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Abstract. Medical literature indicates clearly that cystinuria and cystinosis, two severe genetic
pathologies, are related to the presence of abnormal L-cystine deposits. While L-cystine adopts a
hexagonal crystal morphology consistent with its crystallographic structure (hexagonal, P6122 space
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group), abnormal deposits related to cystinosis display a rectangular shape. Because this is unex-
pected from the hexagonal crystallographic structure of L-cystine, we have investigated this incon-
sistency using SEM (scanning electron microscopy) and IR (infrared) spectroscopy at micrometre and
nanometre scales. Our data clearly indicate the presence of both L-cysteine and L-cystine. Consider-
ing that L-cysteine crystals display a rectangular shape, and that a transition phase between L-cysteine
and L-cystine is well known, we propose the following model for deposit evolution in cystinosis. The
initial abnormal deposit consists of L-cysteine, with a rectangular crystal morphology. The microme-
tre scale rectangular crystallite shape is retained after the phase transition equilibrium between L-
cysteine and L-cystine is established, with some crystalline L-cysteine still remaining.

Keywords. Cystinuria, Cystinosis, FTIR, SEM, AFM-IR, OPTIR.
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1. Introduction

Several genetic pathologies lead to the formation of
abnormal deposits in the human body [1-4]. Some
induce kidney stone formation and/or crystalline
nephropathy [5,6] such as primary hyperoxaluria [7—
10], adenine phosphoribosyltransferase defi-
ciency [11-15] or distal renal tubular acidosis [16]. In
the case of cystinuria and cystinosis, a precise deter-
mination of the chemical composition of the abnor-
mal deposits can be a considerable aid to diagnosis.

Cystinuria is an autosomal recessive disorder aris-
ing from a mutation in renal epithelial cell trans-
porters [17-21], which induces a significant reduc-
tion in dibasic amino acids and L-cystine (cystine—
CsH12N204S;) reabsorption by the proximal tubule.
The poor solubility of cystine in urine leads to a high
risk of cystine precipitation and the formation of cys-
tine crystallites (Figure 1a), and eventually of kidney
stones (Figure 1b) [22-25].

Cystinosis [26] is a rare autosomal recessive lyso-
somal storage disorder, the treatment of which has
advanced in recent years [27]. In cystinosis patients,
cystine accumulates in the lysosomes of cells [28].
The presence of cystine has been reported in many
organs and tissues namely kidneys, eyes, muscles,
thyroid and pancreas [29]. A small number of publi-
cations have reported physicochemical investigation
of abnormal deposits in these tissues. Frazier and
Wong [30] have characterised the rectangular extra-
cellular crystalline forms observed in ocular tissue in
two childhood and two adult cases by X-ray diffrac-
tion (XRD), leading to the identification of cystine
crystals. More recently, Centeno et al. [31] have con-
firmed this chemical composition based on Raman
spectroscopy analysis of abnormal deposits present
in liver and spleen. Note that various extracellular
matrices and proteins may affect the initial crystal
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structure.

Based on our previous investigation on kidney
stones composed of cystine [24], such results are
quite surprising. The crystallographic structure of
cystine reported by Dahaoui et al. [32], displays the
space group P6,22, predicting that cystine crystal-
lites should exhibit hexagonal morphology in kidney
stones; however in cystinosis cases cystine crystal-
lites with a rectangular morphology are observed.

This unusual cystine crystal habit in cystinosis
pathology requires investigation using a panel of
physicochemical analytical tools able to decipher
their morphology and chemistry at the microme-
tre and then the nanometre scale [33-38]. To do
this, we undertook a structural and spectroscopic
analysis of such abnormal deposits using scan-
ning electron microscopy (SEM) [14,39,40], uFTIR
(Fourier Transform InfraRed) [14,41,42], AFM-IR
(atomic force microscopy coupled with IR) spec-
troscopy [43,44] and OPTIR (Optical Photothermal
IR) spectroscopy [45,46].

SEM offers the opportunity to directly observe the
morphology and size of crystallites at the micrometre
scale and contributes significantly to the structural
description of cystine crystals (see for examples [47-
54]). uFTIR spectroscopy constitutes the gold stan-
dard for precisely determining the chemical compo-
sition of kidney stones [41,42,55,56]. AFM-IR [43,44]
and OPTIR [45,46] are able to collect IR spectra be-
yond the diffraction limit i.e. around 50 nm and
500 nm, respectively. The complete set of techniques
can precisely describe the morphology and chemical
nature of the abnormal deposits in tissues or cells in
cystinuria and cystinosis at the submicrometre scale.
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Figure 1. Optical images of (a) cystine crystallites in urine and (b) of cystine kidney stones (from

Letavernier et al. [19]).

2. Materials and methods

The biological samples analysed in the present in-
vestigation were provided by the Necker and Tenon
hospitals, following the usual ethics procedures
strictly [13]. All participants (adults or parents of
children participating in the study) gave their ver-
bal consent, documented by the researchers, for use
of the material. Samples were examined without
knowledge of the name of the patient or other iden-
tifying data. Ethical approval for the study was ob-
tained from the ethics committee of Tenon Hospital.
The investigation conformed to the principles of the
Declaration of Helsinki.

Regarding cystinuria, SEM observations have
been performed on cystine crystals present in urine.
This investigation is also based on SEM observa-
tions, FTIR and neutron diffraction data on twenty-
five cystine kidney stones which has already been
published [24] and on the kidney stone data bank
in which 1216 kidney stones have been studied
through FTIR spectroscopy. Regarding cystinosis,
only one kidney biopsy has been considered in this
investigation.

For precise characterisation of the surface of an
abnormal biological sample, observations at the mi-
crometre scale were performed using a FEI/Philips
XL40 environmental scanning electron micro-
scope [39,40]. Compared to a conventional scan-
ning electron microscope this device does not need a
conductive coating and thus permits direct observa-
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tion with no damage to the sample. Imaging was per-
formed with a low accelerating voltage (around 1 kV).

At the micrometre scale, the pathological cal-
cifications were first characterised using FTIR
spectroscopy (Vector 22, Bruker Spectrospin, Wis-
sembourg, France) as previously described [41,42].
Data were collected in absorption mode between
4000 and 400 cm™~!, with 4 cm™! spectral resolution.

Chemical characterisations of the pathological
calcifications in kidney biopsies at the nanometre
scale were performed by two techniques which use
mid-infrared photons, namely AFM-IR and OPTIR.

The AFM-IR system used for this study is a
NanolIR2 (Bruker Nano, Santa Barbara). It couples
an AFM system with a quantum cascade laser fo-
cus on the AFM tip for top-down illumination. The
laser covers the wavenumber range from 900 cm™!
to 1945 cm™! with a tuneable repetition rate which
allows enhanced mode acquisition [57] which is
more sensitive than the setup we have already used
to study abnormal deposits in the kidney [58]. AFM
acquisitions were made in contact mode with a gold-
coated silicon cantilever (Budget Sensors, contact
mode, 13 kHz, 0.2 N/m). For this study, only AFM
topographies were acquired and all local IR spectra
were collected with 1 cm™! spectral resolution and
an average of 20 acquisitions.

OPTIR measurements (spectra and images) were
done on a mIRage™ Infrared Microscope (Pho-
tothermal Spectroscopy Corp., Santa Barbara, CA,
USA). Samples were placed on low-e microscope
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slides (MirrIR, Kevley Technologies, Tienta Sci-
ences, Indianapolis). To generate data high signal-
to-noise ratio, 20-50 spectra were collected in re-
flection mode, at 2 cm™! spectral data points spac-
ing, through a 40x, 0.78 NA, 8 mm working distance
Schwarzschild objective. The pump IR source was
a pulsed, tunable four-stage QCL device, scanning
from 800 to 1900 cm™!, and we used a CW 532 nm
visible variable power probe laser.

A Density Functional Theory-Dispersion cor-
rected (DFT-D) IR spectrum was calculated. The
computational procedures are similar to those de-
scribed in our earlier studies [59-63].

3. Results and discussion
3.1. The case of cystinuria

The structural characterisation of cystine kidney
stones has been discussed in several publica-
tions. Consistent with its crystallographic struc-
ture (hexagonal crystal system, P6,22 space group),
all the papers on synthetic [47-54] or biologi-
cal [18-21,24,55,56,64-66] cystine have reported a
hexagonal morphology. On SEM observations, at the
micrometre scale, we can clearly see the hexagonal
shape of the cystine deposits in kidney stones from
mice and humans affected by cystinuria (Figure 2).

For a complete classification of kidney stones [5,
6], the determination of the morphology of these
concretions is complemented by chemical composi-
tion determined by FTIR spectroscopy [41,42,67]. In
Figure 3, we plot the FTIR spectrum of biological cys-
tine (in this case from a human kidney stone). It is
compared with a theoretical (DFT-D) spectrum in the
IR spectral range from 700 to 1800 cm™! on which the
present study focuses.

The IR spectrum of zwitterionic cystine was calcu-
lated between 500 and 3500 cm™!. In the experimen-
tal IR spectrum (Figure 3, Table 1), the 1035 cm~! ab-
sorption peak corresponds to the C-N stretching vi-
bration. The bands at 1372, 1197 and 1125 cm™! are
the C-C stretching vibrations, and that at 1406 cm™!
is due to CH,—CO deformation. Finally, the band at
1490 cm™! is due to COO- stretching while bands at
1584 and 845 cm™! are due to the asymmetric defor-
mation and rocking vibrations of NH3*, supporting
the zwitterionic nature of cystine in the solid state.
These results are consistent with previous publica-
tions [68-70].
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Figure 2. (a) SEM observation of cystine crys-
tallites in kidney stones from mice; cystine
crystallites present in human urine (b) by SEM
and (c) by AFM. The red crosses on (c) indicate
the different points selected for acquisition of
IR spectrum using the 50 nm probe.

Comparing the experimental with the DFT-D
spectrum, a global shift in wavenumbers can be ob-
served. Van der Waals interactions, which are difficult
to evaluate even with the inclusion of the dispersion
corrections we used, can explain this well-known
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Figure 3. (a) DFT-D theoretical (black) and experimental (blue) IR spectra between 1800 cm~! and
800 cm ™. For the experimental data, a UFTIR spectrometer was used. The most significant wavenum-
ber shifts between theoretical and experimental absorption bands are highlighted in grey. (b) Crystallo-

graphic structure of cystine.

discrepancy. Besides, the DFT-D calculations were
performed at 0 K whereas the experimental spectrum
was recorded at 300 K. Both effects are known to af-
fect the harmonic oscillator approximation nega-
tively. Moreover, the cystine crystal structure is mod-
elled as a periodic defect-free lattice, whereas the
experimental sample consists of crystallites of finite
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sizes; this difference also affects the correspondence
between theory and experiment. This small disagree-
ment confirms that the real sample is composed of fi-
nite crystallites that probably contain different types
of atomic level crystal defects.

In the human kidney stone case, we have com-
pared the IR spectrum of cystine obtained by uFTIR
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Figure 4. Cystine crystallites in cystinuria. IR spectra collected between 1800 cm™! and 800 cm™! using
three different experimental setups namely pFTIR (blue—cystine kidney stone), OPTIR (black—cystine
crystallite in human urine) and AFM-IR (red—cystine crystallite in human urine). We can see the different
characteristic IR bands 1622 cm™! (1), 1584 cm™! (2), 1487 cm™! (3), 1408 cm™1(4), 1381 cm™! (5),
1337cm ™! (6),1297 cm™! (7),1193 cm™! (8), 1127 cm ™! (9), 1091 cm™! (10), 1041 cm ™! (11),964 cm™! (12),
875cm™! (13),847 cm™! (14) and 776 cm™! (15). IR absorption band at 933 cm ™! corresponds to the nylon

support.

Table 1. Infrared bands of cystine and their assignments

1035 cm™! C-N stretching
1372,1197 and 1125 cm™! C~C stretching

1406 cm™! CH,—CO deformation

1490 cm™! COO~ stretching

1584 and 845 cm™!

NH3* asymmetric deformation and rocking vibrations

and the ones obtained by AFM-IR and OPTIR (Fig-
ure 4). Although we can see extensive similarity be-
tween all the three spectra, some differences exist.
We observe a supplementary IR absorption band in
the AFM-IR spectrum due to the support material
(black vertical line at 933 cm™! in Figure 4). Also, note
some small spectral shifts between the spectrum ob-
tained by UFTIR and those obtained with the two
photothermic techniques. These discrepancies seem
to be optical in origin but work to understand this
fully is still in progress. A point which can already
be highlighted is a possible polarisation effect on the
observed spectra. Unlike uFTIR measurement, the
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light from quantum cascade lasers used in OPTIR and
AFM-IR has an intrinsic polarisation which can in-
duce changes in band intensity in spectra of highly
oriented objects such as crystals compared to those
from UFTIR. As a consequence, for each technique
it may be possible to have different band intensi-
ties from the same sample depending on the orien-
tation of the object. Furthermore, the angle of inci-
dent illumination is different from OPTIR and AFM-
IR, inducing different polarisation effects even for a
sample with the same orientation. AFM-based tech-
niques such as AFM-IR also produces a micrometre
scale image of the sample (Figure 2c) which can be
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Figure 5. Crystallites in cystinosis. (a) Rectangular morphologies of abnormal deposits observed in
kidney (according to [24]). (b) Rectangular morphologies of abnormal deposits observed by slit lamp in
the cornea (according to [60]). (c) Synthetic cysteine crystals observed by SEM (Figure 5a from Nesterova

et al. [29] and Figure 5b from Elmonem et al. [71]).

compared to SEM observation of the same sample
(Figure 2b). This is not the case for OPTIR which is as-
sociated with an optical microscope. The red crosses
in Figure 2c indicate different points on which the
50 nm probe has been positioned to acquire an IR
spectrum.

3.2. The case of cystinosis

C. R. Chimie — Online first, 30th November 2021

3.2.1. Observations of abnormal deposits through op-
tical microscope

The cystinosis situation is quite different from
cystinuria. An analysis of the literature [29-31,71,72]
indicates that cystine is the only compound repre-
sented in the abnormal deposits and that such crys-
tals (Figures 5 and 6) do not exhibit a hexagonal mor-
phology. Optical microscopy in contrast shows a rect-
angular crystal morphology in both the kidney (Fig-
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Figure 6. Light microscopy images from the
kidney biopsy of a patient with cystinosis.
(a) Toluidine Blue (x400). (b) Small isolated or
aggregated crystals. (c) Birefringent aggregated
rectangular crystals seen under polarised light.

ure 5a, according to Nesterova et al. [29]) and the
cornea (Figure 5b, according to Elmonem et al. [71]).
A kidney biopsy from a patient (B1742) reveals

C. R. Chimie — Online first, 30th November 2021

Figure 7. SEM observation of abnormal de-
posits in the kidney biopsy of a cystinosis pa-
tient (kidney biopsy deposited on a low-e mi-
croscope slide).

rectangular crystal morphology in the abnormal de-
posits (Figure 6). However, such an examination
is not a characterisation of the chemistry of these
structures.

3.2.2. Characterisation at the micrometre scale

We start by locating the abnormal deposits in the
kidney biopsy (B1742) by SEM. At the micrometre
scale, Figure 7 shows the presence of two kinds of
morphologies, the usual cystine hexagonal one (blue
arrow), and the morphology typical in a cystinosis
patient i.e. a rectangular one (red arrow). Note that
with dimensions of 4-5 um, such hexagonal crystals
can be detected by optical microscopy if isolated, but
this is difficult if they are embedded in tissue, as in
this example.

We then performed a range of UFTIR experiments
(Figure 8, Table 2). In the top panel of the figure, we
have indicated the IR bands associated with cystine
by blue numbers, and in the bottom panel those of
cysteine by red. The three IR spectra of the sample
(black in Figure 8 corresponding to the abnormal de-
posits displayed in Figure 7) in fact arise from a com-
bination of IR bands associated with tissue (black
lines in Figure 8) and those associated with cystine
(blue line in Figure 8). The first three IR bands (1, 2, 3
in blue in Table 2) are obscured by signal from the tis-
sue. This is consistent with the literature on physic-
ochemical characterisation of crystals present in the
tissue of patients with cystinosis. We now present re-
sults from nanometre scale IR spectroscopy.
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3.2.3. Characterisation at the nanometre scale

We chose the same sample for OPTIR experiments
as the one we used for pFTIR. Figure 9 shows IR
spectra from the sample (black spectra) collected by
OPTIR with a device yielding a spatial resolution of
=500 nm. This explains why tissue IR bands can still
be observed but with lower relative intensity (black
lines 1, 2, 3 and 4). This new set of experimental data
shows cystine IR bands (Table 2). However the strik-
ing point of these OPTIR measurement is the obser-
vation of IR peaks related to cysteine at 1541 cm™!
(IR band number 1 of cysteine; all subsequent band
numbers also correspond to those of cysteine),
1521 cm™! (band 2), 1424 cm™! (band 3 of cysteine),
1392 cm™! (band 4), 1345 cm™! (band 5), 1060 cm™!
(band 9) and 867 cm™! (band 11); those at 1060 cm™!
(band 9) and 867 cm™! (band 11) are quite intense.

To perform structural and chemical characteri-
sation at the nanometre scale with the AFM-IR ex-
perimental setup, part of the kidney biopsy was de-
posited on a CaF; slide. SEM (Figure 10) was per-
formed prior to AFM-IR and led to similar conclu-
sions regarding the morphology of the biopsy crys-
tallites.
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Figure 11 plots a localised IR spectrum collected
with the =50 nm spatial resolution AFM-IR experi-
mental setup; the tissue bands are not apparent be-
cause the high spatial resolution confines the IR sig-
nal to the crystals in the biopsy only. At first sight, the
IR bands of the sample are similar to the IR bands
of cystine. Nevertheless, it seems that various shoul-
ders are observed in the AFM-IR spectrum which
likely correspond to cysteine (1424 cm~!, band 3;
1392 cm™!, band 4; 1345 cm™!, band 5; 1269 cm™!
band 6; 1137 cm™!, band 7; and 1060 cm~!, band 9).

In conclusion, from the results obtained at the
nanoscale with both techniques, OPTIR and AFM-
IR, it seems that the sample can be understood as a
mixing of cystine and cysteine instead of pure cystine
as observed in UFTIR.

3.3. Discussion

As previously reported, cystinosis affects all ocular
structures [73]. The most frequently described ocu-
lar manifestation is cystine crystal deposition in the
cornea [74]. As underlined by Csorba et al. [65], in
vivo confocal microscopy (IVCM) constitutes the best
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Table 2. Position of the IR bands obtained for the reference compounds (cystine and cysteine) and for
the samples in pFTIR, OPTIR and AFM-IR

Sample Reference compounds Patient
Cystine Cysteine uFTIR OPTIR AFM-IR
1-1647 cm™! 1 1
1-1622 cm™! 1 1
2-1584 cm ™! 2 2
2-1544 cm ™! 2 2
1-1541 cm ™! 1
2-1521 cm™! 2
3-1487 cm ™! 3
3-1456 cm ™! 3 3
3-1424 cm™! 3 3
4-1408 cm ™! 4 4 4
4-1392 cm ™! 4
5-1381 cm™! 5 5 5
5-1345cm™! 5 5
6-1337 cm™! 6 6
7-1297 cm™! 7 7 7
6-1269 cm™! 6
4-1239 cm™! 4
8-1193 cm™! 8 8 8
7-1137 cm™! 7
9-1127 cm ™! 9 9
8-1101 cm™!
10-1091 cm ™! 10 10 10
9-1060 cm ™! 9 9
11-1041 cm ™! 11 11 11
12-964 cm™! 12 12 12
10-937 cm ™!
13-875cm™! 13
14-847 cm™! 14
11-867 cm ™! 11
12-817cm™!
13-805 cm ™!
15-776 cm™! 15
14-750 cm ™!

imaging technique to characterise corneal cystine as the gold standard for ophthalmological follow-up
crystals in vivo [72-81]. This literature indicates that  of patients with cystinosis [73-81]. Nevertheless, it is
IVCM enables quantification and identification of the worth mentioning that a detailed description of crys-
deposits at the cellular level, and is thus considered  tal morphology is not equivalent to chemical identi-
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Figure 9. OPTIR spectra of the B1742 sample (black line) compared to the IR spectra of cystine (blue) and

cysteine (red).

Figure 10. SEM observation of abnormal de-
posits (red arrows) in the kidney biopsy of a
nephropathic cystinosis patient.

fication.

The physicochemistry of cystinosis seems to be
quite inconsistent. The literature clearly indicates the
presence of rectangular crystals made of cystine [29-

C. R. Chimie — Online first, 30th November 2021

31,71-79,81]. Such morphology is not expected for
cystine crystals which are typically hexagonal for syn-
thetic [47-54] as well as for biological [18-21,24,55,56,
64-66] samples. Rectangular-like crystallites are ob-
served in the case of synthetic cysteine (Figure 5c).
This observation is complemented by our IR data col-
lected at the nanometre scale using OPTIR (Figure 9)
and AFM-IR (Figure 11) which clearly suggest the
presence of domains of cysteine and of cystine. Such
chemical heterogeneity may explain why the signals
measured by AFM-IR and OPTIR are not exactly the
same. In our study, we have also identified the pres-
ence of hexagonal crystals (Figure 7). Such mixing
is consistent with the chemistry of these two com-
pounds, namely that cysteine is spontaneously oxi-
dised to cystine at neutral pH [82-84]. All these data
seem to show that in fact cystinosis is linked to the
pathogenesis of cysteine crystallites associated with
arectangular morphology, and to the pathogenesis of
cystine, as evidenced by our observation of hexago-
nal cystine crystals.

It is worth pointing out that there is an anal-
ogous crystalline conversion which occurs in kid-
ney stones, from weddellite (unstable) to whewellite
(stable). In this case, the conversion also results
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Figure 11. AFM-IR spectrum of the B1742 sample (black line) compared to the IR spectra of cystine (blue

line) and cysteine (red line).

in contradictory FTIR spectra indicating whewellite
whereas bipyramidal crystallites, a morphology spe-
cific to weddellite, can be observed [85]. In fact, the
IR spectra corresponding to such kidney stones (un-
dergoing the weddellite to whewellite phase tran-
sition) exhibit IR spectra which do not correspond
exactly to whewellite. Some subtle differences exist
which indicate the presence of amorphous calcium
oxalate monohydrate which constitutes an interme-
diate state reflecting the dissolution-recrystallisation
process. In our case it seems that a phase transi-
tion also occurs but probably without a dissolution—
recrystallisation process and thus a similar situation
is observed i.e. a lack of intensity for the IR band at
1584 cm™!. It may be due to the fact that the final
chemical composition comprising cystine and cys-
teine associated with acicular crystallites may alter
the intensity of IR bands. Work is in progress to better
understand this experimental observation.

Finally, we have to mention a possible weak point
of this investigation which is related to the low num-
ber of samples considered in this investigation. Al-
though the section of this study dedicated to cystin-
uria is based on a large number of publications, only

C. R. Chimie — Online first, 30th November 2021

one patient has been considered in this research. De-
spite this fact, we believe that the existence of crystal-
lites of pure cystine as well as the well-known phase
transition between cysteine and cystine constitute
strong arguments supporting the idea that cystinosis
leads to pathogenic cysteine crystallites.

4. Conclusion

A comprehensive set of SEM micrometre scale and IR
micrometre and nanometre scale data suggests that
cystinosis is related to the pathogenesis of rectangu-
lar crystals of cysteine and not cystine. This is proba-
bly due to the well-known phase transition between
cysteine and cystine which occurs at room tempera-
ture.
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