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Development of a standardized 
in vitro model to reproduce 
hydrophilic acrylic intraocular lens 
calcification
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Opacification through calcification of hydrophilic acrylic intraocular lenses (IOL) is a severe 
complication after cataract surgery. Causing symptoms that range from glare through to severe vision 
loss, the only effective therapy is explantation of the opacified IOL so far. Although IOL calcification 
is a well-described phenomenon, its pathogenesis is not fully understood yet. The purpose of the 
current study was to develop a laboratory model to replicate IOL calcification. Calcification could 
be reproduced using a horizontal electrophoresis and aqueous solutions of calcium chloride and 
disodium hydrogen phosphate. The analysis of the in vitro calcified IOLs was performed using light 
microscopy, Alizarin Red and Von Kossa staining, scanning electron microscopy, energy dispersive 
x-ray spectroscopy and electron crystallography using transmission electron microscopy and electron 
diffraction. The presented laboratory model could be used to identify hydrophilic IOLs that are at risk 
to develop calcification and to assess the influence of associated risk factors. In addition, it can serve 
as a research tool to further understand this pathology.

Cataract surgery with intraocular lens (IOL) implantation is one of the most common performed surgeries worldwide 
and generally a very safe procedure. Nevertheless, complications exist, which may lead up to a removal of the IOL1. 
A recent publication investigating IOL related complications found opacification of hydrophilic acrylic IOLs through 
calcification2–7 to be the main reason for IOL explantation8. Laboratory investigations identified calcification to be the 
precipitation of calcium and phosphate ions to form hydroxyapatite crystals within the IOL polymer9–11. Growth and 
accumulation of those crystals increases straylight causing symptoms that range from glare through to severe vision 
loss12–16 and IOL explantation and exchange is the only effective therapy so far.

IOL calcification is associated with a number of risk factors: some hydrophilic IOL polymers appear more prone 
than others to calcification and opacification of IOLs of certain batches could be observed in the past16. Moreover, 
there is an association with some ophthalmic surgical procedures or with specific ocular and systemic diseases8,9,15–20.

Although IOL calcification is a well-described phenomenon2–6, its pathomechanism and its relation to risk factors is 
not fully understood yet. The use of in vitro methods is of crucial importance in aiming to understand the underlying 
mechanism of calcification in order to avoid such pathology. The objective of this study was to develop a standardized 
in vitro model to reproduce IOL calcification, which is the formation of hydroxyapatite crystals within the IOL polymer. 
We aimed to create a fast-screening method to identify IOLs that are at risk develop calcification, which further allows 
to investigate the influence of risk factors of calcification.

Methods
In our experimental model to replicate IOL calcification in vitro, we adapted existing electrophoretic approaches to 
form hydroxyapatite in hydrogels from Watanabe and Akashi21 and Schiraldi et al.22 to IOL polymers. We used a 
Mini-Sub Cell GT Cell horizontal electrophoresis tank with platinum electrodes (Bio-Rad Laboratories Inc., Hercules, 
California, USA) and a double-walled IOL holder of our design, made out of inert Poly(methyl methacrylate) (Fig. 1a). 
For each electrophoretic run, five acrylic IOLs from different manufacturers (Table 1) were unpacked and placed in the 
IOL-holder, taking care to avoid IOL dehydration while transferring them from the pack. The holder containing the 
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IOLs was placed in the electrophoresis tank. Rubber seal was set between the holder and the tank to avoid an 
exchange of the different salt solutions.

To simulate the aqueous humor in respect of the components forming the calcium phosphate crystals in vivo, aque-
ous solutions of calcium chloride and disodium hydrogen phosphate of physiological aqueous humor concentration 
(CaCl2 = 1,70 mM, Na2HPO4 = 0,62 mM), 10 mM and 40 mM concentration were prepared. To adjust the solutions 
to pH 7,40 we used 10 mM TRIS-buffer and 10 mM HCl-buffer. The calcium chloride aqueous solution was set at the 
anode side and the disodium hydrogen phosphate aqueous solutions at the cathode side (Fig. 1b). To adapt the electro-
phoretic approaches to the IOL polymer, five runs with five IOLs each (n = 25) were made and tested with alterations in 
electrophoresis time, the concentration of the solutions and the applied voltage, until we found the optimal conditions 
for sufficient crystal growth to perform electron crystallography (Table 2).

After electrophoresis, the IOLs were removed from the holder, rinsed with purified water and then investigated for 
the occurrence of calcification. We applied the analysis methods we use to analyze explanted IOLs that we have reported 
in detail in previous publications4,9,12–14,17,20 (Fig. 2): beginning with light microscopy, taking overview images and pho-
tographs at higher magnification. Then each IOL was bisected into X and Y halves. The X half was first analyzed using 
Alizarin Red staining, the histological stain used to detect calcium deposits on the IOL surface. To identify if calcium 
phosphate deposits had formed within the IOL polymer, this X half was paraffin-embedded, then cut in 5 µm verti-
cal sections and stained with the Von Kossa method, which stains (calcium) phosphates brown to black. For electron 
microscopy investigations, the Y halves were sent to the Max-Planck-Institute for Polymer Research. Scanning electron 
microscopy (SEM) images of the anterior and posterior surfaces and vertical sections were taken and chemical analysis 
of the deposits formed on the surface and within the polymer was performed using energy dispersive X-ray spectroscopy 
(EDX). Electron crystallography of the deposits within the polymer was carried out, using transmission electron 
microscopy (TEM) and electron diffraction (ED).

Figure 1.   Schematic illustration of experimental setup (a) and hydroxyapatite formation within the intraocular 
lens (IOL) polymer (b). (a) The IOLs were placed in the double-walled holder having a circular opening 
exposing the IOL’s surfaces. The holder was then placed in the electrophoresis tank with a rubber seal to avoid 
leakage of the solutions. (b) The disodium phosphate aqueous solution was set at the cathode side and the 
calcium chloride aqueous solution at the anode side. Calcium cations and phosphate anions migrate toward the 
corresponding electrode side—passing through the IOL polymer. Hydroxyapatite was formed as the opposing 
ions met in the gel.

Table 1.   Intraocular lens characteristics. For the IOL models LentisMplus LS-313 MF30 and CT SPHERIS 
204, the manufacturers claim these IOLs to have hydrophobic surface properties. There is no precise 
information given on what these surface properties consist of. P = position. PHEMA = Poly (2-hydroxyethyl 
methacrylate). PEA = Poly (2-phenylethylacrylate). a Position in IOL holder (Fig. 1), identical for each IOL 
model per run. b Major material component specified. c Hydrophobic negative control.

Pa Manufacturer Model Materialb H2O %

a Oculentis Medical GmbH LentisMplus LS-313 MF30 PHEMA 25

b Rayner Intraocular Lenses Ltd Centerflex Toric 571 T PCL PHEMA 26

c Morcher GmbH 95S PHEMA 28

d Carl Zeiss Meditec AG CT SPHERIS 204 PHEMA 25

e Alcon Laboratories, Inc Clareon SY60WFc PEA 1.5
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Ethical approval.  The study did not require institutional review board approval because it was an exclu-
sively experimental in vitro study. Besides the authors, no other person contributed to the conduct of this study 
and the preparation of the manuscript.

Results
Adjustment of electrophoretic parameters.  Under physiological concentrated solutions and a one-
hour running time in run 1 (Table 2), light microscopy and staining methods showed crystals had formed on the 
IOLs surfaces only, but not within the polymer, resulting in negative Von Kossa analysis. Therefore, concentra-
tion of the aqueous solution was increased to 40 mM in run 2, as used by Schiraldi et al.22. Under these condi-
tions, Von Kossa staining and SEM with EDX showed crystals had formed within the polymer but were too small 
to perform electron crystallography. Running time was therefore increased from one hour to 20 h in run 3. Fur-
thermore, the concentration of the solutions was reduced from 40 to 10 mM, to minimize precipitation outside 
the polymer. Under these settings, a complete crystal analysis including electron crystallography was possible, 
so we decided to use the settings in run 3 as standard settings in the future. In addition, we tested the influence 
of higher voltage on crystal formation in run 4. Increasing voltage from 100 to 300 V resulted in inhomogeneous 
crystal growth restricted to certain areas in the polymer. Optimal crystal formation occurred under the settings 
used in run 3. The settings and obtained results were repeated and therefore verified in run 5.

Crystal analysis.  Light microscopy and Alizarin Red staining showed calcium deposits had formed on the 
IOL’s surface (Fig. 3a,b). SEM with EDX confirmed these deposits to consist of calcium and phosphorus (Fig. 4).

Light microscopy of Von Kossa stained vertical sections (Fig. 3c) and SEM with EDX investigation of vertical 
sections (Fig. 5) showed calcium phosphate crystals had also formed within the IOL polymer.

Electron crystallography (Fig. 6) and comparison to both hydroxyapatite and the precursor octacalcium 
phosphate (Fig. 7) clearly showed the crystals within the polymer to be hydroxyapatite.

The hydrophobic IOLs showed surface calcium phosphate precipitation, but no crystal growth within the 
polymer. No noticeable difference in the occurrence of calcification could be found for the IOLs which manu-
facturers claim to have hydrophobic surface properties.

Table 2.   Adaption of electrophoretic settings to the IOL polymer until sufficient crystal size for analysis was 
produced. We started with settings as in Schiraldi et al22 and physiological concentrations, then successively 
adapted the settings to the IOL polymer. In order to enable analysis with electron crystallography, a certain 
crystal size is required, which was best created by parameter settings in run 3 (bold). These settings were set as 
standard and verified in run 5. Constant parameters in every run were pH 7,40, power 41 W and temperature 
22 °C. a Concentration of both CaCl2 and Na2HPO4 aqueous solutions. b To ensure sufficient ion concentration, 
the aqueous solutions were changed after 8 h.

Parameter Run 1 Run 2 Run 3 Run 4 Run 5

c, mM Na2HPO4 0,62
CaCl2 1,70 40a 10a 10a 10a

t, h 1 1 20b 4 20b

I, mA 50 50 25 25 25

U, V 100 100 100 300 100

Figure 2.   Analysis methods. After electrophoresis, light microscopy (LM) images were taken of the complete 
IOLs. Then the IOLs were bisected into X and Y halves. The X half was analyzed using the Alizarin Red and the 
Von Kossa methods. The anterior and posterior surfaces of the Y half and vertical sections (VS) of these Y halves 
were investigated using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), 
transmission electron microscopy (TEM) and electron diffraction (ED).
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Discussion
Calcification, the formation of hydroxyapatite crystals within the polymer of hydrophilic acrylic IOL, is a severe 
complication of cataract surgery23,24. When IOL calcification was first observed and documented2, little was 
known about the mechanisms causing it. In 2008, a classification based on clinical investigations was introduced 
by David Apple, distinguishing between primary and secondary calcification3. The former is related to the IOL 
polymer itself or arising from a problem in the manufacturing process. Secondary calcification, however, is 
associated with intraocular environmental changes, caused for example by surgical procedures (e.g., posterior 
lamellar keratoplasty, Pars-plana-Vitrectomy (PPV) or intracameral injection of recombinant tissue plasminogen 
activator) or linked to ocular and systemic disease (for example, diabetes mellitus)6,20,25–29.

More recent laboratory investigations have studied the underlying mechanisms of crystal formation in hydro-
philic acrylic IOLs. Koutsoukos et al.24 showed two main reasons for IOL calcification. Firstly, the aqueous humor 

Figure 3.   Light microscopy investigation of IOL 3a. Light microscopy (a) shows flat and granular deposits on 
the IOL’s surface. Alizarin Red (b) and Von Kossa (c) staining reveal the deposits had formed on the surface (b) 
and within the IOL polymer (c) and consist of calcium phosphate.

Figure 4.   Analysis of surface deposits of IOL 3a. Scanning electron microscopy (a, b) shows deposits formed 
on the IOL’s surface. Energy dispersive X-ray spectroscopy (c) investigation shows high peaks of 6,5 cps/eV at 
2 keV characteristic for phosphorus (P) and 9,5 cps/eV at 3,7 keV characteristic for calcium (Ca). These findings 
confirm the deposits to be calcium phosphates. Since the sample was placed on a silicon waver for analysis, 
a silicon peak (Si) can be found in the EDX result. Carbon (C) and oxygen (O) peaks originate from the IOL 
polymer.
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is a supersaturated solution of calcium and phosphate ions which favors precipitation. Over time, the ions dif-
fuse into the hydrophilic IOL polymer. When the number of ions in solution in the polymer reaches saturation, 
the ions precipitate as a calcium phosphate salt. With further diffusion of calcium and phosphate ions into the 
polymer, the precipitated salts act as nuclei for crystallization30–32.

Secondly, the material used for the manufacture of hydrophilic acrylic IOLs plays a key role. The major com-
ponent of this material is commonly Poly(2-hydroxyethyl methacrylate) (PHEMA). Carboxyl- and hydroxyl 
groups give this polymer polar properties, as they have a partial negative charge24. This negative charge leads to 
complexation of positively charged calcium ions and thereby favors diffusion, accumulation and precipitation 
with phosphate ions within the polymer33. Calcification might therefore be theoretically possible in every hydro-
philic acrylic IOL containing PHEMA. To avoid this complication, surgeons could use only hydrophobic IOLs 
where calcification is rather unlikely34. The main component of hydrophobic IOLs is often Poly(methyl meth-
acrylate) (PMMA) or Poly(ethyl acrylate) (PEA), which in comparison to PHEMA do not have polar hydroxyl 
groups and water content of hydrophobic IOLs is low (< 2%)35. Thus, diffusion and accumulation of calcium and 
phosphate ions within the hydrophobic polymer occur to a much lesser extent, if at all, so crystal formation is 
improbable. This is supported by the findings of a much lower hydroxyapatite growth rate on PMMA than on 
PHEMA23. However, hydrophobic IOLs can also develop material alterations (e.g., glistenings)36.

Figure 5.   Chemical analysis of the crystals formed within the polymer of IOL 3a. Scanning electron 
microscopy investigation of a vertical section (a) overview, (b, c) higher magnification) with energy dispersive 
X-ray spectroscopy (d) confirms the crystals to consist of calcium (Ca) and phosphorus (P). The silicon peak 
(Si) originates from the silicon waver, carbon (C) and oxygen (O) peaks from the IOL polymer.
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Furthermore, hydrophilic acrylic IOLs continue to be used because of their many advantages in terms of 
biocompatibility, ease of implantation, ease of alignment of the lens (especially important in toric IOL implanta-
tion where the lens is rotated within the capsule), the material’s compressibility during micro-incisional surgery 
and their low costs37.

The main material component of the hydrophilic IOLs tested in this study was PHEMA. We found that those 
IOLs described as having hydrophobic surface properties (Table 2) also exhibited calcification, the surface did not 
impede crystallization. This finding is in agreement with previous reports15,16,24,38 and it suggests that hydrophobic 
surfaces cannot prevent the diffusion of the ions into the polymer.

Diffusion of ions in solids is a slow process, and therefore calcification is typically a course over time rather 
than an immediate event39. Thus, a delay might be expected in the patient showing symptoms related to the lens 
opacification caused by calcification. However, there are case reports and epidemiological studies of conditions 
under which IOL calcification is reported to occur earlier6,20,23,26. Such risk factors accelerating calcification 
seem to be solutions high in phosphate concentration coming in contact with the IOL during the manufacturing 
process15,16,40, certain ophthalmic viscosurgical devices41,42, surgical procedures4,20,26 or physiological changes in 
the aqueous humor43. The physiological amount of phosphate in the aqueous humor is 2,19 mg/dl and typically 
lower than the serum concentration (3,27 mg/dl)43. Intraocular inflammation in patients with proliferative dia-
betic retinopathy (PDR), hypertension or post-surgery inflammation may alter the blood-aqueous barrier5,25. As 
a result, the diffusion of phosphate ions from the blood to the aqueous humor might be increased. This assump-
tion is supported by the finding of significantly higher concentrations of phosphate ions in the aqueous humor 
of patients with PDR (3,03 mg/dl)43. The higher the concentration in the aqueous humor surrounding the IOL, 
the faster the ions will diffuse into the IOL and accelerate calcification. Another reason for elevated concentra-
tions of phosphate in aqueous humor could be residual cataractous-lens material resulting from inadequate 
cortex cleaning23.

Therefore, we think one should rather talk about risk factors leading to premature calcification than strictly 
referring to primary or secondary calcification, as the underlying mechanism is most probably the same. The 
influence of risk factors might accelerate diffusion and therefore reduce the time needed until the solubility 
product is exceeded and crystallization starts.

IOL calcification has also been reported to occur after intraocular gas injection in PPV or posterior lamellar 
keratoplasty, where gas contact to the IOL might lead to dehydration and degeneration of the IOL’s surface4,13,25,26. 
It has been proposed that surface defects, coming in contact with the aqueous humor, can cause sedimentation44. 
Calcification preventive techniques with local saline solution irrigation of the anterior chamber to rinse of cal-
cium ions out of the IOL polymer have been reported45. However, these techniques do not propose long-term 
solutions, since calcium ions are ubiquitously present in the aqueous humor and will diffuse back into the IOL 
polymer after irrigation.

Figure 6.   Electron crystallography of crystals within the polymer of IOL 3c. Transmission electron microscopy 
(b) provides the electron diffraction (ED) pattern of the crystals (a). Comparison (c) of the crystals’ ED pattern 
within IOL 3c to a reference ED of hydroxyapatite (HAP) shows a very high accordance: The ED of IOL 3c 
shows peaks at a scattering vector of 16, 18.5, 20, 22.5, 32, 34 and 36.5, characteristic for hydroxyapatite.
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IOL calcification appears to be a multifactorial phenomenon and in vitro models provide an approach to 
understanding the underlying mechanism. Existing methods to replicate IOL calcification39 are using a bioreactor 
simulating the anterior chamber, where experimental IOLs are placed in a solution equivalent to the aqueous 
humor. A syringe pump and a thermostat provide the physiological temperature and constant flow of the aqueous 
humor. Through slow diffusion of calcium and phosphate ions into the polymer, after five months, hydroxyapatite 
formed within the polymer. Other experimental models investigated the influence of viscoelastic materials and 
fatty acids on octacalcium phosphate surface nucleation of hydrophilic IOLs but did not induce hydroxyapatite 
growth within the polymer42. In vivo animal models to investigate calcification of different IOL materials also 
exist but have long trial run times of 10 months46.

We developed an in vitro model using electrophoresis to accelerate the diffusion and reproduced IOL calcifica-
tion within 20 h. We varied the electrophoretic settings to define standard conditions (run 3 and 5) under which 
crystal formation and analysis were best possible. By standardizing the in vitro model, we hope to investigate the 
influence of risk factors affecting crystal formation. Moreover, our scope was to develop a fast-screening method, 
which simulates a worst-case scenario under harsh conditions to identify materials and IOL models at risk to 
calcify rather than replicating the exact in vivo conditions. Electrophoresis models have already been used before 
to create fast crystal growth in hydrophilic polymers21,22,31, but to the best of our knowledge, this approach has 
never been applied to IOLs. Light microscopy and SEM with EDX analysis confirmed the presence of calcium 
phosphate crystals on the IOL’s surface and within the polymer (Figs. 3, 4 and 5). A morphological comparison 
of in vitro calcified IOLs to explanted, in vivo calcified IOLs is not appropriate because the calcification pattern 
in in vivo explants is inhomogeneous4,24. To enable a comparison, the determination of the calcium phosphate 
crystal type would be the correct approach.

Different crystalline phases of calcium phosphate salts have been discussed to play a role in the process of 
calcification39,47. It has been shown that the thermodynamically most stable calcium phosphate hydroxyapatite 
is the main form to be found within the polymer of in vivo calcified IOLs9,23. However, octacalcium phosphate, 
a metastable precursor of hydroxyapatite, is discussed to build at an early state and eventually transform into 
hydroxyapatite with time.

Electron crystallography of the crystals formed within the polymer was performed. Comparison of these 
crystals’ electron diffraction pattern to hydroxyapatite (Fig. 6) and octacalcium phosphate (Fig. 7) identified 
these crystals to be hydroxyapatite.

Whereas in vivo calcification takes up to years4, this in vitro model creates an accelerated calcification process 
using harsh conditions. We thereby expect that we can use this electrophoresis setup as a fast test to identify 

Figure 7.   Distinction between crystals formed within the IOL polymer and hydroxyapatite (HAP) to 
octacalcium phosphate (OCP). Due to the OCP’s asymmetrical crystal structure, the reference electron 
diffraction (ED) pattern of OCP shows various diffraction reflections. These reflections are missing in the 
ED pattern of crystals in IOL 3c. Characteristic reflections to clearly distinguish OCP and HAP are marked 
(arrows).
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hydrophilic IOLs that are at risk to develop calcification. Several implications are possible: varying and docu-
menting time or concentration of the solution needed for calcification to occur for each IOL model, we could 
distinguish models prone to calcification. Furthermore, we could also investigate whether the influence of vari-
ous risk factors will reduce time or concentration needed until calcification is measurable. Instead of measuring 
time or concentration, quantification of the crystals as a parameter of calcification would also be conceivable44. 
Further investigations and studies are required for this purpose.

In conclusion, we present a novel experimental model to replicate IOL calcification in vitro, in effort to con-
tribute to a deeper understanding of this complication.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request. The schematic illustrations shown in Figs. 1 and 2 have been drawn by L.B. using 
Microsoft Power Point version 16.43. Reference electron diffraction pattern of HAP and OCP in Figs. 6 and 7 
were obtained from PDF-2 2007; ICDD Newtown Square, PA, 2018.

Received: 1 September 2021; Accepted: 7 April 2022

References
	 1.	 Grzybowski, A., Markeviciute, A. & Zemaitiene, R. A narrative review of intraocular lens opacifications: update 2020. Ann. Transl. 

Med. 8, 1547. https://​doi.​org/​10.​21037/​atm-​20-​4207 (2020).
	 2.	 Balasubramaniam, C., Goodfellow, J., Price, N. & Kirkpatrick, N. Opacification of the Hydroview H60M intraocular lens: total 

patient recall. J. Cataract Refract. Surg. 32, 944–948. https://​doi.​org/​10.​1016/j.​jcrs.​2006.​02.​047 (2006).
	 3.	 Neuhann, I. M., Kleinmann, G. & Apple, D. J. A new classification of calcification of intraocular lenses. Ophthalmology 115, 73–79. 

https://​doi.​org/​10.​1016/j.​ophtha.​2007.​02.​016 (2008).
	 4.	 Yildirim, T. M. et al. Material analysis and optical quality assessment of opacified hydrophilic acrylic intraocular lenses after pars 

plana vitrectomy. Am. J. Ophthalmol. 193, 10–19. https://​doi.​org/​10.​1016/j.​ajo.​2018.​06.​002 (2018).
	 5.	 Darcy, K. et al. Calcification of hydrophilic acrylic intraocular lenses following secondary surgical procedures in the anterior and 

posterior segments. Br. J. Ophthalmol. https://​doi.​org/​10.​1136/​bjoph​thalm​ol-​2018-​313385 (2019).
	 6.	 Fernandez, J., Sanchez-Garcia, A., Rodriguez-Vallejo, M. & Pinero, D. P. Systematic review of potential causes of intraocular lens 

opacification. Clin. Exp. Ophthalmol. https://​doi.​org/​10.​1111/​ceo.​13650 (2019).
	 7.	 Werner, L. Causes of intraocular lens opacification or discoloration. J. Cataract Refract. Surg. 33, 713–726. https://​doi.​org/​10.​

1016/j.​jcrs.​2007.​01.​015 (2007).
	 8.	 Neuhann, T. et al. Reasons for explantation, demographics, and material analysis of 200 intraocular lens explants. J. Cataract 

Refract. Surg 46, 20–26. https://​doi.​org/​10.​1016/j.​jcrs.​2019.​08.​045 (2020).
	 9.	 Yildirim, T. M. et al. Variation in intraocular lens calcification under different environmental conditions in eyes with supplementary 

sulcus-supported lenses. Am. J. Ophthalmol. Case Rep. 19, 100797. https://​doi.​org/​10.​1016/j.​ajoc.​2020.​100797 (2020).
	10.	 Kanclerz, P., Yildirim, T. M. & Khoramnia, R. Microscopic characteristics of late intraocular lens opacifications. Arch. Pathol. Lab. 

Med https://​doi.​org/​10.​5858/​arpa.​2019-​0626-​RA (2020).
	11.	 Khoramnia, R., Yildirim, T. M., Labuz, G., Mayer, C. S. & Auffarth, G. U. Opacification of intraocular lenses: laboratory and clinical 

findings. Ophthalmol. Z. Dtsch. Ophthalmolog. Ges. 118, 633–642. https://​doi.​org/​10.​1007/​s00347-​020-​01259-3 (2021).
	12.	 Yildirim, T. M. et al. Impact of primary calcification in segmented refractive bifocal intraocular lenses on optical performance 

including straylight. J. Refract. Surg. 36, 20–27. https://​doi.​org/​10.​3928/​10815​97X-​20191​119-​01 (2020).
	13.	 Labuz, G., Yildirim, T. M., van den Berg, T., Khoramnia, R. & Auffarth, G. U. Assessment of straylight and the modulation transfer 

function of intraocular lenses with centrally localized opacification associated with the intraocular injection of gas. J. Cataract 
Refract. Surg. 44, 615–622. https://​doi.​org/​10.​1016/j.​jcrs.​2018.​01.​033 (2018).

	14.	 Khoramnia, R. et al. Opacification of a hydrophilic intraocular lens 4 years after cataract surgery. A biomaterial analysis. Ophthal-
mol. Z. Dtsch. Ophthalmol. Ges. 109, 483–486. https://​doi.​org/​10.​1007/​s00347-​011-​2487-6 (2012).

	15.	 Scherer, N. C. D. et al. Serial opacification of a hydrophilic-hydrophobic acrylic intraocular lens—analysis of potential risk factors. 
J. Cataract Refract. Surg. https://​doi.​org/​10.​1097/j.​jcrs.​00000​00000​000342 (2020).

	16.	 Costa, J. F. et al. Large-scale opacification of a hydrophilic/hydrophobic intraocular lens. Eur. J. Ophthalmol. 30, 307–314. https://​
doi.​org/​10.​1177/​11206​72119​830581 (2020).

	17.	 Tandogan, T. et al. Optical and material analysis of opacified hydrophilic intraocular lenses after explantation: a laboratory study. 
BMC Ophthalmol. 15, 170. https://​doi.​org/​10.​1186/​s12886-​015-​0149-1 (2015).

	18.	 Roland, S. et al. Opacification of hydrophilic intraocular lens after multiple injections of bevacizumab. Ophthalmol. Z. Dtsch. 
Ophthalmol. Ges. 116, 882–886. https://​doi.​org/​10.​1007/​s00347-​018-​0829-3 (2019).

	19.	 Milojcic, C. et al. Opacification of a hydrophilic acrylic intraocular lens after DMEK: a material analysis. Ophthalmol. Z. Dtsch. 
Ophthalmol. Ges. 114, 832–837. https://​doi.​org/​10.​1007/​s00347-​016-​0394-6 (2017).

	20.	 Giers, B. C. et al. Hydrophilic intraocular lens opacification after posterior lamellar keratoplasty—a material analysis with special 
reference to optical quality assessment. BMC Ophthalmol. 17, 150. https://​doi.​org/​10.​1186/​s12886-​017-​0546-8 (2017).

	21.	 Watanabe, J. & Akashi, M. Novel biomineralization for hydrogels: electrophoresis approach accelerates hydroxyapatite formation 
in hydrogels. Biomacromolecules 7, 3008–3011. https://​doi.​org/​10.​1021/​bm060​488h (2006).

	22.	 Johnson, J. R. III., Meng, L., Wnek, G. E. & Schiraldi, D. A. Electrophoretic calcium phosphate mineralization of collagen. Green 
Mater. 3, 1–21. https://​doi.​org/​10.​1680/​gmat.​15.​00007 (2015).

	23.	 Gartaganis, S. P., Kanellopoulou, D. G., Mela, E. K., Panteli, V. S. & Koutsoukos, P. G. Opacification of hydrophilic acrylic intraocular 
lens attributable to calcification: investigation on mechanism. Am. J. Ophthalmol. 146, 395–403. https://​doi.​org/​10.​1016/j.​ajo.​2008.​
04.​032 (2008).

	24.	 Gartaganis, S. P. et al. Calcification of hydrophilic acrylic intraocular lenses with a hydrophobic surface: laboratory analysis of 6 
cases. Am. J. Ophthalmol. 168, 68–77. https://​doi.​org/​10.​1016/j.​ajo.​2016.​04.​018 (2016).

	25.	 Marcovich, A. L. et al. Opacification of hydrophilic intraocular lenses associated with vitrectomy and injection of intraocular gas. 
BMJ Open Ophthalmol. 3, e000157. https://​doi.​org/​10.​1136/​bmjop​hth-​2018-​000157 (2018).

	26.	 Schrittenlocher, S. et al. Intraocular lens calcifications after (triple-) Descemet membrane endothelial keratoplasty. Am. J. Oph-
thalmol. 179, 129–136. https://​doi.​org/​10.​1016/j.​ajo.​2017.​04.​024 (2017).

	27.	 Milojcic, C. et al. Eintrübung einer hydrophilen Acryl-Intraokularlinse nach DMEK. Ophthalmologe 114, 832–837. https://​doi.​
org/​10.​1007/​s00347-​016-​0394-6 (2017).

	28.	 Fung, S. S. et al. Intraocular lens opacification following intracameral injection of recombinant tissue plasminogen activator to 
treat inflammatory membranes after cataract surgery. J. Ophthalmol. 2015, 975075. https://​doi.​org/​10.​1155/​2015/​975075 (2015).

https://doi.org/10.21037/atm-20-4207
https://doi.org/10.1016/j.jcrs.2006.02.047
https://doi.org/10.1016/j.ophtha.2007.02.016
https://doi.org/10.1016/j.ajo.2018.06.002
https://doi.org/10.1136/bjophthalmol-2018-313385
https://doi.org/10.1111/ceo.13650
https://doi.org/10.1016/j.jcrs.2007.01.015
https://doi.org/10.1016/j.jcrs.2007.01.015
https://doi.org/10.1016/j.jcrs.2019.08.045
https://doi.org/10.1016/j.ajoc.2020.100797
https://doi.org/10.5858/arpa.2019-0626-RA
https://doi.org/10.1007/s00347-020-01259-3
https://doi.org/10.3928/1081597X-20191119-01
https://doi.org/10.1016/j.jcrs.2018.01.033
https://doi.org/10.1007/s00347-011-2487-6
https://doi.org/10.1097/j.jcrs.0000000000000342
https://doi.org/10.1177/1120672119830581
https://doi.org/10.1177/1120672119830581
https://doi.org/10.1186/s12886-015-0149-1
https://doi.org/10.1007/s00347-018-0829-3
https://doi.org/10.1007/s00347-016-0394-6
https://doi.org/10.1186/s12886-017-0546-8
https://doi.org/10.1021/bm060488h
https://doi.org/10.1680/gmat.15.00007
https://doi.org/10.1016/j.ajo.2008.04.032
https://doi.org/10.1016/j.ajo.2008.04.032
https://doi.org/10.1016/j.ajo.2016.04.018
https://doi.org/10.1136/bmjophth-2018-000157
https://doi.org/10.1016/j.ajo.2017.04.024
https://doi.org/10.1007/s00347-016-0394-6
https://doi.org/10.1007/s00347-016-0394-6
https://doi.org/10.1155/2015/975075


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:7685  | https://doi.org/10.1038/s41598-022-11486-0

www.nature.com/scientificreports/

	29.	 Balendiran, V., MacLean, K., Mamalis, N., Tetz, M. & Werner, L. Localized calcification of hydrophilic acrylic intraocular lenses 
after posterior segment procedures. J. Cataract Refract. Surg. 45, 1801–1807. https://​doi.​org/​10.​1016/j.​jcrs.​2019.​07.​015 (2019).

	30.	 Dey, A. et al. The role of prenucleation clusters in surface-induced calcium phosphate crystallization. Nat. Mater. 9, 1010–1014. 
https://​doi.​org/​10.​1038/​nmat2​900 (2010).

	31.	 Kimura, K., Kamitakahara, M., Yokoi, T. & Ioku, K. Formation process of hydroxyapatite granules in agarose hydrogel by electro-
phoresis. Cryst. Growth Des. 18, 1961–1966. https://​doi.​org/​10.​1021/​acs.​cgc1.​7b011​54 (2018).

	32.	 Koutsoukos, P., Amjad, Z., Tomson, M. B. & Nancollas, G. H. Crystallization of calcium phosphates. A constant composition study. 
J. Am. Chem. Soc. https://​doi.​org/​10.​1021/​ja005​25a015 (1980).

	33.	 Dalas, E., Kallitsis, J. K. & Koutsoukos, P. G. Crystallization of hydroxyapatite on polymers. Langmuir ACS J. Surf. Coll. 7, 1822–
1826. https://​doi.​org/​10.​1021/​la000​56a040 (1991).

	34.	 Kim, D. J., Chuck, R. S., Lee, J. K. & Park, C. Y. Reversible opacification of hydrophobic acrylic intraocular lens- two cases report. 
BMC Ophthalmol. 17, 111. https://​doi.​org/​10.​1186/​s12886-​017-​0509-0 (2017).

	35.	 Kohnen, T. The variety of foldable intraocular lens materials. J. Cataract Refract. Surg. 22(Suppl 2), 1255–1258. https://​doi.​org/​10.​
1016/​s0886-​3350(96)​80079-4 (1996).

	36.	 Labuz, G. et al. Glistening formation and light scattering in six hydrophobic-acrylic intraocular lenses. Am. J. Ophthalmol. 196, 
112–120. https://​doi.​org/​10.​1016/j.​ajo.​2018.​08.​032 (2018).

	37.	 Bellucci, R. In Cataract. ESASO Course Series Vol. 3 (ed. Güell, J. L.) 38–55 (Karger, 2013).
	38.	 Neuhann, T. et al. Reasons for explantation, demographics, and material analysis of 200 intraocular lens explants. J. Cataract 

Refract. Surg. 46, 20–26. https://​doi.​org/​10.​1016/j.​jcrs.​2019.​08.​045 (2020).
	39.	 Drimtzias, E. G., Rokidi, S. G., Gartaganis, S. P. & Koutsoukos, P. G. Experimental investigation on mechanism of hydrophilic 

acrylic intraocular lens calcification. Am. J. Ophthalmol. 152, 824-833 e821. https://​doi.​org/​10.​1016/j.​ajo.​2011.​04.​009 (2011).
	40.	 Koutsoukos, P. Oculentis Intraocular Lens Investigation (Foundation for Research and Technology–Hellas, Institute of Chemical 

Engineering Sciences (Forth/ICE-HT), University of Patras, Greece, 2017).
	41.	 Sher, J. H. et al. Comparison of the incidence of opacification of Hydroview hydrogel intraocular lenses with the ophthalmic 

viscosurgical device used during surgery. J. Cataract Refract. Surg. 34, 459–464. https://​doi.​org/​10.​1016/j.​jcrs.​2007.​10.​029 (2008).
	42.	 Guan, X., Tang, R. & Nancollas, G. H. The potential calcification of octacalcium phosphate on intraocular lens surfaces. J. Biomed. 

Mater. Res. Part A 71, 488–496. https://​doi.​org/​10.​1002/​jbm.a.​30176 (2004).
	43.	 Kim, C. J. & Choi, S. K. Analysis of aqueous humor calcium and phosphate from cataract eyes with and without diabetes mellitus. 

Korean J. Ophthalmol. 21, 90–94. https://​doi.​org/​10.​3341/​kjo.​2007.​21.2.​90 (2007).
	44.	 Tarnawska, D., Balin, K., Jastrzebska, M., Talik, A. & Wrzalik, R. Physicochemical analysis of sediments formed on the surface of 

hydrophilic intraocular lens after Descemet’s stripping endothelial keratoplasty. Materials https://​doi.​org/​10.​3390/​ma131​84145 
(2020).

	45.	 Lacey, J. C., Ghatora, B. K., Foot, P. J., Barton, S. J. & De Cock, R. Intraocular lens calcification after DSEK: a mechanism and 
preventive technique. Cornea 35, e28-30. https://​doi.​org/​10.​1097/​ICO.​00000​00000​000938 (2016).

	46.	 Buchen, S. Y. et al. Assessing intraocular lens calcification in an animal model. J. Cataract Refract. Surg. 27, 1473–1484. https://​
doi.​org/​10.​1016/​s0886-​3350(01)​00842-2 (2001).

	47.	 Lin, S. Y., Chen, K. H., Li, M. J., Cheng, W. T. & Wang, S. L. Evidence of octacalcium phosphate and type-B carbonated apatites 
deposited on the surface of explanted acrylic hydrogel intraocular lens. J. Biomed. Mater. Res. B 70b, 203–208. https://​doi.​org/​10.​
1002/​jbm.b.​30067 (2004).

Acknowledgements
The IOLs used were free of charge and provided by Alcon Laboratories, Inc., Carl Zeiss Meditec AG, Morcher 
GmbH, Oculentis Medical GmbH and Rayner Intraocular Lenses Ltd. The companies had no role in the design 
or conduct of this research. The David J. Apple International Laboratory for Ocular Pathology is supported by 
the Klaus Tschira Stiftung GmbH.

Author contributions
Conception and Design: L.B., S.K.S., T.M.Y., G.U.A., R.K.; Collection and management of Data L.B.; Von Kossa 
staining: Heike Conrad, Department of Pathology, University Clinic Heidelberg, Germany; Electron microscopy 
analysis including SEM, EDX, TEM and ED: I.L.; Analysis and interpretation of data: L.B., S.K.S., R.K., I.L., 
G.U.A.; Review and approval of manuscript: L.B., S.K.S., T.M.Y., R.K., G.U.A.

Funding
Open Access funding enabled and organized by Projekt DEAL. G. U. Auffarth reports grants, personal fees, non-
financial support and consulting fees from Johnson&Johnson and Alcon, grants, personal fees and non-financial 
support from Carl Zeiss Meditec, Hoya, Kowa, Oculentis/Teleon, Rayner, Santen, Sifi, Ursapharm, grants and 
personal fees from Biotech, Oculus, EyeYon and grants from Acufocus, Anew, Contamac, Glaukos, the Klaus 
Tschira Stiftung, Physiol and Rheacell outside the submitted work. R. Khoramnia report grants, personal fees 
and non-financial support from Alimera, Alcon, Bayer, Johnson&Johnson, Hoya, Novartis, Physiol, Rayner and 
Roche outside the submitted work. R. Khoramnia reports grants, personal fees and non-financial support from 
Alcon, personal fees and non-financial support from Kowa, grants, personal fees and non-financial support from 
Hoya, personal fees from Ophtec, grants and personal fees from Physiol, grants, personal fees and non-financial 
support from Rayner, grants, personal fees and non-financial support from Johnson&Johnson, non-financial 
support from Acufocus, personal fees and non-financial support from Oculentis/Teleon, personal fees and non-
financial support from Santen, outside the submitted work. T. M. Yildirim is funded by the Physician-Scientist 
Program of the Heidelberg University, Faculty of Medicine. The following authors have no financial disclosures: 
Leoni Britz, Sonja Katrin Schickhardt.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.U.A.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1016/j.jcrs.2019.07.015
https://doi.org/10.1038/nmat2900
https://doi.org/10.1021/acs.cgc1.7b01154
https://doi.org/10.1021/ja00525a015
https://doi.org/10.1021/la00056a040
https://doi.org/10.1186/s12886-017-0509-0
https://doi.org/10.1016/s0886-3350(96)80079-4
https://doi.org/10.1016/s0886-3350(96)80079-4
https://doi.org/10.1016/j.ajo.2018.08.032
https://doi.org/10.1016/j.jcrs.2019.08.045
https://doi.org/10.1016/j.ajo.2011.04.009
https://doi.org/10.1016/j.jcrs.2007.10.029
https://doi.org/10.1002/jbm.a.30176
https://doi.org/10.3341/kjo.2007.21.2.90
https://doi.org/10.3390/ma13184145
https://doi.org/10.1097/ICO.0000000000000938
https://doi.org/10.1016/s0886-3350(01)00842-2
https://doi.org/10.1016/s0886-3350(01)00842-2
https://doi.org/10.1002/jbm.b.30067
https://doi.org/10.1002/jbm.b.30067
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:7685  | https://doi.org/10.1038/s41598-022-11486-0

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Development of a standardized in vitro model to reproduce hydrophilic acrylic intraocular lens calcification
	Methods
	Ethical approval. 

	Results
	Adjustment of electrophoretic parameters. 
	Crystal analysis. 

	Discussion
	References
	Acknowledgements


