an increased fluorescence signal compared to CaP
crystals (Figure 3c; black arrows denote crystals).

NTA Detects Urinary Nanocrystals in a

Reproducible Manner

After confirming the feasibility of NTA to assess CaOx
and CaP crystals, we tested whether urinary crystals
could be detected by NTA. Pre-oxalate samples had
crystals ranging between 75 and 300 nm in size (mean
concentration, 7Eþ07 � 2.3Eþ07 particles/ml;
Figure 4a and Table 2), whereas post-oxalate samples
were more dispersed and ranged from 100 to 400 nm in
size (mean concentration, 4Eþ08 � 1.2Eþ08 particles/
ml; Figure 4a and Table 2). Notably, all pre-oxalate
samples had some nanocrystals. We also detected an
increased number of crystals in post-oxalate samples
compared to pre-oxalate samples (black arrows denote
crystals), which is compatible with the increased oxa-
late noted in Table 1 and confocal microscopy
(Figure 4b). Pre-oxalate and post-oxalate samples were
measured in triplicate and showed reproducibility in
both size and concentration (20.3% � 6.9% coefficient
of variance; Supplementary Figure S3A and B). In
additional experiments, we tested whether urine sam-
ples stored at RT or 37 �C for 2 hours had any differ-
ence in signal with the NanoSight. We found that there
was no change in crystal concentration, although small
changes in crystal aggregation may have occurred as
evidenced by the additional peaks (Supplementary
Figure S4).

Crystalline Oxalate Correlates With Nano- and

Micro-Crystals in Post–Oxalate Load Urine

As shown in Figure 2b, crystalline urinary oxalate
levels were significantly elevated following an oxalate
load compared to pre-oxalate samples. The percentage
of oxalate in nanocrystals was higher in post-oxalate
samples versus pre-oxalate samples (0.25% � 0.07%
Kidney International Reports (2020) 5, 1040–1051



Figure 3. The detection of calcium oxalate (CaOx) and calcium phosphate (CaP) crystals using nanoparticle tracking analysis and confocal
microscopy. Representative size distribution of (a) CaOx and (b) CaP crystals (50 mM) labelled with Fluo-4 AM (calcium probe) using nano-
particle tracking analysis. (c) Representative confocal microscopy images of CaOx and CaP crystals labelled with Fluo-4 AM (black arrows
denote crystals; bars ¼ 20 mm).
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pre-oxalate vs. 0.60% � 0.36% post-oxalate). These
values are only a small fraction of the total oxalate
determined. The total number of nanocrystals detected
by NTA positively correlated with crystalline oxalate
levels (R2 ¼ 0.75) in post-oxalate urine samples
(Figure 5). We did not see any direct correlation be-
tween nanocrystals and oxalate concentrations in
urine.

Confirmation of Urinary Crystals Using

Microscopy

Polarized light and electron microscopy were used to
further assess urinary crystals. As mentioned above,
polarized light microscopy is commonly used to detect
CaOx crystals in urine samples. Both pre-oxalate and
post-oxalate samples contained crystals that were
birefringent (Figure 6a). Larger birefringent crystals
were present in post-oxalate samples (w10–15 mm)
compared to pre-oxalate samples (w2–8 mm). The
Kidney International Reports (2020) 5, 1040–1051
ability to visualize nanocrystals using polarized light
microscopy was not possible as this method can only
visualize micro-sized crystals. We used electron mi-
croscopy to evaluate whether nanocrystals existed in
both pre-oxalate and post-oxalate samples (Figure 6b).
Few nanocrystals were detected in pre-oxalate samples
(<200 nm). In contrast, post-oxalate samples contained
more nanocrystals that were cylindrical, aggregated,
larger in size (>200 nm), and had a morphology similar
to CaOx crystals.

Urinary Nanocrystal Composition Using FTIR

and IC Analysis

Calcium can bind to oxalate and phosphate or be found
in cellular debris. FTIR analysis was used to confirm
the presence of oxalate and phosphate in urine crys-
talline samples. The FTIR spectrum of CaOx and CaP
crystals showed characteristic absorption bands for
oxalate at 1610 cm–1, 1319 cm–1, 780 cm–1, and for
1045



Figure 4. The detection of urinary crystals in a healthy subject on a controlled diet using nanoparticle tracking analysis and confocal mi-
croscopy. (a) Representative size distribution of urinary nanocrystals labelled with Fluo-4 AM in a healthy subject on a controlled diet before
(pre-oxalate sample) and following an oxalate load (post-oxalate sample). (b) Representative confocal microscopy images of pre-oxalate and
post-oxalate samples (black arrows denote crystals; bars ¼ 20 mm).

Table 2. Oxalate, calcium, and phosphate levels in ethanol-washed
urine pellets

Pre-oxalate Post-oxalate

Nanocrystals (particles/ml) 7Eþ07 � 2.3Eþ07 4Eþ08 � 1.2Eþ08

Oxalate (mg) 0.08 � 0.02 0.26 � 0.08

Calcium (mg) 1.4 � 0.4 2.2 � 0.8

Phosphate (mg) 320.5 � 115.6 323.8 � 100.5

Data are presented as mean � SEM.
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phosphate at 660 cm–1 and 561 cm–1 (Figure 7a). Pre-
oxalate and post-oxalate load urine samples had
similar absorption bands for oxalate and phosphate as
CaOx and CaP crystals (Figure 7b). Calcium, oxalate,
and phosphate levels were further quantified in
ethanol-washed urinary pellets using IC and IC/MS.
Both calcium and phosphate did not differ between
pre-oxalate and post-oxalate samples (Table 2). The
detection of calcium in the pre-oxalate load sample
supports the presence of CaOx and CaP crystals. The
increase in oxalate in the post-oxalate load samples is
consistent with the increased number of CaOx crystals
post-load (Table 2).

DISCUSSION

Although crystals are the building blocks of all stones,
the role of urinary crystals in stone formation is not
clear. It has been suggested that consuming meals rich
in oxalate can result in crystalluria.40 Increased urinary
oxalate excretion can also increase stone risk by
inducing renal tubule damage and disrupting protec-
tive urinary macromolecules.1,41,42 We and others have
1046
shown that urinary crystals can impact cellular path-
ways in cultured renal cells and circulating immune
cells.43–49 Conventional methods that have been used to
detect urinary microcrystals include polarized light
microscopy, scanning electron microscopy, X-ray
diffraction, particle counting, urine filtration, evapo-
ration, and centrifugation,9–14 but none of these have
been used to quantify nanocrystals. Crystal size may
also be an important factor in cell injury, as recent
studies have shown that CaOx nanocrystals cause more
cytotoxic effects than microcrystals on renal epithelial
cells.25 Furthermore, nano-scaled crystallites isolated
from CaOx stone formers have been shown to more
Kidney International Reports (2020) 5, 1040–1051



Figure 5. The relationship between urinary crystalline oxalate levels
and the total number of post-oxalate urinary nanoparticles in healthy
subjects on controlled diets. Correlation of the total number of uri-
nary nanocrystals versus crystalline oxalate levels in post-oxalate
samples from healthy subjects.
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easily aggregate and agglomerate.27 Thus, the ability to
accurately detect nanocrystals in the urine could be a
useful tool for identifying factors associated with
crystal agglomeration and crystal toxicity, and for
understanding and managing kidney stone disease.

Few studies have detected nanocrystals in the urine
using a nanoparticle analyzer and nano-flow cytome-
ter.14,27,28 These methods required labeling crystals
with fluorescent probes and dyes for visualization
under the microscope or flow cytometry.28,50 Their
findings suggested nanocrystals could be important to
understand stone pathogenesis. Limitations to this
approach include lack of specificity of calcium or
magnesium, instrument costs, and the need for high-
level technical expertise.

We developed a sensitive method to evaluate uri-
nary nanocrystals using a fluorescent dye and NTA.
We further show urinary nanocrystals are observed in
fasted healthy subjects on controlled diets (pre-oxalate
samples) and that the number of urinary calcium oxa-
late crystals is increased following a dietary oxalate
load. NTA using NanoSight technology has previously
been used to detect nanoparticles in biological sam-
ples.30,32,51 Fluo-4 is a calcium-binding probe that was
developed to detect free calcium in biological systems
and has high fluorescence upon binding to calcium.35,52

It has been used to visualize calcium-containing mi-
crocrystals (calcium pyrophosphate dihydrate, basic
CaP, hydroxyapatite, and CaOx) in synovial fluid from
patients with arthritis using microscopy and flow
cytometry,35 and to calcify nanoparticles in feline
urine.51 In our hands, crystals labelled with Fluo-4,
Calcium green, or Calcein Ultragreen AM did not
effectively detect nanocrystals using NTA. However,
we were able to detect crystals using Fluo-4 AM, a
membrane-permeable form of Fluo-4. The ability of this
dye to specifically label nanocrystals could be due to its
physical properties (e.g., charge). The inactivity of
Calcein Ultragreen AM suggests that several factors
Kidney International Reports (2020) 5, 1040–1051
may be involved in producing the fluorescence asso-
ciated with Fluo-4 AM binding. We also evaluated
samples by light scattering without fluorescence la-
beling, and these results indicated that Fluo-4 AM
yielded more-specific results than light scattering
alone. We established that NTA can accurately and
efficiently measure the size and concentration of
nanocrystals in a dose-dependent and reproducible
manner.

Urinary nanocrystals were also present in all pre-
oxalate samples, and this could be due to urine su-
persaturation occurring in early-morning voided
urine53,54 or the possibility of crystals remaining in the
bladder following the first void of the day. There were
more urinary crystals and greater crystal aggregation
following the oxalate load compared to pre-oxalate
samples. The nanocrystals observed (i.e., 100–300 nm)
were consistent with another study that reported uri-
nary crystallites from healthy subjects ranging from
100 to 350 nm in size.55 A large proportion of crystals
we observed were larger than urinary exosomes, which
range from 20 to 100 nm.56,57 To ensure optimal mea-
surements, we used a consistent camera level, detection
threshold, focus, and flow rate, as each of these pa-
rameters could affect particle assessment.58–60 In
particular, we used a flow rate of 20 ml/min. It has been
shown previously that flow rate (i.e., >50 ml/min
or <20 ml/min) can affect the detection of particles.61

The coefficients of variance of our size estimates of
crystals in urinary samples were consistent with the
4% coefficient of variance determined for the size of
standard nanoparticles reported in another interlabor-
atory study.58

To extend our knowledge of the particles we
detected by NTA, we implemented confocal imaging,
polarized light microscopy, electron microscopy, and
FTIR analyses. Confocal microscopy revealed green
fluorescence labelling of micron-sized crystals and was
consistent with another study reporting crystals in
synovial fluid.35 These crystals were also birefringent
under polarized light. Due to the limit of detection of
confocal and polarized light microscopy, urinary
nanocrystals were visualized using electron micro-
scopy. The crystal size and morphology (e.g., cylin-
drical, spindle, and envelope) were similar to those in
other reports characterizing CaOx monohydrate crys-
tals with scanning electron microcopy.62,63 Notably,
there were few dispersed nanocrystals in the pre-
oxalate samples; there were more aggregated crystals
in post-oxalate load samples. In a separate experiment,
we found that the amount of crystals present in pre-
oxalate samples was lower than in urine samples from
healthy subjects not on a low-oxalate diet. We also
observed some cellular debris in the samples,
1047



Figure 6. The detection of urinary crystals in pre-oxalate and post-oxalate samples using polarized light microscopy and electron microscopy.
(a) Representative polarized light microscopy of pre-oxalate and post-oxalate samples (original magnification �10 and �20; bar ¼ 20 mm).
(b) Representative electron microscopy of pre-oxalate and post-oxalate samples (bars ¼ 200 nm).
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suggesting that other proteins, nucleic acids, or mem-
branous material may be present. Additionally, w70%
of study participants had an increase in both urinary
micro-sized and nano-sized crystals following the load.

As both CaOx and CaP can become supersaturated in
urine,41 oxalate and phosphate concentrations were
evaluated in this study. FTIR analysis indicated that
crystals were indeed comprised of both oxalate and
phosphate, and these findings were consistent with a
study examining oxalate and phosphate using FTIR in
CaOx, CaP, and mixed stones from humans.64 However,
IC analysis showed that the phosphate concentration
was much higher than that of calcium or oxalate, and
was not significantly different before versus after the
oxalate load. The amount of phosphate present in these
samples could be due to DNA, phospholipids, or
phosphoproteins in cellular debris. Collectively, these
findings indicate that NTA can successfully measure
both CaOx and CaP urinary nanocrystals less than 1
micron in size, but it cannot discriminate between
them.

Some advantages of using NTA include the ability to
quantify particles with and without fluorescence
labelling. The potential of NTA to assess urinary CaOx
and CaP nanocrystals could be useful to better under-
stand the significance of crystalluria. It provides a
1048
platform to comprehensively determine the size and
number of crystals present in urine and could help
define the pathophysiology of kidney stone formation.
It also may have clinical utility as it could define kid-
ney stone risk and response to preventive therapy or
may have relevance in other medical conditions where
crystals are involved. For example, it may be useful in
chronic kidney disease, as oxalate excretion has been
shown to correlate with chronic kidney disease pro-
gression.65 Strengths of this method include minimal
variability amongst (i) samples on a day-to-day basis
and (ii) the size of urinary nanocrystals and CaOx
crystals. Some limitations of the study include (i) the
inability to distinguish between CaOx monohydrate,
CaOx dihydrate crystals, CaP crystals, and other po-
tential crystals; (ii) nonassessment of nanocrystal
morphology; and (iii) the inability to determine where
crystals form in the urinary tract. Based on our data, it
appears nanocrystals may be forming in the renal tu-
bules rather than the bladder, based on diuresis in
post-oxalate load samples. Additional studies using
experimental models are required to confirm such
hypotheses.

Overall, the current study demonstrates that NTA
can quantify urinary nanocrystals, including those
generated after a dietary oxalate load. The findings
Kidney International Reports (2020) 5, 1040–1051



Figure 7. Characterization of crystals using Fourier transform infrared spectroscopy analysis. Representative % transmittance of (a) calcium
oxalate (CaOx) and calcium phosphate (CaP) crystals and (b) pre-oxalate and post-oxalate urinary crystals.
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from this study provide some insight regarding the role
of nanocrystals in crystallite and kidney stone forma-
tion. Additional questions that arise from this study
include: Is there a difference in the concentration and
size of nanocrystals in stone formers compared to non–
stone formers? Why and how does Fluo-4 AM bind
specifically to urinary CaOx crystals? Are there crystal
nucleation sites within the nephron on the cell surface,
and if so, what is the condition of the fluid phase?
What are the effects of these nanocrystals on kidney
function and the immune system? We plan to explore
these queries in the future using animal studies and
translational studies in humans.
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