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Intraocular lenses (IOLs) are implanted into the eyes during cataract surgery to improve vision. A rare

complication following IOL implantation is the formation of crystallized deposits on the lenses, which sig-

nificantly impair vision, necessitating subsequent surgical IOL exchange. Preventing these deposits from

forming is critical, but this requires definitive molecular assignments of the crystals and knowledge of

their mechanism of formation. Determining this information presents a significant analytical challenge

due to the low numbers of crystals and curvature of the IOLs that limit use of conventional methods.

Here, we report the development of multiple complementary analytical methods to characterize IOLs

explanted from human patients and attain insight into the chemical identity and mechanism of the depos-

its. Initial elemental analyses using energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron

spectroscopy (XPS) revealed that IOL crystals contained calcium, phosphorus, and sodium and provided

quantitative ratios between elements. Subsequent Raman spectroscopy identified carbonate in the crys-

tals as well. An innovative single-crystal X-ray diffraction (XRD) method with integrated Rietveld analysis

was then developed, which conclusively determined that IOL crystals were composed of substituted

hydroxyapatite. Collectively, the data obtained from EDS, XPS, XRD, and Raman indicate that IOL deposits

are composed of crystalline Ca9Na(PO4)5(CO3)(OH)2 layered with amorphous calcium phosphate. This

structure is similar to bone, suggesting that a similar ossification mechanism is followed. The robust

analytical methods developed herein provide the most comprehensive characterization of IOL crystals to

date and signify that the microenvironment of the eye is conducive to bone mineralization pathways that

induce crystal formation on IOLs.

Introduction

The formation of crystallized deposits on intraocular lenses
(IOLs) is a rare but serious complication after cataract
surgery.1,2 Accumulation of these crystals causes progressive
vision deterioration and visually significant glare, which
necessitates surgical exchange of the IOLs. Repeated surgical
procedures on the eyes risk complications including retinal
detachment, high intraocular pressure, and cystoid macular
edema that further jeopardize patient’s vision.3–5 Preventing
these deposits from first taking root is essential, but this
requires knowledge of how they arise. Previous studies

suggested that manufacturing defects in the lens material are
responsible for crystal formation.3,6–8 IOLs are commonly
made of hydrophilic acrylic polymers (e.g. poly(2-hydroxyethyl
methacrylate)) because of their biocompatibility and foldability
to facilitate implantation.9,10 Given the low rate of occurrence
of IOL crystals, it is plausible that uncommon manufacturing
issues can leave voids in which seed crystals can grow.
However, it is also imperative to determine the composition of
IOL deposits. Identifying the molecular structure of the crys-
tals and elucidating their mechanism of growth will provide
insight into how to prevent their occurrence.

Previous studies used scanning electron microscopy (SEM)
with energy dispersive X-ray spectroscopy (EDS) to determine the
chemical formula of the small deposits (<100 µm diameter) on
IOLs. These elemental analyses revealed that IOL crystals
contain calcium and phosphorous, and were reported to be
either hydroxyapatite (HAP, Ca10(PO4)6(OH)2) or octacalcium
phosphate (OCP, Ca8(PO4)4(HPO4)2),

11–13 with one report
suggesting sodium-substituted HAP with an additional Zn-con-
taining phase.14 HAP is a well-known calcium phosphate found
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in biological systems and is the primary material of bones and
teeth. OCP is a metastable precursor of HAP and is involved in
the bone mineralization pathway.15,16 Given their precedence in
biology,17–21 HAP and OCP are plausible materials for IOL depos-
its. However, the molecular assignments in previous reports are
tenuous. HAP and OCP are similar in composition, which pre-
sents an analytical challenge when trying to distinguish them.
Reports claiming to distinguish HAP and OCP by SEM relied on
morphology differences between crystals.11,12 However, this
approach has the potential for bias because the growth mecha-
nism of crystals influences their morphology, and synthetic
crystal standards do not grow identically to biological IOL crys-
tals. EDS is a better alternative because of its ability to calculate
the ratio of Ca/P, which can distinguish different phases of
calcium phosphate (1.33 for OCP; 1.67 for HAP). However, most
previous reports only identified the elements present with EDS
and did not quantify the Ca/P ratio of IOL crystals.7,22–24 These
issues highlight the need for more thorough quantitative charac-
terizations of IOL deposits to definitively identify their
composition.

Other common analytical techniques are incapable of pro-
viding conclusive molecular assignments for IOL crystals. HAP
and OCP both have identical functional groups which give rise
to spectrally similar features when characterized by Raman
spectroscopy, infrared spectroscopy (IR), and X-ray photo-
electron spectroscopy (XPS).25,26 The best alternative to dis-
tinguish HAP and OCP is X-ray diffraction (XRD) because of its
aptitude to differentiate different crystalline structures with the
same chemical formula. Specifically, powder XRD is a logical
technique to analyze IOLs because their deposits consist of
numerous randomly oriented crystals which collectively form a
powder sample. Although powder XRD can distinguish
different calcium phosphates,25 standard powder diffract-
ometers cannot analyze IOLs due to the low number of crystals
present and the small sizes of the lenses.26 Single-crystal diffr-
actometers (SCDs) overcome these limitations but are not his-
torically used for powder measurements because of poor
resolution between peaks and low intensities at high angles
due to beam divergence and large step sizes between data
points (>0.02°). However, the sources and optics of SCDs have
improved in recent years to better collimate the X-ray beam and
increase their power output. Additionally, step sizes have been
enhanced to provide comparable measurements as those from
powder diffractometers. The technical advancements in SCDs
may provide adequate performance to analyze crystals on IOLs.

This report describes the development of multi-faceted
analytical methods to characterize IOLs explanted from
patients to identify the crystalline material and determine a
potential mechanism for its formation. SEM images showed
that deposits formed on both the surface and within the IOL.
Milling the IOL with a focused ion beam (FIB)/SEM revealed
that the deposits damaged the polymer but that no obvious
manufacturing defects were present prior to crystal formation.
Powder XRD was collected using a SCD to determine the
chemical composition and structure of the deposits. The low
2θ angles measured by the SCD enabled definitive identifi-

cation of IOL crystals as HAP, as opposed to OCP. Further spec-
troscopic characterizations were then performed to identify
potential atomic substitutions in the IOL HAP crystals. EDS
revealed the presence of Na in the crystals while Raman
microscopy and XRD identified carbonate. The combination of
spectroscopic and diffraction results along with Rietveld struc-
tural analysis collectively converged on IOL crystals being com-
prised of sodiated B-type carbonated HAP (Ca9Na
(PO4)5CO3(OH)2) interspersed with amorphous calcium phos-
phate. Only by employing multiple complementary analytical
techniques were the identity of IOL deposits obtained. The
proposed substituted HAP structure is similar to the layered
crystals found in bone and teeth, suggesting that IOL deposits
are formed via a similar biological mechanism.

Materials and methods

HAP powder was purchased from Sigma-Aldrich, Co. (syn-
thetic, 99.8% trace metals basis (excludes Mg), St Louis, MO)
and OCP was purchased from AA Blocks Inc. (Phosphoric acid,
calcium salt, 3 : 4, 98% San Diego, CA) and were analyzed
without further purification. Parabar 10312 oil was obtained
from Hampton Research (Aliso Viejo, CA).

This study was approved by the Institutional Review Board
at Wayne State University, United States. Informed consent was
obtained from patients who required surgical exchange of their
IOLs. Hydrophilic Bausch & Lomb (models MI60L or AO60)
IOLs were removed from six patients. Five of these IOLs con-
tained crystal deposits, and one was used as an explanted
control. After removal from the eye, the IOLs were immediately
submerged in a balanced saline solution. An additional control
IOL that had not been implanted in a patient was also included
in the study. Patient IOLs were removed due to significant loss
in vision, which upon physical examination, deposits were
identified as the cause. The explanted control lens was
removed due to other medical complications of the patient and
not due to deposits. The intraocular times of the IOLs ranged
from 3.5–8.5 years (Table 1). The formation of deposits likely
stemmed from numerous factors including patient comorbid-
ities. Large-scale clinical investigations are needed to identify
critical risk factors, which is beyond the scope of this study
focused on developing analytical characterizations.

The explanted IOLs were examined under a Wild M5 or
Leica M205 stereomicroscope to observe the distribution of
deposits. Micrographs of the lenses were captured using a
Canon EOSi7 or Leica K5C camera, respectively. The mor-
phology of the surface and cross-section of the explanted and
control IOLs were examined using a field emission SEM (JEOL
JSM 7600F; Peabody, MA). A razor blade was used to cut the
IOLs for cross-sectional analysis of the optic area. The samples
were coated with gold using a sputter coater (Ernest F. Fullam
Inc.; Latham, NY). The composition of the deposits was deter-
mined by EDS. Because the samples were coated in gold, all
EDS results show a peak for gold, which is excluded in the rela-
tive atomic percentages (ZAF matrix correction). The accelerat-
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ing voltage for EDS was kept below 6 keV to reduce degra-
dation of the crystals and lens material. This reduced accelerat-
ing voltage also improves the precision of the EDS measure-
ments.27 Analyses were also conducted at a higher accelerating
voltage to search for Zn, which was not found (data not
shown). FIB/SEM was used to collect 3D images of the subsur-
face crystals to calculate the sample porosity using a Thermo
Fisher Scientific Helios 5 UX (Hillsboro, Oregon). The samples
were first carbon coated for imaging, and then a tungsten pro-
tective cap was used before milling. The Ga+ ion beam (30 kV,
2.6 nA) consumed 50.0 × 26.4 × 10.1 µm. A total of 500 images,
20 nm thick, were imaged using a concentric backscatter
detector. These 2D images were reconstructed using Avizo
(version 2024.2, Thermo Fisher Scientific) to generate a 3D
image. Using Avizo, the volume fraction of crystals and pores
was calculated with the remaining volume fraction assigned as
the IOL polymer.

X-ray photoelectron spectroscopy (XPS) data were collected
with a Thermo Fisher Scientific Nexsa XPS system equipped
with a hemispherical analyzer and monochromatic Al Kα
source (spot size ∼400 μm2). One IOL with deposits (Lens 1)
was dried in a vacuum desiccator for approximately 12 h to
remove any surface moisture. The dried sample was mounted
using conductive Cu tape and held under vacuum (<6 × 10−7

mbar) in the entry-lock chamber for ∼30 min. The base
pressure of the analysis chamber during the experiment was
∼2.5 × 10−7 mbar. The spectrometer was calibrated using a
pristine gold (Au 4f7/2 at 84.0 eV) standard. A flood gun was
employed to neutralize surface charges. C 1s signal from
adventitious carbon as a binding energy standard at 284.8 eV
was used to correct for charging.28 Binding energy positions
and Ca/P ratios of the crystal deposits were determined from
high-resolution XPS core scans using 50 eV pass-energy,
100 ms dwell time, 0.1 eV energy step size, and five scans.
Relative sensitivity factors provided within Avantage software
(Thermo Fisher Scientific) were used to normalize peak inten-
sities. Data was exported into CasaXPS software29 for quantitat-
ive analysis of Ca/P ratios.

Powder XRD of the crystal deposits were collected under
ambient conditions on a Bruker D8 Venture SCD using Cu Kα
radiation (Incoatec IµS micro-focus source) with a 0.2 mm colli-
mator. The diffractometer was equipped with a Photon III
CPAD area detector. The IOLs were cut to approximately

300 µm × 300 µm × 200 µm under a stereomicroscope and were
mounted on a micromount loop (MiTeGen, Ithaca, NY) using
Parabar oil. Three Phi 360° scans were collected up to 120° 2θ
(2θ = 25, 60, and 95° with Ω = 40°, Φ = 0°, χ = 0°, and detector
distance of 100 mm) in transmission geometry. Total collection
times were 30 min for each IOL or powder sample. The scans
collected were then integrated using APEX4 (Bruker; Billerica,
MA) Integrate Debye Rings module. The Powder Diffraction
Files (PDF) database (International Centre for Diffraction Data;
Newton Square, PA) was used to compare against the measured
IOL powder patterns using EVA 4.0 (Bruker, Billerica, MA).

Raman spectroscopy was performed on the deposits using a
Horiba LabRam Evolution Raman microscope system
equipped with a 50 mW 532 nm Nd:YAG laser as the excitation
source and an 1800 groove per mm diffraction grating. Images
were acquired using the built-in confocal optical microscope
(Olympus; Bartlett, TN). The following are additional instru-
ment settings: 100× lens, 0.9 N.A. objective, slit 100, hole 400,
ND filter 50%, and 15 s integration time. The resolution was
calculated to be 0.7 cm−1.

Results and discussion
Crystal morphology, localization, and elemental information
using microscopy, EDS, and XPS

Late postoperative opacification is a serious complication with
hydrophilic IOLs,6,30 so multiple complementary methods were
developed to characterize crystal deposits on IOLs to identify
the material and obtain insight into its mechanism of for-
mation. This study analyzed six lenses explanted from patients
(Table 1). Five of the lenses were covered with crystals (Lenses
1–5) while the other lens did not have crystals (Lens 6). An
additional non-implanted lens (Lens 7) was also analyzed as a
control. All lenses were hydrophilic acrylic IOLs from Bausch &
Lomb, but two models were studied, MI60L and AO60.

First, the explanted IOLs were examined by light
microscopy. Of the five IOLs with crystals, all had deposits
located on the optic region of the lens, and Lenses 1, 2, and 4
also had deposits on the haptic region (Fig. 1 and S1A–S4A).
The distribution and extent of crystal coverage was different
between lenses (Table 1); however, they all resulted in vision
impairment for the patients, which necessitated explantation

Table 1 List of the different Bausch & Lomb IOLs analyzed in this study. Lenses 1–6 were explanted from patients. Lens 7 is a non-implanted
control. Crystal locations, sizes, and coverage are specified for each IOL sample

Lens
number Model Crystal locations

Presence of
subsurface crystals

Approx.
crystal size

Approx.
crystal coverage

IOL intraocular
time (years)

1 MI60L Optic and haptic No 30–100 µm 90% 6.6
2 AO60 Optic and haptic Yes 15–40 µm 50% 3.5
3 MI60L Optic Yes 7–15 µm 40% 7.8
4 AO60 Optic and haptic Yes 50–125 µm 18% 8.5
5 MI60L Optic Yes 10–30 µm 4% 3.9
6 AO60 NA NA NA 0% 4.0
7 (Control) MI60L NA NA NA 0% 0
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and replacement of the IOLs. Interestingly, no correlations
were observed between the intraocular time in the patient and
the surface coverage or deposit location. SEM with EDS was
then conducted to characterize the crystals on the surface of
IOLs and determine if deposits also propagated into the lens
subsurface. High-resolution SEM images showed that crystals
formed in a disk shape (Fig. 2A and S1B–S4B), ranging from
7–125 µm in diameter. Closer examination of their mor-
phology revealed that the disks are composed of concentric
rings, which suggests crystal growth occurred in layers around

a central nucleation point. This concentric ring profile is con-
sistent with previous examinations of IOL deposits,22 and is
also similar to the structure of bone osteons.31 The similar
profile between bones and IOL crystals suggests a similar
growth mechanism may cause crystal growth on IOLs,32,33

which will be discussed further in later sections.
EDS was used to evaluate the elemental composition of

crystal deposits on both the surface and subsurface of the
IOLs. The surface crystals of Lens 1 consisted of carbon (C),
oxygen (O), calcium (Ca), phosphorus (P), and sodium (Na)
(Fig. 2A). Analysis of the lens material away from the crystals
revealed only C and O elements from the acrylic polymer of
the lens. The same results were found from the other IOLs
(Fig. S1B–S4B). These findings align with previous reports that
IOL deposits are calcified crystals containing Ca and P. For
Lens 1, only C and O were detected subsurface (Fig. 2B), while
other lenses had crystals containing Ca, P, and Na below the
surface (Fig. S1–S4). This discrepancy indicates that crystal
penetration beneath the lens surface varies between patients.

While EDS successfully identified elements in the IOL
deposits, it could not determine the molecular formula of the
crystals because the measured relative atomic percentages con-
tained signal from both the crystals and the lens polymer. As
both materials contained C and O, precise molecular assign-
ments could not be made. However, tentative assignments
were possible using the relative atomic ratios of the inorganic
elements. Based on previous reports of calcified IOLs, the crys-
tals were expected to be either HAP (Ca/P = 1.67) or OCP (Ca/P
= 1.33).11,12 The average ratio of Ca/P in our study was 1.51 ±
0.14 from the five IOLs (n = 11). To validate these ambiguous
results, the IOL samples were also analyzed with XPS
(described in the SI section Ca/P ratio using XPS, Fig. S5,
Table S1). Similar results were obtained for the Ca/P ratio,
which was found to be 1.53 ± 0.09. Although both EDS and
XPS produced statistically similar values, neither matched the
expected values of HAP or OCP. This ambiguity suggests
several options: the IOL crystals are comprised of a mixture of
materials; IOL crystals are a different material than previously
reported; or that elemental substitutions are present in the
crystal lattice that altered the measured ratio.

The average Ca/Na ratio measured was 10 ± 2 (n = 8) from
both top-down and cross-sectional crystals. While this could
suggest that Na is present within the lens crystals, it could also
be an artifact of residual NaCl from the eye or lens storage
solution because both contain high concentrations of NaCl.
However, EDS results did not indicate the presence of Cl on
the IOLs, meaning that NaCl was not the source of the Na.
Additionally, Na was not found in the lens material itself; only
C and O were present, meaning that Na was only within the
crystal deposits. Furthermore, NaCl is discernable on SEM
images, and no obvious dried deposits were present after
washing the IOLs. Collectively, these results indicate that Na is
incorporated within the crystals on the five lenses. This
finding is interesting because neither HAP nor OCP contain
Na, further supporting our suggestion that previously reported
compositions of IOL crystals are inaccurate.

Fig. 1 Microscope image of explanted Lens 1 showing the crystallized
deposits. The insets depict magnified areas of the haptic (top) and optic
(bottom) regions of the IOL.

Fig. 2 SEM images of Lens 1 alongside EDS elemental analysis from the
red highlighted regions. Crystal deposits were characterized on the (A)
surface and (B) inside cross-section of the IOL. Surface crystals con-
tained calcium, phosphorous, and sodium, but these elements were not
observed in the subsurface, indicating no crystalline material was
present below the surface. The gold observed in EDS data is from the
gold coating, as explained in the Methods section.
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Porosity of IOLs using FIB/SEM

The rare occurrence of opacification on IOLs has led to specu-
lation that sporadic manufacturing defects—including porous
voids within the IOL polymer—may create sites for crystals to
form in a small fraction of lenses.6–8 Although our study only
had six IOLs explanted from patients, we sought to conduct a
cursory evaluation to determine whether defects in the lens
may have caused deposits to form. SEM cross-sectional images
for Lenses 2–5 showed crystals in the subsurface, with Lenses
2, 4, and 5 also having what appear to be porous channels
within the IOLs (Fig. S1C, S3C, S4C, and S4D). Subsurface crys-
tals were significantly smaller than those on the surface—
ranging from 1–10 μm in diameter—and EDS confirmed these
crystals and pores contained Ca and P (Fig. S1C, S3C, and
S4D). These results indicate that crystals can form beneath the
surface of the lens and extend into the bulk polymer. Lens
3 had crystals that only formed in the subsurface in one region
of the IOL without surface crystals (Fig. S6). These findings
suggest that micro-sized voids may exist in the polymer
material that serve as crystal nucleation sites, as opposed to

crystals forming solely on the surface and then propagating
into the lens to cause damage.

To determine whether voids or porous channels were
present in the lenses before crystal deposits formed, Lenses 4
and 6 were further characterized using high-precision FIB/SEM.
Both IOLs were the same model of lens and were explanted
from patients, but Lens 4 had crystal deposits while Lens 6 did
not. Fig. 3A and B show cross-sections of Lens 4 after milling
the lens optic that contained a high density of crystals. The
micropores observed when using a razor blade to prepare the
sample for imaging (Fig. S3C) were not observed in the subsur-
face of the lens material after FIB milling. Further 3D image
reconstruction from the FIB/SEM did not find micropores in
the lens polymer; however, nanopores were observed that over-
laid perfectly with the areas of the IOL containing crystals
(Fig. 3C and D, Video S1). Performing the same FIB/SEM experi-
ment on Lens 6 did not reveal any micro or nano-sized porous
features (Fig. S7) and also showed that FIB milling produced a
cleaner cut than with the razor blade. A non-implanted control
lens (Lens 7) also did not show any porosity in the material
from cross-sectional SEM (Fig. S8).

Fig. 3 SEM cross-sectional images of Lens 4 (A) showing that crystals form >30 µm beneath the IOL surface, (B) zoomed view of A showing crystals
ranging from 1.5–4 µm in diameter. 3D reconstruction images identifying locations of (C) micro-sized crystals and (D) nano-sized pores. The 3D
reconstruction is shown in Video S1.
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These results suggest that the porous microchannels
observed in our SEM images were not due to manufacturing
defects but are likely artifacts of sample preparation from
areas that had contained multiple crystals. These crystals were
forcefully removed with the razor blade—leaving porous voids
behind—but using the FIB to mill the lens produced a cleaner
cut that eliminated this artifact. Additionally, FIB/SEM was
also beneficial because it provided insight into damage sus-
tained in the IOLs. The images suggest that as crystals grow,
nanoporous features are torn into the lens polymer. These
structures may enable transport of seed crystals and ions
further down into the lens to form new crystals in the
subsurface.

Molecular identification of IOL deposits using XRD

Although powder XRD is adept at determining the compo-
sition and structure of stochastically oriented crystal samples,
the small size and low quantity of crystals on IOLs hinder ana-
lysis with a standard powder diffractometer. Only three pre-
vious reports published powder XRD data on calcified IOLs,
but the resulting powder patterns showed only two peaks with
poor signal-to-noise,11,34,35 which precluded definite identifi-
cation. Alternatively, electron diffraction using TEM can be
used to focus an electron beam directly onto a single IOL
crystal. However, broad background signals from the source
occlude low-angle diffraction peaks needed to identify the
material.36 Problems with these techniques highlight the need
for a method to definitively elucidate the molecular identity of
crystals on IOLs.

SCDs have the potential to overcome the issues with other
techniques. They can accommodate the small size of IOLs, the
low density of crystals on curved surfaces, and can measure
low diffraction angles. Thus, an SCD was used to analyze IOL

crystals. When first preparing the samples, care was taken to
cut away as much of the amorphous lens material as possible
to reduce background and enable more selective interrogation
of the crystal deposits (Fig. 4A). The sample was adhered to the
micromount using oil (Fig. 4B), which held the IOL in place
during collection under ambient conditions. Each IOL sample
was then analyzed by the SCD. Isotropic Debye–Sherrer rings
from the samples (Fig. 4C) were measured with an area detec-
tor and integrated using Bruker Apex4 software to obtain 1D
powder patterns (Fig. 4D and S1D, S2E, S3D, S4E).

The powder XRD pattern for Lens 1 is presented in Fig. 4D
(black trace) along with reference peaks for HAP and OCP from
the PDF database. These references are presented for compari-
son based on previous literature suggesting that IOL crystals
are either HAP or OCP.11,34,36 Comparing the crystalline sub-
stance on Lens 1 with references from the database, IOL
deposits were identified as HAP. All major peaks from HAP
(Fig. 4D, blue) were present on the IOL. By contrast, the three
most intense peaks for OCP at 4.72°, 9.44°, and 9.76° (Fig. 4D,
green) were entirely absent from the explanted IOL. The abil-
ities of the SCD to measure low diffraction angles from few
crystals were key to readily eliminating OCP as the potential
material. Results showed that the crystals appear to only
contain HAP and not a mixture of other calcium phosphate
phases, including OCP, or any other crystalline substances. All
optic and/or haptic regions on all five IOLs exhibited identical
powder patterns (Fig. 4D and S1D, S2E, S3D, S4E). These
results conclusively identify crystals on explanted IOLs as HAP.

However, comparing crystalline deposits on Lens 4 to
unsubstituted HAP revealed a shift to higher 2θ values of the
(2 1 1), (3 0 0), and (2 0 2) peaks (Fig. 5). These discrepancies
indicate that IOL crystal deposits are not stoichiometric HAP
(Ca10(PO4)6(OH)2) but rather a substituted form. The PDF data-

Fig. 4 (A) Micrograph of the piece of Lens 1 used to obtain the diffraction pattern in C. Few crystals were needed on the lens for the measurement.
(B) Image of the lens mounted on the single-crystal diffractometer. (C) 2D detector image of the IOL crystal diffraction showing the Debye–Scherrer
rings. Green indicates high intensity. The black circle is the outline of the beam stop. The beam stop is 2θ = 0 degrees, and moving radially increases
to higher 2θ angles. (D) The integrated 1D powder patterns of Lens 1 (black) compared with the Powder Diffraction Files database for HAP (PDF2 01-
071-5048, blue) and OCP (PDF2 00-026-1056, green). The powder patterns were corrected for amorphous background signals as described in the
SI (Background signal subtraction for powder XRD of IOLs, Fig. S9).
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base was searched to identify potential HAP modifications,
two examples of which are presented in Fig. 5 (light blue and
green). However, no compounds in the database produced
great fits to the IOL crystals. More intricate analytical work was
required to verify substitutions in the HAP crystals on the IOLs
to confirm the presence of previously unidentified elements,
such as Na that was detected in our EDS results.

Elucidating substitutions in IOL crystals

Rietveld refinement (described in the SI: Rietveld Refinement
(RR) details) was then performed to compare diffraction pat-
terns of the lens crystals and HAP powder using the single-
crystal X-ray structure of stoichiometric HAP as the starting
model.37 Without refining the atomic coordinates, thermal
parameters, or atom occupancies, results from our analysis of
the HAP powder showed good agreement with the NIST HAP
standard (Table 2). However, the lattice parameters changed
for the IOL deposits, which indicates that HAP crystals on IOLs
have an altered structure. To verify that the lens material and/
or shape did not artificially bias the measurement, a lens was
coated with the commercial HAP powder and reanalyzed. The
lattice parameters matched those of the HAP powder and NIST
standard, which proves that the lens does not affect the
measurement. These results validate that IOL crystals have a

substituted structure compared to stoichiometric HAP. IOL
samples were consistently lower for lattice parameter a.
Previous powder XRD studies reported that a decrease in the
unit cell parameter a occurs when carbonate exchanges for a
phosphate in the HAP structure (called B-type carbonated-
HAP, cHAP).38,39 For comparison, when carbonate exchanges
for two hydroxide ions, unit cell parameter a increases (called
A-type cHAP). This information suggests that IOL crystals
possess a carbonate substituted in place of a phosphate.
Furthermore, the ratio of c/a from our XRD measurements sup-
ports the assignment of one carbonate per unit cell.17

To check for the presence of carbonate or other molecular
substitutions in the IOL crystals, Raman microscopy was used
to analyze Lens 1. A strong peak was observed at 960 cm−1 that
was attributed to the ν1(PO4

3−) peak and a medium peak was
present at 1071 cm−1 due to ν1(CO3

2−) (Fig. S10).39,40

Additionally, the CO3
2− band appeared at 1071 cm−1 instead of

at 1108 cm−1 which indicates that carbonate ions exchanged
for phosphate ions in the HAP structure, instead of hydroxide
ions.40,41 This substitution is common in biological organ-
isms, as B-type carbonation is the most common form of cHAP
found in bone.17,40 Mixtures of A-type and B-type HAP are also
found in dental enamel, with A-type making up to 10% of the
carbonate composition.40 However, A-type Raman spectra have
shown the v1(PO4

3−) peak is at 957 cm−1 with a distinct
shoulder at 947 cm−1.40 This was not observed in our Raman
spectra; thus, our Raman results further supports that carbon-
ate ions exchange for phosphate ions (B-type).

The amount of carbonate incorporation can also be quanti-
fied using the intensity ratio of the 1071 cm−1 and 960 cm−1

peaks.40,42 Using this I1071/I960 ratio from our Raman suggests
approximately 6–7% wt/wt of carbonate is incorporated.42 Our
XRD analysis suggested one carbonate per unit cell, which
equates to 6.3% for the formula Ca9.5(PO4)5(CO3)1(OH)2. This
is consistent with the Raman intensity ratio result, although
half a calcium would be left vacant in the structure to main-
tain charge balance. Alternatively, given the presence of Na
detected by EDS, a Na+ ion can exchange for a Ca2+ ion, provid-
ing a formula Ca9Na1(PO4)5(CO3)1(OH)2. This structure is
charge balanced and has 6.3% carbonate which fits with our
measured result. Thus, both carbonated structures are plaus-
ible, as both reconcile with our data. To our knowledge, this is
the first report to identify and quantify carbonate in IOL
crystal deposits. Previous reports have either reported the
deposits as stoichiometric HAP/OCP11–13 or non-stoichiometric
HAP with formula (Cax,Mgy,Naz)(PO4)3(OH) (x, y, and z vary but
sum to 5) with a small contamination of Kleemanite
(ZnAl2(PO4)2(OH)2·3H2O).

14 Our XRD analysis did not measure

Fig. 5 Comparison of Lens 4 powder pattern (red trace) with the com-
mercial HAP powder pattern (blue trace) collected on the SCD. Si was
added to both Lens 4 and HAP as an internal standard (peak at 28.5
degrees). References from the Powder Diffraction Files database are
shown for stoichiometric HAP (Ca10(PO4)6(OH)2; PDF2 01-071-5048,
black), Ca9Na0.5(PO4)4.5(CO3)1.5(OH2) (PDF2 00-053-0673, light blue),
and fluorapatite (Ca10(PO4)6(F)2; PDF2 01-080-8486, green).

Table 2 Table of the unit cell parameters after Rietveld refinement

Unit cell
parameters

Stoichiometric HAP
from NIST SRM 2910

HAP powder on
powder diffractometer

HAP powder
on SCD

HAP powder
on IOL on SCD

Crystals on
Lens 1

Crystals on
Lens 2

Crystals on
Lens 4

a (Å) 9.42253(13) 9.42431(13) 9.4227(2) 9.4204(4) 9.3856(3) 9.3830(5) 9.3888(5)
c (Å) 6.88501(9) 6.89626(15) 6.8923(2) 6.8921(5) 6.8919(3) 6.8972(6) 6.8944(5)
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any additional crystalline phases and our EDS analysis did not
detect Zn. Previous studies using EDS could not measure car-
bonate due to interfering background signals from the lens
material; however, by using XRD and Raman, we were able to
identify the crystals as B-type cHAP.

The formula presented based on the XRD and Raman
results, Ca9Na1(PO4)5(CO3)1(OH)2, has an appropriate percen-
tage of carbonate (6.3%) and its Ca/Na ratio of 9 falls
within the expected range (10 ± 2). However, the Ca/P ratio is
1.8, which is beyond the range of our EDS results (1.51 ± 0.14).
This discrepancy suggests that Ca vacancies and/or other ion
substitutions may be incorporated into the crystals.11,12,14

Rational structures were then sought that contained Na and
carbonate substitutions while also maintaining constraints
imposed by the measured elemental ratios. A formula that best
fits these criteria is Ca7.5Na0.7(PO4)3.5(HPO4)1.5(CO3)1(OH)0.2.
This structure is similar to that of bone
(Ca7.5(PO4)2.8(HPO4)2.6(CO3)0.6(OH)0.2)

43 and has a Ca/Na
ratio of 10, Ca/P of 1.5, and CO3

2− wt/wt of 7.0%, all of
which fit the ratios obtained from our EDS and XPS
data. However, our Raman data suggested that HPO4

2−

ions were not present in the crystals because of the
absence of peaks at 1004 cm−1, 916 cm−1, and 878 cm−1.44

Although both Ca9Na1(PO4)5(CO3)1(OH)2 and
Ca7.5Na0.7(PO4)3.5(HPO4)1.5(CO3)1(OH)0.2 are plausible formulas
for IOL deposits, neither perfectly matches all the characteriz-
ation data.

RR was then performed for both proposed structures to
assess their fits versus the XRD patterns of IOL crystals
(described in SI: Structural refinement using Rietveld refine-
ment). The modeled pattern for Ca9Na1(PO4)5(CO3)1(OH)2
aligned well (Fig. 6A). All major peaks were present at similar
intensities for the calculated profile, particularly the peaks at
32, 33, and 34° 2θ matched closely to that of the IOL. By con-
trast, Ca7.5Na0.7(PO4)3.5(HPO4)1.5(CO3)1(OH)0.2 resulted in a
poor fit (Fig. 6B). Although the major peaks were present, the
peak intensities did not align with the IOL crystals, indicating
a problem with the formula. By varying the Ca occupancies, it
was evident that the Ca sites needed to be included in the
model for these peak intensities to match. Additionally, redu-
cing the number of hydroxide ions caused significant
changes in the intensities of several peaks. Although
spectroscopic data from EDS and XPS prefer
Ca7.5Na0.7(PO4)3.5(HPO4)1.5(CO3)1(OH)0.2 as the assigned struc-
ture, this formula cannot be reconciled with the XRD and
Raman data.

Considering all the evidence from multiple analytical
techniques, we propose that IOL crystals are comprised of
Ca9Na1(PO4)5(CO3)1(OH)2 with interspersed amorphous
calcium phosphate (ACP). ACP are non-crystalline calcium
phosphates that have a Ca/P ratio of 1.36 at pH 7.4.45 The pres-
ence of ACP in IOL crystals would account for the reduced Ca/
P ratio measured by EDS and XPS. In a mixture,
Ca9Na1(PO4)5(CO3)1(OH)2 contributes a Ca/P of 1.8 while ACP
contributes a Ca/P of 1.36. Thus, when combined, the
measured ensemble signal converges at our measured Ca/P of

1.51. This explanation reconciles the discrepancy in the
elemental spectroscopy results. Furthermore, because ACP is
amorphous, it does not appear in XRD patterns; only the crys-
tallized Ca9Na1(PO4)5(CO3)1(OH)2 provides signal. This
explains the good XRD fit of the formula with the IOL crystal
pattern.

Our proposed structure for IOL crystals is similar to that of
bone, and we assert that its formation follows a similar mecha-
nism. Under physiological conditions, ACP is the starting
material for the production of cHAP in the bone mineralization
pathway.15,16,46–49 As crystalline cHAP lattices form, an ACP layer
is trapped in between units, creating a layered structure.43,50,51

Although the reported HAP composition of bone differs from
IOL deposits, the formation of similar alternating crystalline and
amorphous layers rationalizes the results observed from our
XRD, EDS, XPS, and Raman analyses. This layered structure also
provides a potential explanation for the concentric rings
observed in IOL crystals during SEM imaging. Additionally, our
proposed chemical formula is consistent with other reports on

Fig. 6 Rietveld analysis of the Lens 4 powder pattern (red circles) using
two proposed crystal structures of substituted HAP structures, (A)
Ca9Na1(PO4)5(CO3)1(OH)2 and (B)
Ca7.5Na0.7(PO4)3.5(HPO4)1.5(CO3)1(OH)0.2. The calculated patterns are
depicted as solid black lines and the difference curves are solid blue
lines (offset and centered on a zero line). The inset shows the major
diffraction peaks between 31–34° 2θ.
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the formation of sodiated cHAP, where a coupled substitution
of (Na+ + CO3

2−) takes the place of (Ca2+ + PO4
3−). This

scheme results in the production of a material with the
general formula Ca10−xNax(PO4)6−x(CO3)x(OH)2.

52,53 Our pro-
posed Ca9Na1(PO4)5(CO3)1(OH)2 structure for IOL crystals aligns
with this formula. Future studies are needed to validate our con-
clusions by analyzing larger numbers of explanted IOLs with our
multi-faceted analyses to robustly characterize the deposits.

Conclusion

This report provides unique insight into the structure and
potential mechanism of formation of microscopic IOL depos-
its. No single analytical technique could sufficiently character-
ize IOL crystals, so multiple techniques were used to attain
complementary information. By combining XRD results with
those from EDS, XPS, and Raman, the proposed molecular
structure of IOL deposits is crystalline sodiated cHAP (Ca9Na
(PO4)5CO3(OH)2) layered with amorphous ACP. Substituted
HAP is prevalent in bone, which indicates that IOL calcifica-
tion could follow a similar mechanism.

The rarity of crystals on implanted IOLs suggests that rela-
tively few patients possess an ocular microenvironment
capable of supporting crystal growth. Clinical studies have
shown increased occurrences of IOL calcification when
patients undergo additional eye surgeries involving intraocular
gas insertion (e.g. pars plana vitrectomy, pseudophakic endo-
thelial keratoplasty).3,4 Altering the microenvironment in the
eye with exogenous materials may cause a predisposition to
crystal formation, rather than any intrinsic properties of the
IOL. This assertion is supported by our FIB/SEM results that
did not indicate the presence of any voids in the lens material
that could serve as nucleation sites. However, far larger sample
sizes are needed to make definitive conclusions. Such studies
are encouraged to use FIB/SEM to section the IOL to eliminate
artifacts caused by a blade and enable unbiased identification
of potential voids.

Similarly, speculations made by other groups that hydro-
philic IOL polymers attract calcium and phosphate ions to the
lens surface to cause crystal nucleation11 is not supported by
the rarity of IOL deposit occurrence in patients.2 Crystal for-
mation is most likely caused by “at-risk” ocular microenviron-
ments stimulated by environmental factors. It remains unclear
which biomolecular constituents in the microenvironment
induce crystal deposition on IOLs, but we assert that similar
components are also present during bone growth.54

Elucidating these connections presents an intriguing area of
investigation in future studies.
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