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Background 

The eye plays a very important role in daily life and dysfunction will severely 

jeopardize the quality of life. According to a World Health Organization (WHO) report in 

2010, worldwide 285 million subjects suffered from visual impairment, including 246 

million with low vision (visual acuity between 0.05 and 0.33) and 39 million blind (visual 

acuity less than 0.05) due to various causes.1, 2 The cause of visual impairments ranged 

from ocular diseases like glaucoma, uveitis or cataracts to systemic diseases like diabetes 

mellitus or hypertension, or as a result of a traumatic event like a blow to the eye or a 

penetrating object. Vision is hard to replace by other sensory organs and it is strongly 

depending on the well-functioning of each part of the eye. Early and effective diagnosis of 

pathological conditions of the eye is therefore preferred. Furthermore, understanding the 

normal physiological conditions in the eye is a challenge due to the difficulty of obtaining 

material from the inside of the eye without compromising its integrity. Fortunately, due to 

the transparency of eye media, optical techniques are well suited and widely used for this 

purpose, and there have been promising technical developments in recent years.3  

In this thesis, we used Raman spectroscopy to obtain information on the chemical 

components in the anterior chamber of the eye. For this purpose, our research focused on 

ophthalmic probe developments and data processing. 

In the following sections, the anatomy of the eye, eye models and optical techniques 

to study the individual parts of the eye will be reviewed and discussed.  

Anatomy of the eye 

In general, the human visual system consists of three parts, namely the orbit, the 

adnexa (surrounding tissue) and the eyeball (globe). The orbit refers to the bony part of the 

skull surrounding the eye to support it and protect it from trauma. The adnexa Extraocular 

Muscle System (EMS) is not only responsible for following moving objects by moving the 

eyeballs but also contributes to saccades, the rapid, very small eye movements that are 

needed for vision.4 With contact techniques, neither these saccades nor the eyelids interfere 

with optical measurements. In general, the exposed region of the globe between the eyelids 

is 8-11 mm vertical and 27-30 mm horizontal in adults.5 
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Fig 1 Topographic anatomical structure of the eyeball in sagittal section view.4 

 

The average size of the ocular globe for an adult is 23-25 mm along the optic axis and 

24 mm for transverse diameter, so it is not a true sphere. As shown in Figure 1, the cornea 

has a different curvature compared to the sclera, the radius being 8 mm and 12 mm for the 

posterior part of the cornea and sclera respectively. In addition, the radius of curvature for 

the anterior of the cornea differs is slightly smaller, 6.5 mm, than the posterior part. The 

thickness of the cornea is 540 to 700 µm with a mean diameter of the horizontal and 

vertical meridian of 11.7 mm and 10.6 mm for and adult cornea.4 Since the sclera is opaque 

and white it is less suitable to investigate the inner part of the ocular system by optical 

methods. The optical diagnosis and treatment window is the transparent cornea which 

covers 1/6th of the total surface of the ocular globe. The cornea is the primary refractive 

element of the eye, which acts like a positive lens providing around 43 diopters (D) in well-

functioning human eyes. 
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The space between the cornea and iris is the anterior chamber (AC), the distance from 

the inner side of the cornea to the lens is about 3 mm. The AC is filled with aqueous humor 

(AH) with a volume of about 200 µl. AH plays an important role in the physiology of the 

eye and enables to reveal valuable information of the intraocular system. It provides 

nutrients, removes the metabolic wastes and helps to maintain proper intraocular pressure 

(IOP), the latter being a risk factor for glaucoma. AH is produced in the ciliary body by an 

active filtration process in the epithelial cells to warrant a dynamic balance of the 

electrolytes in the AH from plasma. Although the composition between AH and plasma is 

very similar, the significant difference is the fact that AH is devoid of more than 99% of the 

plasma proteins, which ensures it acts as a clear and optical transparent medium in the 

visual pathway. AH mainly contains inorganic ions and organic anions, carbohydrates, 

glutathione and urea, proteins, growth-modulatory factors, interleukins, oxygen and carbon 

dioxide. The formation is not static, it is in dynamic equilibrium with a rate of 2 µl/min. 

The composition ratios and their concentrations reveal the physiology status of the internal 

ocular system and imbalance of ratios or concentration changes for some specific 

composition might indicate a dysfunction of the visual system. 

The iris consists of blood vessels and connective tissues, among others. Iris tissue is 

opaque and has a relatively high tolerance for light damage compared to the retina. Light 

levels at the retina and to some extent imagine quality, can be adapted by controlling the 

pupil size.  

The lens is a transparent tissue without nerve fibers or blood vessels located behind 

the iris. In adults, the lens diameter is 9-10 mm in the equatorial direction and its widest 

anteroposterior thickness is 6 mm. Controlled by ciliary muscles, it can add extra refractive 

power to focus objects at different distances by shortening its anterior curvature, providing 

extra 12-16 D. The decrease of its transparency, cataract, is the primary cause of 

preventable blindness according to a recent report based on the global population who were 

blind in 2015.6 The nutrition of the lens is mainly provided by the AH. Changes therein 

might help us to predict the cataract in an early stage.  

The retina is a sensitive and vulnerable light sensor, which is responsible for 

converting light information into electrical signals. These electrical signals are transmitted 

to the brain by the optic nerve. The thickness of the retina is 200-400 µm and about 180 µm 

in the central part, the fovea, that is used for fine vision. In this multilayer transparent 

structure, there are two types of photoreceptors, cones and rods, both sensitive to light. The 

retina is vulnerable to light damage by high intensity of incident light,8-12 which will be 

discussed further in the section of Limitations for conventional systems and adaption 

approaches for in vivo applications. 

Clinical optics and eye models 

Due to the different structures of the eye and the inhomogeneous optical properties 

between tissue, it is a challenge to simulate light behavior in the eye. Several eye models 
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have been developed that describe the optical properties of the eye with certain boundary 

conditions. In general, there are two types of eye models designed for different purposes: 

the Paraxial Model and Finite Wide-Angle Models.  

The most common Paraxial one is the Gullstrand eye model and its accommodated 

versions, like the Exact Gullstrand Eye and Simplified Gullstrand Eye.13 As the name 

already suggests, these paraxial models are suitable for incident light which is parallel or 

with a small angle along the optic axis of the eye. The model was first introduced in 1909 

and has been adapted in the following decades. However, it has limited abilities to provide 

off-axis aberrations and cannot predict chromatic aberrations.7 

Therefore, “finite” eye models were developed by several researchers.13-15 By adding 

media dispersion and estimating lens optic properties by a gradient refractive index, the on- 

and off-axis results as well as chromatic aberration were within an acceptable range. 

Among these models, the Navarro eye model is widely used and well accepted.14, 16, 17 By 

introducing the dispersion coefficients of ocular media, chromatic aberration is fully taken 

into account in the Navarro eye model. The dispersion property of each component can be 

described by the so-called Herzberger formula.18  

The Liou-Brennan eye19 model is another widely known Finite Wide-Angle model. It 

is adding more modifications and is a further development of the Navarro eye model. 

Simulation results for visual performance by this model provide better results for refractive 

surgery. There are two major differences comparing to the Navarro model: first, it is using a 

5-degree angle tilt optic axis as the corresponding axis instead of horizontal visual axis in 

the Navarro model; second, the iris is considered as a circular aperture in front of the front 

surface of lens and shift 0.5mm toward the nasal direction. In addition, the parameters for 

the radius of cornea curvature, the thickness of the cornea are slightly modified. Figure 2 

shows a scheme with parameters for the Liou-Brennan eye model. 
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Figure 2 Scheme of Liou-Brennan eye model. The unit is in millimeters. 

 

As shown in Figure 2, the radius of the curvature at the front and back surface of the 

cornea is 7.77 mm and 6.40 mm respectively. The radius at the front and back surface of the 

lens is 12.40mm and 8.10 mm respectively. Comparing to the anatomy structure introduced 

previously, the thickness of cornea and AC in this model have slight difference, where we 

take approximation for 0.50 mm and 3.16 mm. More detailed parameters can be found in 

Table 1. 
 

Table 1 Detailed parameters applied in Liou-Brennan eye model. The refractive index of light is at the wavelength 

of 555 nm and refractive power is at the condition of relaxed vision. 
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In this thesis, we used the Navarro eye model to design and evaluate our ophthalmic 

device. However, to achieve our goal of having a dark field device, the iris setting of the 

Liou-Brennan eye model19 was taking into consideration as well.  

Major Optic approach 

Optic methods are ideal for non-invasive assessment of the eye where we can 

distinguish three major types of examination. 

- Evaluating the optical properties  

- Examining and visualizing the structure 

- Determining biological functions of the eye and the molecular profiles within  

Diagnostic methods and instruments already cover all these three aspects in clinic 

practice: 

Evaluating the optical properties 

Refractive errors are major causes of visual impairment in the world. To measure 

refractive errors, several approaches have been developed. Retinoscopy shows its special 

values in the application on children or patients who are not able to cooperate, however, a 

great deal of experience is required in clinical practice. To minimize this drawback, the 

automated refractometer has been developed. In addition, it also can provide sufficient 

information for lower aberrations situation, but for other types of aberrations like spherical 

aberration, coma or trefoil, a more precise analysis technique is demanded. Aberrometers 

fulfilled such requirements properly.7  

Examining and visualizing the structure 

The slit lamp is the most widely used device for investigating and visualizing the 

anterior and posterior segment of the eye since first presented by Alvar Gullstrand in 1911.7 

Recent years, Optical coherence tomography (OCT) has been introduced and well 

developed for the purpose of structure imaging. Combining with adaptive optics (AO), 

which was initially developed in astronomy, the AO-OCT could provide accurate and 

precious imaging of the eye with an isotropic resolution of 2-5 µm and 5 mm penetration 

depth in the eye tissue.7, 20  

Determining biological functions of the eye and the molecular profiles within  

To identify physiology or pathology changes of the eye, information of molecular 

profile could add extra value for the eye disorders diagnosis in their early stages. For 

example, blood flow and oxygen saturation alteration of microvascular can be useful 

indicators of metabolism dysfunctions and disease. Fundus cameras and confocal scanning 

laser ophthalmoscope could fulfill these requirements and provide powerful supports for 

ophthalmologists. However, only a limited amount of tests is available by these approaches. 
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For the determination of the molecular composition in more detail, Raman spectroscopy 

may be an option. 

Raman Spectroscopy 

In 1928, a new inelastic scattering effect was discovered by the Indian scientist, Sir 

Chandrasekhara Venkata Raman.26 The scattered light shows a wavelength shift compared 

to the exciting light, in contrast with elastic scattering, or Rayleigh scattering, where there 

is no such change. Taking a closer look at the light matter interaction on a molecular level, 

energy is exchanged during the scattering when photons reach a molecule. Molecules will 

be temporarily excited to a higher virtual energy state and relax back to the initial ground 

energy state by emitting a photon with a certain amount of energy. This energy exchange 

may occur in time scales as short as 10-15 seconds. If the molecules releasing the same 

amount of energy with incident photons, scattering is called elastic. In this case, no 

information can be obtained about the particular molecules. In inelastic scattering, the 

energy released is not equal to the incident photons. Photons can transfer a small amount of 

energy to the molecule, e.g. to rotations or vibrations of the molecules and the emitted 

photon show an energy shift that corresponds to this vibrational or rotational energy. This 

phenomenon is called “Stokes scattering”. In contrast, the emitted photon may also gain a 

small of energy from molecules, which is called “Anti-Stokes scattering”.27, 28 Besides these 

two main types of Raman scattering, more than 23 other types of Raman scattering have 

been discovered.29  

 

Figure 3 "Jablonski" style diagram of Raman Scattering and Rayleigh scattering.30 
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Raman spectroscopy and variants 

Raman scattering is 106 to 108 weaker than Rayleigh scattering and therefore needs 

highly sensitive measuring techniques. The first major breakthrough occurred with the 

invention of the laser in 1960.31 Lasers provide monochromatic and spatial coherent light in 

combination with high focusing powers, which makes it easy to deliver intense energy of 

irradiation to samples and distinguish the Raman shift from scattering. Another step 

forward came from improvements in detection techniques like the use of photomultiplier 

tubes32 and more recent improvement in Charge Coupled Devices (CCD), which were 

invented in 1970 and introduced for Raman spectroscopy in 1987.33, 34 Nevertheless, Raman 

signals are still rather low, and therefore several alternatives have been studied. 

Confocal Raman Microscopy. This technique merges microscopy with Raman 

spectroscopy and as such combining a high spatial resolution35 with the ability to uniquely 

identify molecules by their Raman fingerprint. An example is depicted in Figure 4, which 

shows a setup for Confocal Raman spectroscopy (CRS).36-38 

 
Figure 4 Principle of confocal optics. 

 

The confocal optics use pinholes maintaining a high spatial resolution both in axis and 

transverse direction. Light out of the focus place will be blocked by the pinholes, resulting 

in a higher Signal-to-Noise ratio (SNR) compared to a traditional, non-confocal setup. The 

advantage of this technique in conjunction with Raman spectroscopy is the fact that the 

optic setup is relatively simple and flexible for application in biological samples. Note 

however that the Raman signal is not as high as in Resonance Raman scattering and 

Surface-enhanced Raman scattering (see below). 

Resonance Raman scattering (RRS). For some particular molecules and bands, and 

using with certain wavelength laser, the Raman signal can be enhanced 103–105 fold 

compared to conventional Raman techniques.27, 39, 40 Unfortunately, it cannot be applied 

universally since, as mentioned, it only works with particular molecules and selected bands. 
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In ophthalmology, applications of RRS are reported on detecting macular carotenoids levels 

in human eyes, which have been shown to protect against visual loss from age-related 

macular degeneration.41 Another report for the RRS application is the measurement for 

Amphotericin B concentration in aqueous humor.42, 43 

Surface-enhanced Raman scattering (SERS). Another approach to enhance the Raman 

signal is Surface-enhanced Raman scattering. Here the Raman signal is detected from a 

metal surface, most commonly by silver or gold nanoparticles44, which results in a 106 gain 

compared to the conventional Raman technique.28 If laser light reaches the metal surface, 

surface plasmons are excited. Hence the Raman signal increases for those molecules with 

Raman transitions energies close to the energy of the surface plasmons. Although the 

mechanisms of SERS are still in debate, it is been widely used in biomedical 

applications.45-47 The application of SERS mainly reported on the tear investigation.43, 48, 49 

The major obstacle for SERS investigating the intraocular tissue non-invasively is the 

indispensable metal nanoparticles (NPs) at the target tissue. The biocompatible and 

nontoxic of the SERS NPs are demonstrated in in vivo tumor targeting and molecular 

imaging of small animal models.50, 51 However, in vivo intraocular applications of SERS are 

still not reported to our knowledge. RRS and SERS can also be combined in so called 

Surface-enhanced Resonance Raman Spectroscopy (SERRS).52 

Stimulated Raman scattering (SRS) and Coherent anti-stokes Raman spectroscopy 

(CARS). In these two approaches, two lasers are used at the same time for stimulated 

emission of Raman signals. The SNR is around 5 times higher compared to conventional 

Raman scattering with spontaneous emission. Freudiger et al. demonstrated SRS 

applications for imaging of brain and skin tissues.53 Saar et al. reported that using SRS 

could reveal dermato-pharmacokinetics information in live mice.54 Cheng et al. 

systematically reviewed SRS applications in imaging of living systems.55 Ophthalmic 

applications of SRS have not been reported to our knowledge. A related technique named 

Coherent anti-Stokes Raman scattering (CARS) has been reported to be used for several 

ophthalmic applications. Lei et al. used CARS for imaging trabecular meshwork cells;56 

Ammar et al. imaging the intact mouse cornea;57 Evans et al. demonstrated the possibilities 

of CARS to obtain the full three-dimensional structure of the fixed human retina.58 The two 

direct illuminated laser requirements limited the in vivo applications of SRS and CARS, 

due to the potential light hazard possibilities of ocular tissues. For selected chemicals, these 

techniques allow acquisition at video rates.59 

Raman spectroscopy applications in ophthalmology 

The ability of Raman spectroscopy to identify and quantify molecules enabled its role 

in variant biomedical applications in clinical practices60-62, including ophthalmology.63 

Erckens et al. demonstrated the possibility of Raman technique for identifying three 

materials of polymethyl methacrylate (PMMA), acrylic and silicone as an intraocular lens 

in patient37 and for in vivo evaluating drug induced cornea hydration changes by continues 
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monitoring water content in rabbit eyes.64 Elshout et al. obtained Raman spectra of 29 

common used ocular drugs in clinic practices.65 Hosseini quantified the local concentration 

of intraocular drugs used for endophthalmitis by Raman spectroscopy.66 Bauer et al. 

investigated ocular pharmacokinetics in rabbit eyes by a confocal Raman spectroscopy 

system.36  

Besides its use to detect ocular drugs and water content it can also be employed to 

detect particular molecules and to discriminate between normal and diseased states. Kaji et 

al. showed the capability of visualizing and localizing collagen fibers, proteins, lipids, and 

DNA/RNA in the rat cornea by coherent anti-Stokes Raman scattering.67 Paluszkiewicz et 

al. reported the Raman spectrum from two human lenses after cataract surgery. They found 

an excess of tryptophan, tyrosine, phenylalanine, Beta-sheet, the cause being still under 

discussion.68 In comparing healthy and cataractous human lenses with Raman spectroscopy, 

they found differences in the concentration of Tyr and Trp residues.69  

Biomarkers for eye diseases like TNF alpha (Tumor necrosis factor alpha), 

Cytochrome C, Lactate acid, Lysozyme and Vascular Endothelial Growth Factor (VEGF)70-

73 have been shown to be Raman active and their characteristic Raman spectra have been 

obtained by different research groups.74-79 

Raman spectrum data processing 

As mentioned above, Raman scattering is weak and obtaining reliable data is a 

challenge, especially for potential clinical applications. Chemical and physical 

inhomogeneity of the tissue, disturbances from environment light and operation protocol all 

can be the source of interference and may lead to biased results or inaccurate interpretation 

of the spectra. Different approaches can be applied to limit these interferences, both in 

hardware and software. Standardization of operation protocol and proper instrument design 

both can improve the robustness of the performance of Raman setups in clinical 

applications. Bandpass and laser line filters are used to filter unwanted light (environment 

light and the excitation light) reaching the detector. Further, the excitation wavelength 

should be properly selected and optimized. In general, a shorter excitation laser wavelength 

yield a higher intensity of Raman scattering, however, accompanied by autofluorescence 

which may exceed the Raman signal. Using a longer wavelength decreases the 

autofluorescence, unfortunately, the Raman scattering intensity drops as well with 4th order 

of the wavelength. In practice, wavelengths in the visible and near-infrared region, like 532 

nm, 671 nm, 785 nm and 1064 nm are widely used.80 

As mentioned above, one of the major contributions to background noise is intrinsic 

autofluorescence from biologic tissues. Pre- and post- data processing is employed for 

background subtraction and in order to get reliable results. Preprocessing focuses on 

minimizing the instrumental variance and the autofluorescence generated by biological 

tissues. Calibration procedures are used before performing experiments that generate 

reference data to be used to correct for unwanted environment stray light and dark noise 
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from the detector. Before proceeding to data analysis, these background references are 

subtracted from the raw data. For autofluorescence background subtraction, more 

complicated methods are employed. A single polynomial or modified polynomial 

background fitting with different orders is widely used for biomedical Raman spectrum 

processing. Zhao et al.81 described polynomial methods for autofluorescence background 

subtraction and developed an automated algorithm with improved performance. By adding 

an evaluation procedure, the method employs multiple iterations to optimize the fitting 

output until it reached the given evaluation criteria. 

For post-processing, multivariate methods to identify and distinguish the interested 

features from spectral profiles have been developed. Two post-processing techniques being 

used in this thesis will be briefly introduced in the following. 

Principal components analysis (PCA) is a mathematical treatment to extract 

maximum variances present in the dataset by reducing a large number of variants into a 

small number.82 The features can be considered as principal components (PC), where the 

first components express the major contribution to the variability in the data.83, 84 Several 

researchers demonstrated the capabilities of the PCA for analyzing Raman data obtained 

from biomedical applications.83-85 Bonnier et al.86 showed the capability of PCA methods 

together with cluster identification to distinguish biochemical differences in the spatial 

distribution. 

Support vector machine (SVM) is a machine learning approach to classify data by 

enlarging the feature space to hyperspace by kernels function. This method has a particular 

value for a linearly inseparable data set. With the help of transformation kernel functions, 

data might be separable in the generated hyperspace.87 To apply SVM in data classification, 

a labeled learning data set is required to train the algorithm.88 Several studies investigated 

the possibilities of applying SVM on analyzing Raman spectra obtained from different 

biomedical applications.89, 90 Recently, Ullah et al.88 successfully differentiated Raman 

spectra between feeding male and female infants mother’s milk using SVM methods. 

Limitations for conventional systems and adaption approaches for in 

vivo applications  

Conventional CRS techniques use a laser beam that excites the ocular system along or 

parallax to the optical axis. However, this light can pass the anterior compartment and reach 

the retina.63 Hence, the maximum permissible exposure (MPE) intensity for the retina needs 

to be carefully considered.9, 91 Since light hazard limitations for retina tissues are rather 

tight, maximum exposure and laser intensities can only be low, which will limit Raman 

signal intensities. Further, the different options to boost the Raman signal all have 

limitations when applying in the ocular system. SERS needs nanoparticles to assistant 

obtaining a stronger signal while RRS only effective on some particular molecules and 

selected bonds which is not ideal for a complete diagnosis purpose. To avoid light damage, 

we therefore used a “dark field illumination” approach, which restricts direct excitation 
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light to the AC. Thus, only scattered light can reach the posterior parts through the 

crystalline lens in the eye. 

Computer model and simulation  

Ray tracing software Zemax (version 16.5 Sp3, Zemax LLC., Kirkland, USA) was 

utilized to design a dark field illumination device and simulate its optic performance. 

Zemax works by simulating the behavior of light rays when propagating through an optic 

system, generating relevant information, like focusing qualities, reflections, absorption or 

energy lost. It includes a commercial library containing optical properties of common 

materials and commercial lenses. Besides simulation features, it also provides powerful 

optimizing capabilities. 

Unfortunately, ray tracing software is not designed for 3D modelling. Therefore, 

complementary, 3D modelling software Autodesk inventor (professional version 2018, 

Autodesk corp., San Rafael, USA) was used. With the help of Autodesk inventor, a design 

idea could be modelled in 3D, which was then transferred into Zemax to characterize its 

optics performance. 

As such the workflow has been a three-step circulation, basic structure design in 3D 

modelling, ray tracing simulation and optimization, performance characterization and 

evaluation. 

Outline of the thesis 

In this thesis, the use of Raman spectroscopy to distinguish and quantify different 

molecules and drugs in ophthalmology biomedical applications is explored. A non-invasive, 

dark-field probe is designed and validated described for the in vivo determination of the 

molecular composition of the AC. 

Chapter 2 investigates if IL10 and ACE, which have been shown to be reliable 

biomarkers for main retinal diseases, can also be probed by Raman spectroscopy. We 

determined their characteristic peaks in their chemical form in a cuvette and the relationship 

between intensity and concentrations, as this is a prerequisite for future application in vivo 

measurements. 

In Chapter 3, we studied the possibilities of confocal Raman spectroscopy for the 

detection of sorbitol as a potential biomarker in diabetic cataract development in pig eyes 

ex vivo. The concentration of sorbitol in a pig lens showed a good correlation to the degree 

of cataract of the lens via their Raman spectrum. 

In Chapter 4, the concentration of ocular drug Acular™ (ketorolac) in the porcine and 

rabbit aqueous humor were determined by the confocal Raman spectroscopy and compared 

with the high-performance liquid chromatography (HPLC), which is widely used in the 

pharmaceutical industry and well accepted by the Food and Drug Administration of the 

USA. Comparison of Raman spectroscopy and HPLC showed good agreement in the ex 

vivo experiments, but lack of sensitivity in vivo measurement. 
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Chapter 4a describes in detail a method for the removal of hardware related artifacts 

and background noise for Raman spectroscopy by a self-developed Matlab program in the 

previous study. The animal model and acquired raw dataset from the study in chapter 4 are 

presented in Chapter 4b. 

In preparation for in vivo experiments, a new dark field probe was designed and 

manufactured that prevents light damage on the retina.  

In Chapter 5, the optical performance of this probe is simulated and evaluated by ray-

tracing software Zemax and manufactured assisted by 3D modeling software Autodesk 

Inventor. The functional prototyped probe was tested on ex vivo rabbit eyes for proof of 

principle. However, since the performance of this first probe prototype did not meet our 

expectations, further development was needed.  

Chapter 6 describes and validates a redesigned probe made out of Quartz material. 

The number of mirrors within this probe is reduced and only consists of a flat mirror 

instead of the curved or rotationally symmetric mirrors in the previous designs. 

performance of the redesigned probe largely improved Both in misalignment tolerance and 

Raman signal collection abilities improved comparing with the previous design. 

In Chapter 7, a harnessing abruptly auto-defocusing beam is proposed as a Raman 

excitation in the AC. The simulation results indicate that the laser intensity decreases 

sharply after the focusing point in the AC, which will prevent potential light damage on the 

retina. 

Chapter 8 discusses the main finds in this thesis in a general perspective. It also 

illustrates challenges and future directions for Raman spectroscopy in clinical applications.  

Finally, Chapter 9 summarizes each chapter of the thesis and briefly reviews the 

major findings. 
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Abstract 

In this report we present a confocal Raman system to identify the unique spectral 

features of two proteins, Interleukin-10 and Angiotensin Converting Enzyme. Characteristic 

Raman spectra were successfully acquired and identified for the first time to our 

knowledge, showing the potential of Raman spectroscopy as a non-invasive investigation 

tool for biomedical applications. 
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Introduction 

Recently, a proof-of-concept for molecular profiling of Interleukin-10 (IL-10), 

Interleukin-21 (IL-21) and Angiotensin Converting Enzyme (ACE) was reported by Kuiper 

et al. to classify four important ocular conditions affecting the retina.1 IL-10 plays a crucial 

role in preventing inflammatory and autoimmune pathologies of several diseases.2 IL-21 

not only has key roles in antitumor and antiviral responses but also has major effects on 

inflammatory responses.3 ACE plays an important role among other things in the immune 

system and regulation of blood flow. It can be elevated in granulomatous diseases.4 

Acquiring information about these molecules in ocular system could help in a better 

understanding of the complex underlying pathophysiology. Kuiper et al. used a multiplex 

immunoassay based on Luminex technology to measure the proteins. In this flow cytometry 

based method a fluorescent signature can be detected on bead-based assays. However, to 

reach the pg/mL detection limit, sample preparation is complicated and time consuming.5 

Other techniques for cytokines detection and quantification can reach such concentrations, 

like surface enhanced Raman spectroscopy (SERS),6-10 high performance liquid 

chromatography (HPLC) 11, pyro-concentrator (PC),12, 13 mass spectrometry (MS) 14 etc.. 

Although the sensitivity of these techniques is comparable or higher than methods using 

immunoassays, they all need a biopsy to acquire the sample invasively and test in vitro. In 

HPLC and MS the biomolecule from the sample needs to be fed into the instrument and 

measured via a chemical or physical process. SER requires matrix assist for signal 

enhancement which limited its non-destructive applications. Similarly, PC accumulate the 

target biomolecules from a drop of sample on a chip resulting from the electro-

hydrodynamic effect.7, 12 In addition, electrochemical based biosensor with the combination 

of optoelectronic components could realize the chip-based biological monitoring by 

refractive index change.15, 16 These techniques meet the detection limit requirements of the 

biomolecules with low volume sample size, which might be challenging for an in vivo 

measurement, especially testing the chemical composition inside an intact aqueous 

environment like aqueous humor. In a clinical setting, a preferred option would be a non-

invasive and non-destructive technique. We propose to use Raman spectroscopy as a non-

invasive and non-destructive sampling technique.8, 17-21 In this study, IL-10, IL-21 and ACE 

samples were tested. The characteristic Raman spectra of IL-10 and ACE are presented for 

the first time, which may pave the way for the development of a non-invasive molecular 

evidence-based investigation tool in future. 

Methods 

The basic configuration of the confocal Raman system used in this study was 

described in a prior article.19 In short: a 671 nm, 21 mW continuous wave diode laser (Ignis 

671, Laser Quantum) was used as excitation source for the wavenumber region between 

2500 and 4000 cm-1 and a 785 nm, 23 mW continuous wave diode laser (SM 785 nm, 

Innovative Photonic Solutions) was used as excitation sources for wavenumber range 
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between 350 cm-1 and 1800 cm-1. The two lasers were both connected via single-mode 

optical fibers to a Raman module (HPRM 2500, River Diagnostics®) and spectra were 

recorded in both regions individually. In the current configuration. the microscope objective 

lens used in the prior work was replaced by an achromatic lens (focal length = 80 mm, 

Linos). It acts both to focus the laser on the sample and to collect the Raman scattered light. 

A charge-coupled device camera (operating temperature: -65º), integrated within the 

spectrometer acquired the spectra with a spectral resolution of 2 cm-1 in both wavenumber 

regions. Samples of IL-10 were supplied by BD Bioscience (BD 554611), IL-21 by 

ThermoFisher Scientific (Catalog # 14-8219-62) and ACE by R&D systems (Catalog # 

929-ZN-010). The samples were transported on dry ice and, when arrived, immediately 

stored at -80º. All samples were solved in filtrated (0.22 um filter) 0.1% bovine serum 

albumin (BSA) in phosphate buffered saline (PBS). The IL-10 sample contained 10 µl with 

a concentration of 5.0 ng/ml. The IL-21 and ACE sample each had a total volume of 10 µl 

with a concentration of 10.0 ng/ml. All samples were tested in fused silica cuvettes after 

they were moved from the -80º freezer and thawed to room temperature.  

Spectra of IL-10 and ACE samples were acquired with 60s integration times. For IL-

21 the integration time was 300s. For all samples, two sequential spectra with same 

integration time were obtained at the same focus area to determine the characteristic Raman 

peaks and rule out disturbances of cosmic rays. The signal-to-noise ratio (SNR) for each 

sample was calculated by dividing the intensity of the highest signal peak by the sample 

standard deviation of the spectral region of 1750 cm−1 to 1800 cm−1 in each spectrum, 

where there is no Raman signal but only spectral noise.22 Raman spectra of PBS, 0.1% BSA 

and the fused silica cuvettes were obtained using the same experimental conditions for 

background correction and comparison.  
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Results  

 
Figure 1. Raman spectra obtained from background reference and samples. Spectrum from background refence 

of PBS(a), BSA(b), and fused silica cuvette, spectrum of samples from IL-10(d), IL-21(e), and ACE(f). 

 

Figure 1 shows Raman spectra of PBS, BSA, fused silica cuvette, IL-10, IL-21 and 

ACE. In the wavenumber region between 350 cm-1 and 1800 cm-1, Raman spectra of PBS 

(Fig. 1a) and BSA (Fig. 1b) both show a peak at 990 cm-1 and a water band at 1644 cm-1. 

For the fused silica cuvette material (Fig. 1c), bands centered at 430 cm-1, 488 cm-1, 602 

cm-1, 792 cm-1 and 1064 cm-1 can be observed. The Raman band at 430 cm-1 is assigned to 

symmetric stretching mode of oxygen in a disordered 5- and 6- membered ring of SiO4 

tetrahedra. The peaks at 488 and 602 cm-1 are assigned to 4- and 6-membered rings of SiO4 

in the random network of the silica glass.23-25 The bands centered at 1064 and 1200 cm-1 are 

attributed, respectively, to transverse-optical and longitudinal-optical components of the 

three-fold degenerate antisymmetric Si-O-Si stretch mode.24 Similarly, the asymmetric band 

near 792 cm-1 is assigned to the threefold-degenerate “rigid cage” vibrational mode of SiO2 

units.24 For IL-10 (Fig. 1d) we found peaks at 852, 1064, 1298 and 1470 cm-1. The peak at 

852 cm-1 might be from proline, hydroxyproline and tyrosine, 1298 cm-1 is suspected from 

CH2 deformation modes and 1470 cm-1 can be assigned to a C=N stretching bond within 

the IL-10 protein structure.9 For the spectra of IL-10, the SNR of highest peak at 1064 cm-1 

as 5.02. Only a single peak at 990 cm-1 is found in IL-21 spectra (Fig. 1e) with SNR of 

6.10. We did not find any identifiable Raman peaks within the high wavenumber region 
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between 2500 and 4000 cm-1, except for the broad water band between 3200 and 3500 cm-1 

from the solvent. ACE (Fig. 1f) showed peaks at 486, 852, 1064, 1130,1296 and 1470 cm-1. 

The peak at 852 cm-1 is from single bond stretching vibrations of the amino acids, valine, 

polysaccharides and tyrosine (Fermi resonance of ring fundamental and overtone).26, 27 The 

peak at 1130 cm-1 may be assigned to C-C skeletal stretch transconformation, whereas the 

peak at 1296 cm-1 comes from CH2 deformation.28 However, some peaks can also be seen 

in cuvette results, like the peaks at 600, 792 and 1064 cm-1. The SNR of highest peak at 

1064 cm-1 in ACE spectra is 6.15. 

Discussion 

To our knowledge, this is the first report of characteristic Raman spectra of IL-10 and 

ACE. For IL-10 we found characteristic Raman peaks at 852, 1296 and 1470 cm-1. ACE is 

characterized by peaks located at 852, 1130, 1296 and 1470 cm-1. The peak location at 486 

cm-1 can be considered the same from fused silica cuvette peak at 488 cm-1, since the 

spectral resolution of the spectrometer is 2 cm-1. The peak observed at 990 cm-1 in IL-21 is 

most probably be attributed to a Raman signal from the additives of PBS.29 We did not find 

additional peaks in the high wavelength region besides the water band.  

For validating the characteristic peaks from the IL-10, IL-21 and ACE samples, 

background spectra from PBS, BSA were acquired. For error estimation between 

measurements, we calculated the coefficient of variation relative standard deviation 

(CVRSD) of each sample.30 The CVRSD of BSA, PBS, IL-10, ACE and IL-21 are 0.89%, 

0.73%, 1.68%, 1.68% and 1.25%, respectively. The peak at 990 cm-1 can be found both in 

PBS and BSA, which indicates no extra peaks will be picked up in the given concentration 

of our BSA samples. Hence, the 990 cm-1 peak found at IL-21 with 300s integration time is 

most probably from PBS even the background already subtracted, due to the slightly 

variance introduced by long integration times. Spectra from the fused silica cuvette were 

obtained by shifting the laser focus onto cuvette itself. Fused silica shows several Raman 

peaks, one of which, at 1064 cm-1, that was observed in the spectra of IL-10 and ACE. 

Although the Raman signal intensity is relativity high with 10s integration time when 

focusing on the cuvette material, the use of the confocal system ensures only a minimal 

contribution from cuvette when focusing at the sample within the cuvette. We analyzed 

multiple spectra acquired from each sample. The repeatability of the results can be further 

improved by measuring more individual samples, which unfortunately were not available in 

the study. 

Biological fluids are complex mixtures, which contain variants compounds,31 which 

may have multiple intra-molecular bonds in common. In our case, IL-10 and ACE share 

peaks at 852, 1296 and 1470 cm-1. Only using one single peak to distinguish the proteins of 

interest from the diverse array of other proteins and other molecules present might lead to a 

biased conclusion. The 1130 cm-1 peaks only exist in ACE spectra and thus is helpful to 

differentiate ACE from IL-10. An even more complicated situation originates if each peak 



Page | 25  

in the obtained spectra is an integrated result from all compounds it contains. In this case, 

more advanced data processing techniques are needed. Several technique are proposed for 

pre- and post-processing Raman data, however a well-accepted standard procedure is still 

lacking.32 While testing biomolecules, the major challenge of Raman spectroscopy is its 

low detection limit. In addition, for low concentration samples, the SNR might below the 

limit of quantitation due to the fluorescence interference. A technique was proposed which 

requires a wavelength tunable laser for sequentially shifting of excitation wavelength,11 

however, having a fixed wavelength excitation laser, we were unable to use this approach. 

An alternative approach is to use peak intensity ratios of each compound to identify each 

compound independently and quantify its concentration. This peak intensity ratio approach 

already has been reported and validated for ex vivo Raman investigation in human aqueous 

humor.33 In a previous study, we developed a tailored MATLAB (Version 2017b, The 

Mathworks Inc., Natick, MA, United States) data processing program for in vitro and in 

vivo Raman detection of ocular drug topically delivered to the animal eyes34, 35 and 

demonstrated that with proper data processing, the molecular information can be extracted 

non-invasively from biological fluids in-situ and ex vivo.  

Conclusions 

Raman spectra of IL-10 and ACE were successfully obtained by our confocal Raman 

system. The SNR of Raman spectra could be further improved. The identification of IL-10 

and ACE characteristic Raman peaks shows the potential possibilities for non-invasive 

investigation in the molecular level, which might help us better understanding the complex 

underlying the pathophysiology of diseases. 
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Abstract  

One hypothesis of diabetic cataracts suggests that the polyol pathway plays a key role 

in its development where extra sorbitol is produced and accumulates in the lens leading to 

the up-regulation of osmotic stress. To investigate this hypothesis sorbitol induced cataracts 

were measured non-invasively by Raman spectroscopy. Porcine lenses were submerged in 

PBS diluted sorbitol with concentrations of 2 mM to 50 mM to mimic various grades of 

diabetic cataractous lenses.  The grades of the cataractous lenses were determined by the 

ratio between protein peak and water peak intensities. Sorbitol concentrations in the treated 

lens were measured by its Raman peak at 876cm-1. Linearity of the sorbitol concentrations 

in the lenses was calculated with R-square of 0.874 and Pearson’s R of 0.946; the grades of 

the cataractous lens were with R-square of 0.792 and Pearson’s R of 0.907, respectively. 

The Pearson correlation between actual concentration in lenses and estimated sorbitol 

concentration measured by Raman spectroscopy was 0.946 (p=0.01) and 0.823 (p=0.023) 

between estimated sorbitol concentration and the cataract grade. This indicates that Raman 

spectra can quantitively determine sorbitol concentrations in a clinically relevant detection 

limit and correlate with mimicked diabetic cataract lenses. This study displays the potential 

of Raman spectroscopy as a non-invasive diagnostic tool in distinguishing diabetic cataracts 

during early stages and assisting ophthalmologists in providing early medical interventions. 

Key words 

Diabetic cataract, Raman Spectroscopy, Porcine Eye, Sorbitol 
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Introduction 

Diabetes mellitus has been a global pandemic threat not only due to hyperglycemia 

itself, but also from the accompanied complications. Cataract as an ocular complication is a 

major cause of visual impairment in diabetic patients and has become a worldwide social 

health and economic burden.1 The prevalence of cataracts in the United States was reported 

to be 76.5% in adults with diabetes mellitus.2, 3 Incidences of diabetic cataracts are still 

increasing while pathophysiological mechanisms of early diabetic cataracts are still not 

fully understood. A number of mechanisms have been proposed, such as the polyol 

pathway, increased hexosamine pathway, protein kinase C pathway, and advanced 

glycation end products pathway.4, 5 Moreover, it has been suggested that the polyol pathway 

plays a key role in diabetic cataract development.1, 6-8 It is known that diabetes patients are 

characterized by chronic hyperglycemia that stimulates aldose reductase (AR) resulting in 

morbid glucose metabolism by activation of the polyol pathway instead of being 

metabolized through glycolysis.1 Therefore, extra sorbitol is accumulated as it is difficult 

for it to diffuse through membranes, leading to the up-regulation of osmotic stress and 

resulting in extensive swelling of cortical lens fibers that ultimately degenerate and form 

diabetic cataracts.7 Altogether, gradually increased osmotic stress due to accumulation of 

extra sorbitol and oxidative stress from decreases in NADPH/NADP+ ratios are a major 

factor behind the development of diabetes cataracts (Fig. 1).5  

 
Fig. 1 Polyol pathway in diabetic cataract development. Chronic hyperglycemia actives AR and sorbitol 

dehydrogenase causing sorbitol and subsequent polyol metabolites to be produced. As accumulated sorbitol is 

difficult to diffuse through the membranes an up-regulation of osmotic stress and oxidative stress occurs. These 

combined factors contribute to the extensive swelling of the cortical lens fibers that degenerate and form 

diabetic cataracts. 

 

An increasing number of publications support the hypothesis that the initiating 

mechanism in diabetic cataract formation is the generation of polyols from glucose by AR.5, 

7, 9 While plasma glucose concentrations in diabetes and non-diabetes have already been 

well established, sorbitol still needs to be further investigated. In an in-vitro study, 
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Yoshioka et al.10 indicated that sorbitol is 20 times higher in human diabetic cataract lens 

tissues compared with non-diabetic lens tissues. This accumulation of sorbitol could result 

in ‘fast’ development of lens opacification2 making sorbitol an optimal indicator in the 

early diagnosis of diabetic cataract development. Evaluation of sorbitol concentration might 

reveal underlying mechanisms and provide valuable information for medical interventions. 

Sorbitol has been studied in different animal models. Varying sorbitol levels in lenses of 10 

species were reported by Kuck11 and Jedziniak et al..12 Rabbit, rat and porcine are more 

often used in sorbitol studies, however, sorbitol levels in  rabbit and rat lenses are one 

magnitude higher than those found in human lenses.11 In addition, Malone et al. found in a 

diabetic rat lens that sorbitol increased but lens hydration did not,13 which is different from 

the human lens. Vaca et al. examined sorbitol dehydrogenase levels in several porcine 

tissues and found that porcine lenses have negligible levels of sorbitol dehydrogenase and 

the lowest AR levels compared to other porcine tissues.14 Hence, the porcine lens is an 

optimal model for our study. First, the low AR levels in porcine eyes minimize newly 

produced sorbitol. Second, the sorbitol dehydrogenase deficiency in porcine eyes prevents 

the experimentally provided sorbitol from being converted into metabolites and affecting 

the measurement of the sorbitol concentration.   

These quantitative determinations of sorbitol in the lenses were all performed via 

invasive biopsies, which also limits current clinical research. Because of this, there is a 

large need for a non-destructive and non-invasive method to measure sorbitol 

concentrations in human lenses. Szwergold et al. reported elevated Phosphorus-31 nuclear 

magnetic resonance (31P NMR) signal for D-sorbitol 3-phosphate in diabetic rat lenses.15 

Lal et al. quantified sorbitol in porcine lenses ex vivo by 31P NMR,16 since 31P has a 

relatively high gyromagnetic ratio, which makes it easy to be detected by NMR and is more 

suitable to be used as a tracer comparing to 1H and 19F. Hence, sorbitol needs to be labeled 

by Phosphorus-31 and formed as a sorbitol 3-phosphate compound. This pretreatment for 

labeling is time consuming for lens cultures and perfusion and limits its potential for in vivo 

applications. Raman spectroscopy can quantitatively determine target molecules via its 

vibrational or rotational mode generated by the excitation light without any pretreatment for 

labeling. It has been proven to be a powerful tool in ophthalmic applications 17 and has been 

used to investigate the lens extensively.18, 19 Ergin and Thomas detected injected near-

physiological-level glucose in porcine eyes ex vivo by a compact Raman system 20. Furić et 

al. examined diabetic rat lenses by fluorescent background index and water band index 

based on Raman spectrum.21 Paluszkiewicz et al. analyzed human lenses with cataract 

formation by Raman spectroscopy in vitro22 and later compared Raman spectra of 

cataractous and non-cataractous human lenses.23 Vrensen et al. analyzed protein profiles in 

aged human donor lenses with cortical, nuclear, and mixed cataracts.24 Huang et al. 

reviewed in detail Raman spectroscopy applications on the cataractous lens with different 

sample statuses, e.g. histologic specimens and intact animal lenses.19 However, sorbitol was 
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not mentioned although it has relatively strong Raman signals25-27 that make it an optimal 

target composition for diabetic cataract investigation by Raman spectroscopy. 

In this study, the feasibility of using Raman spectroscopy to detect sorbitol in 

cataractous porcine lenses is investigated. Concentration curves of sorbitol were obtained 

in- and outside cataractous porcine lenses and the correlation between the sorbitol 

concentration and cataract grade was determined.  

Methods 

Confocal Raman spectroscopy system 

Figure 2 shows a schematic description of the confocal Raman spectroscopy (CRS) 

setup used in this study. Lasers with a wavelength of 671 nm (Laser Quantum Ignis 671, 

SMD 6000, Konstanz, Germany) and a 785 nm (Innovative Photonic Solutions SM 785 nm, 

Monmouth Junction, NJ, United States) were used as excitation light sources with a power 

of 14 mW and 26 mW, respectively. The excitation light was coupled into a commercial 

high-performance Raman spectrometer module (Model 2500, River Diagnostics®, 

Rotterdam, the Netherlands) by diamond optical fibers. A 25 m pinhole was integrated 

within the spectrometer to achieve a confocal approach. The output beam from the 

spectrometer was first collimated with an 80 mm focus length (f80) and then guided by a 

mirror to a f60 focus lens to reach the sample. The sample was placed on a 3D stage for 

fine adjustment. The generated Raman scattering light was collected using the same light 

path. Raman spectra were measured with an integrated CCD camera (operating temperature 

-60). Integration times of 60 seconds and 10 seconds were applied for spectra collection in 

the fingerprint region (400 cm-1 to 1800 cm-1) and high wavenumber region (2400 cm-1 to 

4000 cm-1), respectively.  

Sample preparation  

Eight fresh enucleated eyes from 6 month old domestic porcine (Sus Scrofa 

Domesticus) were obtained from a local abattoir. The eyes were transported to the 

laboratory on ice and lenses were extracted immediately after arrival. The extracted lensed 

were washed by phosphate buffer saline (PBS)21 and submerged in PBS diluted sorbitol 

(#S1876, Sigma-Aldrich, MO, United States) solutions in a 12-wells plate. The following 

sorbitol concentrations used: 2 mM, 5 mM, 10 mM, 20 mM, 30 mM, 40 mM, and 50 mM. 

As a negative control, we submerged one porcine eye in PBS. The submerged eyes were 

stored for 24 hours in a 4°C environment.  
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Fig. 2 Raman spectroscopy system. (a) Excitation laser with wavelength of 671 nm and 785 nm; (b) Raman 

spectrometer with 25 μm pinhole; (c) f80 collimating lens; (d) Reflecting mirror; (e) f60 focusing lens; (f) Sample 

(porcine lens); (g) 3D stage; (h) Computer. Lines with arrow is indicating the light path in a confocal Raman 

spectroscopy system.   

 

Data processing  

Raman spectra were processed by a self-developed program with Matlab (Version 

2017b, The Mathworks Inc., Natick, MA, United States).28, 29 Cosmic ray removal and 

background correction was performed before Raman spectrum data analysis. Spectra were 

normalized based on the strongest peak intensity (at a wavenumber of 1004 cm-1 in 

fingerprint and 3388 cm-1 in high wavenumber).   

Statistical analyses were conducted by SPSS (SPSS Inc., Chicago, IL, USA, version 

22.0). Variables were checked for normal distribution by Shapiro-Wilk’s test. Correlations 

between sorbitol concentration and cataract were calculated with Pearson.  

Results  

Raman spectra of the sorbitol acquired in cuvette 

Fig. 3a shows raw Raman spectra of sorbitol solution of 0 mM and 50mM without 

background subtraction. For statistical analyses, we used the Sorbitol peak at 876 cm-1.26 

The peak at 990 cm-1 is from additives in the PBS solution.30 Fig. 3b shows the 

concentration curve from 2 mM to 50 mM sorbitol solution with a R-square of the linear 

fitting concentration of 0.997 and Pearson’s R of 0.999. 
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Fig. 3 Raman spectrum of sorbitol. a) Raman spectrum of control and 50 mM sorbitol solution. b) The linear 

regression of the sorbitol concentration from 2 mM to 50 mM.  

 

Raman spectrums of the untreated porcine lens acquired ex vivo  

Fig. 4 shows Raman spectra obtained from untreated porcine lenses (Fig. 4a and 4b). 

We used the ratio between peak 1032 cm-1 and 1004 cm-1 as a negative control. Table 1 

shows the assignments of the peaks found in the porcine lens. The variance in the Raman 

peaks intensity in fresh porcine lenses was less than 4 %. 

 
Fig. 4 Raman spectra of the fresh porcine lens. a) Fingerprint region of 5 fresh porcine lenses at a depth of 2mm. 

b) High wavenumber region of 5 fresh porcine lenses at a depth of 2mm.  
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Table 1. The origins of Raman peaks (wavenumber in cm-1) in porcine lens. 19, 31-33 

Assignment  Wavenumber Intensity 

Tryptophan 

758 Medium  

880 Weak 

1342 Medium 

1550 Weak 

Tyrosine 
832 Weak 

856 Weak 

Phenylalanine 
1003 Strong 

1032 Medium 

Amide III 
1240 Medium  

1448 Medium 

Amide I 1670 Strong 

Aliphatic residues 2936 Strong  

 

Raman spectrums of the sorbitol porcine lens acquired ex vivo  

Raman spectra from treated porcine lenses were acquired to identify the sorbitol 

substance and evaluate cataracts. The ratio of the intensities of the sorbitol peak (876 cm-1) 

and the phenylaniline peak at 1004 cm-1 is used to show the sorbitol concentration 

differences. For the cataract grades, we used the ratio between the intensities of the protein 

peak at 2934 cm-1 and the water peak at 3388 cm-1. Estimated sorbitol concentrations are 

plotted in Fig. 5a and cataract grades are plotted in Fig. 5b. They show to be linear with the 

tested concentrations with R-square of 0.874 and Pearson’s R of 0.946, the grades of the 

cataract with R-square of 0.792 and Pearson’s R of 0.907, respectively.  
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Fig.5 Linear regression analysis of the Raman spectroscopy of sorbitol concentration and cataract grades. a) 

Sorbitol concentration ratio measured from 0mM (PBS only) to 50 mM treated lens; b) The linear regression of the 

cataract grades by the ratio of Raman peaks intensity.  

 

Statistical analyses results  

We found a Pearson correlation of 0.946 between actual concentration and estimated 

sorbitol concentration is (p=0.01). The Pearson correlation between estimated sorbitol 

concentration and the cataract grade was 0.823 (p=0.023).  

Discussion 

In this study, sorbitol was detected by confocal Raman spectroscopy down to a 

clinical relevance concentration of 2 mM in mimicked cataractous porcine lenses ex vivo. In 

the sorbitol solution, the concentration curve shows great linearity with an R-square of 

0.997 and Pearson’s R of 0.999. The Raman spectra are in line with Mignani et al. that 

showed the peak at 876cm-1 can be used for sorbitol identification.26 The concentration 

curve indicates that Raman intensities at the peak 876cm-1 have a good linear response 

along with the sorbitol concentration in its chemical form. 

Cataract grades were quantitatively evaluated using Raman peak intensity ratios and 

showed a significant correlation with sorbitol concentrations. Raman spectra from fresh 

porcine lenses (Fig.4) were used to identify the background peaks in the lens. The lens 

consists mainly of proteins together with saturated fatty acids, cholesterol, sphingomyelin, 

and water distributed in different structures. The Raman spectrum of a fresh porcine lens 

was similar to those found by Medina-Gutiérrez et al. who investigated the amino acid 

contents in porcine lenses using Raman spectroscopy.31 We also noticed that all major peak 

origins from proteins in porcine lenses listed in Table 1 can also be observed in the aged 

human lenses with cataracts.24 This indicates that only using protein peaks might lack 

specificity in distinguishing cataract lenses caused by different reasons. In addition, due to 

background interference (e.g., fluorescence), data processing of Raman spectroscopy is 

challenging. Since there is no well-accepted standardized procedure for data processing in 

bio-spectroscopy yet34 the processed results may lead to a biased conclusion.  
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The fluorescence background of the spectrum and water spectra both showed a 

positive correlation with the cataract grades on a rat model.21 Similarly, several researchers 

reported using the peak intensity ratio method to quantitatively evaluate the water content 

in cataractous lenses.19, 24 However, this water ratio method is not only used in diabetic 

cataract studies but also used in hereditary cataracts and trauma-induced cataracts studies.35, 

36 Therefore, only using water/protein ratios is inadequate to specifically study diabetic 

cataracts. In complement, biomarkers like glucose are proposed by previous studies for 

diabetes mellitus investigations. Lambert et al. and Borchert et al. measured the glucose 

concentration in the aqueous humor in animal models.37, 38 Pelletier et al. further measured 

the glucose concentrations in aqueous humor samples obtained from patients undergoing 

cataract surgery.39 However, the detection limit of Raman spectroscopy on glucose was 

below its concentration differences in a molecule profile analysis.10 In this study, no 

concentration difference of glucose between the diabetic cataract lenses and health lenses 

was reported. On the contrary, a 20 fold increase of sorbitol concentration in diabetic 

cataract lenses was reported in the same study. We, therefore, proposed to measure sorbitol 

for diabetic cataract lens. Acquiring sorbitol concentration levels might also give more 

insight into the osmotic stress hypothesis of cataracts. The outcome of our Raman 

measurements shows that the detection limit of sorbitol can reach the accumulated 

concentration in diabetic cataract lenses and further shows sorbitol is correlated with the 

grades of the cataract. 

Raman intensities might be influenced by several issues. First, the lens encompasses 

different structures, such as the epithelium, cortex and nucleus. Data obtained in different 

locations of the lens might provide different results. Hence, lens orientation was taken into 

account. In addition, sorbitol formation associated with AR activity occurs in the 

epithelium and superficial cortical fibers40 and AR is implicated in lens epithelium-to-

mesenchymal transition 41. The laser focus is therefore positioned at a depth of 2mm, which 

is under the epithelium and among superficial cortical fibers. Second, research has 

indicated that a low storage temperature of the lens might increases the sorbitol 

extracellular space. In rat lenses, sorbitol increased when the incubation temperature was 

decreased from 37°C to 14°C.42 Similar elevation has been found in clear human lenses 

obtained from eye bank eyes.43 The temperature dynamics between storage and 

measurement in this study might contribute to the intensity variance and disturb the 

linearity of the sorbitol concentration regression in the lenses. Furthermore, Raman 

intensity also can be affected by the opacity of the cataractous lens or inhomogeneity of the 

tissue. Hence, the R-square of the sorbitol concentration linear regression obtained in the 

lens (0.874) is lower than that of its chemical form (0.997). In addition, the status of the 

porcine lens is also crucial to calculate the intensity ratios of water content when 

classifying the grades of cataract. Therefore, the lenses were kept moisture to avoid extra 

dehydration. Nonetheless, the R-square of the cataract grades linear regression is only 

0.792. The ratio is calculated by using the protein peak to divide the water peak. It was 
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reported that the absolute water content varies from the anterior to the posterior regions 

along with depth in rabbit lenses.44 Besides, Vrensen et al. showed that the Raman 

spectrum of cataractous lenses shares common peaks of protein at the nucleus, deep cortex 

and superficial cortex with only slight differences at the intensities.24 Since we positioned at 

the same depth in each lens, the absolute water content barely changes and the difference 

from protein at variant locations can be neglected. Thus, the decrease in the ratio (Fig. 5b) 

reflects the increment in the water content in cataractous lenses, in agreement with 

previously reported research.19, 21, 24, 44 Furthermore, the presented water content ratio of 

1.44/0.78 (highest versus lowest value in Fig. 5b) in lens supports Horikiri et al. results, 

which claimed an approximately 2–3 times increment of water content in a cataractous lens. 
35 In the present study, the Pearson correlation between the sorbitol concentration and the 

grades of diabetic cataractous lenses was 0.823 (p=0.023) indicating sorbitol measurements 

in diabetic cataract lens may reveal valuable information supporting the osmotic hypothesis 

and be used as an indicator in identifying diabetic cataracts. 

For proof of concept, we only collected the spectrum from one location (at a depth of 

2 mm) while cataracts might also occur at the anterior polar, cortical, subcapsular, and 

posterior subcapsular.7 Multiple location investigations of the lens could provide beneficial 

for understanding how diabetes causes cataract development. In addition, to mimic a 

cataractous lens we immersed a lens in sorbitol solutions. Alternative treatment to introduce 

cataract in lenses are optional; Alvarez-Rivera et al. use M-199 medium with L-glutamine, 

sodium bicarbonate and antibiotics for in vitro anti-cataract study.45 However, this 

treatment will lead to a significant increase in the background of the Raman spectrum due 

to additives. More measurements will be planned with diabetic cataract induced animal 

models and human subjects to gain more insights into the mechanisms of diabetic cataract 

development.  

Conclusion  

 Raman spectra of sorbitol obtained from mimicked cataractous porcine lenses show a 

significant correlation with the grades of cataract. We feel that the detection limit of the 

sorbitol concentration in lenses may be clinically relevant in distinguishing diabetic 

cataracts from cataracts caused by other reasons in the early stages. Raman spectroscopy 

may prove not only to be a substantial non-invasive and non-labeling diagnostic tool for 

diabetic cataracts, but also a tool for investigating and follow up on the formation of 

cataracts in general.   
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Abstract 

Current information about the pharmacokinetics of an ocular drug can only be 

achieved by invasive sampling. However, confocal Raman spectroscopy bears the potential 

to quantify drug concentrations non-invasively. In this project, we evaluated the detection 

and quantification of ocular ketorolac tromethamine levels with confocal Raman 

spectroscopy after topical administration. 

Confocal Raman spectroscopy and high-performance liquid chromatography (HPLC) 

were compared in terms of sensitivity of detection. Enucleated pig eyes were treated with 

different concentrations of ketorolac. Hereafter, ketorolac concentrations in the aqueous 

humor of pig eyes were analyzed by confocal Raman spectroscopy and HPLC. 

Subsequently, twelve rabbits were treated with Acular™ for four weeks. At several 

time points, ketorolac concentrations in aqueous humor of the rabbits were measured by 

confocal Raman spectroscopy followed by drawing an aqueous humor sample for HPLC 

analysis. 

In ketorolac treated pig eyes, both ex vivo Raman spectroscopy as well as HPLC were 

able to detect ketorolac in a broad concentration range. However, in vivo confocal Raman 

spectroscopy in rabbits was unable to detect ketorolac in contrast to HPLC. 

To conclude, confocal Raman spectroscopy has the capacity to detect ketorolac 

tromethamine in vitro, but currently lacks sensitivity for in vivo detection. 

Graphical abstract 
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Introduction 

Ocular pharmacokinetic studies investigate time- and dose dependent behavior of 

ophthalmic drugs. These studies are important to detect the maximum drug concentration 

(Cmax), the time to reach Cmax (Tmax), half-life, and clearance of the drug. Based on those 

parameters, a dosage regimen can be created.1 Evaluation of a pharmacokinetic profile 

should include assessment of systemic exposure (i.e., blood, plasma or serum levels) as 

well the distribution and levels in ocular tissues (e.g., cornea, iris, aqueous humor). 

Currently, the assessment of ocular pharmacokinetics is using tissues or fluids in a 

destructive test which comprises chemical pre-treatment followed by high-performance 

liquid chromatography (HPLC).2 Besides extensive processing time, also sampling has 

been a challenge as ocular tissues or fluids cannot be harvested without interfering with the 

anatomical integrity of the eye (e.g., during intraocular surgery). Due to the limited 

accessibility of samples from humans, and the destructiveness of the method, 

pharmacokinetic research is relying on large quantities of animals, e.g. rabbits, dogs, pigs, 

and monkeys,3 because the eyes of these animals show similarities to human eyes.4 

Therefore, animal experiments have been widely criticized for both, ethical and economical 

reasons.5 

A non-invasive pharmacokinetic assessment technique could resolve these issues. A 

technique that is potentially suitable for non-invasive detection of ocular pharmacokinetics 

is Raman spectroscopy. Raman spectroscopy identifies molecules, based on the specific 

inelastic scattering properties of their rotational and vibrational modes.6-8 This technique 

enables real-time detection of molecules without pre-processing and damaging tissue. As 

such, the number of animals and its associated costs needed for ocular pharmacokinetic 

studies can be reduced. Compared to infrared (IR) spectroscopy, Raman spectroscopy bears 

the advantage that molecules do not have to possess a permanent dipole moment, therefore, 

more molecules can be detected. Furthermore, Raman spectroscopy is not affected by 

aqueous samples, whereas IR is absorbed intensively by water. Near-infrared (NIR) 

spectroscopy (NIRS) is, like Raman spectroscopy, not affected by aqueous samples. 

However, absorption bands tend to overlap in NIRS, which results in less accessible 

molecule-specific information, thus a lower specificity compared to Raman spectroscopy.9 

Since Raman spectroscopy is a scattering technique, fiber-optics and remote sampling 

can be used. Samples can be measured directly in glass container or in case of 

pharmaceuticals, samples can be measured in original sachets. Because of a high spatial 

resolution, components from complex samples can be identified (e.g., cell-media 

components from a commercial recombinant-protein manufacturing process).10 However, 

due to the weak nature of Raman scattering (1 in 109 or 1010),11 higher sensitivity of Raman 

spectroscopy requires higher power lasers as excitation source. Therefore, Raman 

spectroscopy is very suitable for chemical applications; but the photo-thermal effects in 

light-tissue interaction could cause concerns in vivo if the wrong wavelength is selected as 

emitting source. If the local temperature reaches up to 43.0°C hyperthermia will occur. A 



Page | 46  

temperature up to 70°C could lead to tissue coagulation and welding. Higher temperatures 

(above 100°C) cause vaporization and (above 300°C - 450°C) carbonization.12 Another 

challenge for Raman spectroscopy is interference from fluorescence. Biological samples 

often emit fluorescence signals in the same wavelength range as Raman signals.2 Finally, 

data processing of Raman spectroscopy is a challenging task. Since there is no well-

accepted standard procedure in data processing for bio-spectroscopy yet,13 each (animal) 

model needs a specific calibration model. In this model it is important to remove 

interferences such as background from the substrate. Several technical approaches have 

been developed to meet these challenges for the biological applications of Raman 

spectroscopy.13, 14 

As shown by our group, many ophthalmic drugs have very specific Raman fingerprint 

patterns (patterns specific for a drug-molecule).15 Bauer et al. demonstrated that confocal 

Raman spectroscopy can be used for pharmacokinetic detection of Dorzolamide ophthalmic 

solution in tear-film, and corneas of living rabbits.16 Another study showed the detection of 

glucose levels in aqueous humor in rabbits17 and human samples.18 Sideroudi et al. showed 

that Raman spectroscopy is of interest to test drug concentrations in an artificial anterior 

chamber model using ciprofloxacin as target drug.19 Ganciclovir, ceftazidime and 

amphotericin B have been detected with Raman spectroscopy in vitro after injecting the 

drugs into the anterior chamber of rabbit eyes.13, 20 Although these studies demonstrate the 

potential of Raman spectroscopy, (animal) models are often not representative of the 

clinical situation. For example, the injection of drugs in the anterior chamber results in far 

too high drug concentrations in the aqueous humor and a limited distribution through the 

tissues.3  

In this study, we designed and performed in vitro and in vivo animal experiments to 

detect ketorolac tromethamine, a non-steroidal anti-inflammatory drug (NSAID), using 

Raman spectroscopy and confirm our findings by high-performance liquid chromatography 

(HPLC). 

Materials and methods 

Materials 

Ketorolac trometamine was purchased from MSN laboratories (Telangana, India), 

ketorolac 0.5% ophthalmic solution (Acular™) was purchased from Allergan (Dublin, 

Ireland), Methocel® 2% was purchased from OmniVision (Santa Clara, CA, United States), 

and sterile buffered saline solution (BSS), 0.9% NaCl solution with a of pH 7.4 was 

purchased from B. Braun (Melsungen AG, Germany). Ethylenediaminetetraacetic acid 

(EDTA) (#E5134), benzalkonium chloride (BAK) (#B-1383), methanol (#34860), and 

Brand® cuvettes (#7592-00) were purchased from Sigma-Aldrich (MO, United States). 

Ketamine was provided by Alfasan (Woerden, the Netherlands), midazolam by Actavis 

(Dublin, Ireland), and MINIMS® Oxybuprocaine hydrochloride by Bausch & Lomb 

Pharma (Brussels, Belgium). Insulin syringes (BD Micro-Fine™) were bought from Becton 
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Dickinson (NJ, United states). MilliQ water and phosphate buffered saline (PBS) (pH of 

7.4) were freshly produced. Freshly enucleated eyes were kindly provided by “Slachthuis 

Kerkrade Holding”, (Kerkrade, the Netherlands). 

Sample preparation 

Freshly enucleated eyes from the domestic pig (Sus Scrofa Domesticus) were obtained 

from an abattoir and transported to the laboratory on ice. Before use, the pig eyes were 

inspected using a stereo microscope (Olympus SZX9, Tokyo, Japan). Only eyes with clear 

corneas without visible corneal damage were used in the experiment. After removal of 

excess surrounding tissue, the eyes were washed in PBS. Within 3 hours after enucleation, 

the pig eyes were submerged in 15 mL of a dilution of ketorolac tromethamine in PBS in a 

50 mL centrifugal tube. The following ketorolac concentrations were used to submerge the 

pig eyes: 0.05%, 0.1%, 0.125%, 0.25%, 0.5%, 1.0%, 1.25%, 2.5%, and 5.0%. As negative 

control, PBS was used, and as positive control Acular™ was used. Three eyes were used 

per concentration. The pig eyes were stored for about 24 hours in the dark at 4°C and were 

measured by Raman spectroscopy. After the Raman measurement, 100 µL to 150 µL 

aqueous humor was collected using an insulin syringe and the ketorolac concentration was 

investigated using Raman spectroscopy and HPLC. 

Raman spectroscopy set-up  

Figure 1 shows a schematic overview of the used modular confocal Raman 

spectroscopy system. A diode emitting laser of 785 nm with a continue power of 26 mW 

(Innovative Photonic Solutions SM 785 nm, Monmouth Junction, NJ, United States) and a 

671 nm diode emitting laser with a continue power of 14 mW (Laser Quantum Ignis 671 

and SMD 6000, Konstanz, Germany) were used to excite the samples. Raman spectra were 

recorded with a high-performance Raman module model 2500 (River Diagnostics®, 

Rotterdam, the Netherlands). This module guides the laser light through a diamond optical 

fiber, shapes and conditions the beam through a pinhole to the measurement stage. First, the 

light is sent through a collimation lens with a focus length of 80 mm (f80). In front of the 

sample, a f80 lens was used when the sample was measured in a cuvette. For the ex vivo pig 

eye experiment, either a long-working-distance microscope objective lens (Jena lens, 

magnification x 25; numerical aperture = 0.50; focal length = 10 mm; Carl Zeiss, Jena, 

Germany), or a lens with a focus length of 60 mm (f60) in combination with a Gonio lens 

(Haag-Streit Meridian; CGA1, Köniz, Switzerland) were used. To connect the Gonio lens to 

the cornea, topically applied Methocel® 2% was used. For the in vivo rabbit experiment the 

f60 lens in combination with a Gonio lens was used. The lens was also connected to the 

cornea using Methocel® 2%. 
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Figure 1. Schematic Raman spectroscopy set-up. (A) laser; (B) Raman module, with (C) filter for Raman 

scattered light; (D) 25 µm pinhole; (E) integrated charge-coupled device (CCD); (F) collimation f80 lens; 

(G) f60 lens with a Gonio (one-mirror) lens, or objective (Jena lens), or a f80 lens; (H) sample; and (I) 

computer. Arrows indicate direction of (backscattered) laser light; dotted arrows indicate direction of Raman-

Scattered light. The Raman spectrometer operates in reflectance mode. 

 

In the experiment the lenses both act to focus the incident light as well as to collect the 

Raman back-scattered light. As such, the latter is passed back toward the Raman module 

and projected on a cooled charge-coupled device (CCD) camera (operating temperature -

60°C) for signal detection. Raman back-scattered light in the range of 400 relative 

wavenumbers (cm-1) to 1800 cm-1 was detected using the 785 nm laser. For the range from 

2400 cm-1 to 4000 cm-1 the 671 nm laser was used. The spectral resolution of the 

measurements was 2 cm-1 and the samples were exposed to 3 frames counting 60 seconds 

of exposure during the experiment. The system was used in single point modus (not 

confocal) and location in the sample was determined using the high wave numbers (671 nm 

laser).21 During the in vivo rabbit experiment, the exposure was 2 frames of 30 seconds. 

Identification of ketorolac tromethamine 

Multivariate-peak data analysis takes into account all peaks corresponding to the 

chemical form ketorolac tromethamine. Elshout et al. published the four most intense peaks 

corresponding to ketorolac tromethamine (1002 cm-1, 1524 cm-1, 1568 cm-1 and 1602 cm-

1).15 In our set-up, commercially available ketorolac tromethamine eye drops (Acular™) 

were compared to each individual ingredient to investigate if the additives in Acular™ 

interfere with the ketorolac signal in the Raman measurement. Those ingredients were: 

ketorolac tromethamine (dissolved in PBS, pH 7.4), EDTA (50 mg/mL dissolved in MilliQ 

water), BAK (50 mg/mL dissolved in MilliQ water). The anesthetics used in the in vivo 

experiment were also individually measured using Raman spectroscopy, those compounds 

were: ketamine, midazolam and Oxybuprocaine hydrochloride. 75µL of each sample was 

pipetted in a Brand® cuvette and measured using Raman spectroscopy. 
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Detection of ketorolac tromethamine in aqueous humor of pig eyes 

An anterior chamber paracentesis of pig eyes was done to collect 100 µL to 150 µL 

aqueous humor. After centrifugation (15,000G, 5 minutes at 4°C to remove proteins) the 

supernatant was transferred to a cuvette and measured with Raman spectroscopy.  

Hereafter, the samples were fivefold diluted using methanol, centrifuged once more 

(15,000G for 5 minutes at 4°C) where after the supernatant was analyzed by HPLC 

(Agilent 1260 infinity series with EZchrom software, Agilent inc. Santa Clara, CA, United 

States). Analysis was done according to the US Pharmacopeia22, using an elution time of 20 

minutes and injection volume of 10 µL, and peak UV-detection at 313 nm on a symmetry 

C18 column (300Å, 5µm, 4.6 mm x 250mm; #WAT106151, Waters corp., Milford, MA, 

United States) with a symmetry C8 VanGuard pre-column (100Å, 5 µm, 3.9 mm x 5 mm, 

3/pkg, #186007739, Waters corp., Milford, MA, United States). Ketorolac had a retention 

time of 10.5 minutes, has a limit of detection (LOD) of 4 ng/mL, and a limit of 

quantification (LOQ) of 10 ng/mL. 

In vivo detection of ketorolac tromethamine in rabbits 

All animal procedures were conducted according to the ARVO Statement for the Use 

of Animals in Ophthalmic and Visual Research and the Guidelines of the Central 

Laboratory Animal Facility of Maastricht University. All protocols were approved by the 

Central Committee for Animal research and were in accordance with the European 

Guidelines (2010/63/EU).  

Twelve New-Zealand white rabbits (weight between 2.0 kg and 2.5 kg upon arrival) 

were ordered from Envigo (Horst, NL) and housed in group housing, 6 animals per cage, 

males and females separated. The rabbits had ad libitum access to water and received 100 

gr. rabbit chow per animal per day. Before the animals were used in experiment, they had 

one week to acclimatize. The rabbits were treated with 50 µL 0.5% ketorolac tromethamine 

ophthalmic solution (Acular™) in the lower conjunctival fornix. The contralateral eye was 

treated with 50 µL BSS. Both treatments were performed three times a day for a total of 28 

days, equivalent to a clinically used drop regime. 

On day 0, day 7, day 14, day 21, and day 28 the rabbits were measured. All 

measurements were performed 1 to 3 hours after receiving the eye drops. During the 

examinations, rabbits were anesthetized with ketamine (50 mg/kg) and midazolam (5 

mg/kg) intramuscularly. First, a Raman measurement was performed on both eyes, 

followed by an anterior chamber paracentesis (drawing 50 µL) of the right eye. Before the 

paracentesis, the eye received additional topical sedation using one drop of 0.4% 

Oxybuprocaine hydrochloride solution. Aqueous humor samples were frozen on dry ice 

immediately after sampling and stored in a -80°C freezer until further processing. As a 

negative control, aqueous humor was drawn (100 µL) from both eyes of seven healthy 

control animals, after sacrifice. The negative control animals did not receive any topical 

treatment nor anesthetics. Aqueous humor was drawn within 10 minutes after sacrificing of 
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the rabbits. A total of thirteen samples was collected (one sample was lost during 

processing). 

Aqueous humor samples were measured with the Raman spectrometer followed by 

HPLC analysis using protocols as described earlier. 

Pre-processing of the raw acquired Raman spectrum 

In order to extract Raman signal from the raw acquired spectrum, it is necessary to 

pre-process the acquired spectrum.23 Cosmic ray spikes, randomly generated due to cosmic 

radiation, were replaced by the average intensity from the neighboring frames. A partial 

polynomial fitting method combined with the morphology approach of Perez-Pueyo et al.24 

was used to remove instrumental noise. First, spectra were dissected in different zones. 

Zones that only contain background fluorescence were used to calculate the polynomial 

function coefficients. The zone that contains the water-peak (1550 cm-1 to 1650 cm-1) was 

excluded from the fitting calculation. The achieved polynomial function was applied on the 

full spectrum (400 cm-1 to 1700 cm-1) to remove the fluorescence background. Hereafter, 

the morphology-based approach was applied to eliminate instrumental noise. 

In short, our pre-processing procedure are as follows: first, manual cosmic ray 

removal before any further treatment (figure S1,1). Second, averaging of the frames to 

minimize the fluctuations. Third, applying partial polynomial (5th degree) fitting on the 

averaged spectrum for subtraction of fluorescence (figure S1,3) and fourth, using 

morphology method to eliminate the instrumental noise (figure S1,2). Besides the first step, 

all procedures are processed by a self-developed MATLAB program (Version 2017b, The 

Mathworks Inc., Natick, MA, United States). Furthermore, all samples were normalized by 

dividing ketorolac related peaks by their water-peak (1642 cm-1)25 correcting for the 

sample-sample variation. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 6.01 (GraphPad 

Software inc. La Jolla, CA, United States). All in vitro pig eye data were analyzed using 2-

way ANOVA multiple comparison tests. The in vivo rabbit data was analyzed with paired t-

tests. The in vitro rabbit data was analyzed using unpaired t-tests because the aqueous 

humor samples came from different rabbits. All data are shown as mean ± SD. 

Results 

Detection of peaks related to ketorolac tromethamine using Raman spectroscopy 

Figure 2 shows the Raman spectrum of Acular™ and PBS. For the multivariate peak 

analysis, eight high-intensity peaks specific for ketorolac tromethamine were selected: 1002 

cm-1, 1282 cm-1, 1348 cm-1, 1432 cm-1, 1472 cm-1, 1524 cm-1, 1568 cm-1, and 1602 cm-1 as 

shown in figure 2 (upper spectrum). These peaks were not related to additives such as 

EDTA or BAK (figure S2). The 1602 cm-1 peak overlaps partially with the water-peak 
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(1642 cm-1, underlined in both spectra), this peak is not used during further processing. In 

the following results, the intensity of each individual peak or the average intensity ratio of 

the seven peaks is plotted and used. 

Four background peaks originating from PBS, aqueous humor and cuvette were 

detected: 930 cm-1, 1120 cm-1, 1448 cm-1
, and 1642 cm-1 (figure 2 lower spectrum). These 

four peaks were identical in PBS and AH (figure S4). No peak differences were found 

between aqueous humor from rabbits and pigs (data not shown). 

 

 

Figure 2. Raman fingerprint spectra of Acular™ 

(0.5% ketorolac tromethamine ophthalmic solution) 

and PBS. The structural formula of ketorolac 

tromethamine is shown in the frame related to 

Acular™. The numbers above the peak represent 

the corresponding wavenumbers. Baseline 

correction is applied using polynomial correction. 

PBS = phosphate buffered saline, A.U. = arbitrary 

unit. 

Detection of ketorolac tromethamine using the HPLC in aqueous humor of pig eyes 

Figure 3a shows the HPLC quantification of ketorolac tromethamine (concentration 

curve 0.05% to 1.25%), and the ketorolac concentrations in the aqueous humor of pig eyes 

that were immersed in a similar concentration range as described earlier. Both solutions 

demonstrate linearity with the tested concentrations, R2 of 0.97 and R2 of 0.88 respectively. 

When comparing the ketorolac concentration in Acular™ to the aqueous humor penetrated 

ketorolac concentration in pig eyes, after submerging for 24 hours in Acular™, 

approximately one fourth of the original ketorolac concentration appeared to have 

penetrated into the aqueous humor. The concentration in the aqueous humor of the pig eye 

was significantly lower (p = 0.0012) compared to the concentration in which the eye was 

submerged (figure 3b). 
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Figure 3. HPLC detection and analysis of (a) a dilution curve of ketorolac tromethamine in PBS (submersion 

solution) (black) and the detection of penetrated ketorolac in aqueous humor (red). The dashed line 

represents a logarithmic trendline with a R2 of 0.98 and 0.89 for the black and red points respectively. (b) 

HPLC analysis of ketorolac tromethamine in Acular™ and the penetrated concentration in aqueous humor 

after 24 h. Compared using students t-test, ** p = 0.0012, n = 3, AH = aqueous humor, AUC = area under the 

curve, data is plotted as mean ± SD. 

 

Detection of ketorolac tromethamine using Raman spectroscopy in pig eyes 

Figure 4a provides a detailed overview of the intensity ratios corresponding to 

ketorolac peaks of Acular™ compared to PBS. All peaks related to ketorolac are about five 

to one hundred and fifty times higher in Acular™ compared to PBS. After penetration in 

the aqueous humor of pig eyes, the same ketorolac peaks could be detected, as shown in 

figure 4b. However, no significant difference between the ketorolac and the PBS peak on 

wavenumber 1348 cm-1 was observed. 

When the intensity of the peaks is summarized, the aqueous humor penetrated 

concentration of ketorolac is about one fourth of the original solution (figure 4c). As 

expected, there is no difference between PBS and the aqueous humor penetrated PBS 

signal. These results demonstrate that Raman spectroscopy is able to detect ketorolac 

solutions after penetration in the aqueous humor. 

Figure 5 shows a correlation between the Raman signal and HPLC signal from the 

concentration curve of aqueous humor penetrated ketorolac in pig eyes. This resulted in 

Pearson’s coefficient of 0.89 with a R2 of 0.79 using correlation on the log-log scale. 

Figure 6 demonstrates the quantitative potential of confocal Raman spectroscopy. 

Figure 6a shows a linear relationship between the concentration and the observed signal for 

three different set-ups.  
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Figure 4. Raman detection of ketorolac in aqueous humor of pig eyes. (a) Peaks corresponding to Acular™ 

compared to PBS and (b) after penetration in aqueous humor of pig eyes (n = 3), row comparison using 

Tukey's multiple comparisons test. (c) Averaged intensity ratios from Acular™ and PBS as the submerging 

solution and after aqueous humor penetration in pig eyes. Exposure time 60 s, 3 frames averaged, 785 nm 

laser. Peaks normalized by dividing the intensity of each peak with the intensity of the peak at 1,642 cm−1, 

n = 3. ** = p < 0.01, *** = P < 0.001, **** = P < 0.0001. AH, aqueous humor, data is plotted as mean ± SD. 

 

 

Figure 5. Correlation between Raman 

signal (y-axis) and the HPLC signal (x-

axis) of aqueous humor from pig eyes 

submerged in ketorolac dilutions. The 

dashed line represents a logarithmic 

trendline. Pearson’s r of 0.89 and a R2 of 

0.79, every dot represents one eye (n = 3 

per concentration). AUC = area under the 

curve. 

 

The limit of detection of the ketorolac dilution curve (0.05% to 5.0%) (black line) lies 

on an intensity ratio of 0.05 ± 0.003, which is lower than the background signal of aqueous 

humor detected in a cuvette (red line) (0.07 ± 0.02). The limit of detection of aqueous 

humor detected with a Jena lens (green line) or a Gonio lens (blue line) lies, however, about 

nine times higher (0.45 ± 0.03 and 0.34 ± 0.09, respectively). 
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Figure 6b shows the response of the Raman system with three different set-ups. 

Different intensity ratios when comparing Acular™ to PBS have been observed. When 

measuring Acular™ and PBS in a cuvette, a clear difference is visible with low 

background. When the ketorolac concentration in aqueous humor of pig eyes is measured in 

a cuvette, the intensity ratio of Acular™ is lower, but the background has slightly increased. 

Aqueous humor in the anterior chamber, measured using the Jena lens does not show a 

difference between an Acular™ submerged pig eye and a PBS treated pig eye due to high 

background noise. When ketorolac is detected in aqueous humor in the anterior chamber 

using the Gonio lens, a high background is observed; however, the Gonio lens is capable to 

distinguish ketorolac from the PBS samples. 

 
Figure 6. In vitro detection of ketorolac in pig eyes using three different set-ups (aqueous humor in a cuvette, 

aqueous humor in the anterior chamber with the Jena lens and aqueous humor in the anterior chamber with 

the Gonio lens) and the control situation (submerging fluid in a cuvette). (a) Dilution series of ketorolac 

(0.05% to 5.0%) were measured with the Raman spectrometer. Black dots represent the ketorolac 

tromethamine dilution measured in a cuvette. Red dots represent aqueous humor of pig eyes submerged in 

corresponding ketorolac tromethamine dilutions after paracentesis measured in a cuvette. The green dots 

represent measurements on the pig eye, in the anterior chamber with the Jena lens, and the blue dots 

represent measurement on the eye into the anterior chamber with the Gonio lens. The dashed-lines are drawn 

as guide to the eyes whereas the solid lines provide the limit of detection. (b) Bar graph with the response of 

the detection of Acular™ and PBS. The fluids have been measured in a cuvette, in the aqueous humor using 

a cuvette, or in the eye with the Jena lens, or in the eye with a Gonio lens. Samples are compared using 

ANOVA multiple comparison tests, *P < 0.05, ** P < 0.01, ***P < 0.001 and **** p < 0.0001, n = 3 per 

point. AH = aqueous humor, AC = anterior chamber, data is plotted as mean ± SD. 

 

In vivo detection of ketorolac in rabbit eyes 

Figure 7a shows that the Gonio lens was able to measure aqueous humor in the 

anterior chamber of living rabbits; however, no difference between treated (Acular™) and 

non-treated (BSS) rabbit eyes was observed. When the Gonio lens was not properly aligned 

on the eye, the lens, or the cornea was measured, as shown in figure 7b and figure 7c 
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respectively. In none of the in vivo measurements a significant difference between the 

treated eye (OD) and the control eye (OS) was observed. 

The Raman spectra show the wavenumber (671 nm) signals corresponding to the 

location in the eye. When measuring specifically in the aqueous humor, a broad peak is 

visible between 3000 cm-1 and 3700 cm-1 (figure 7a, lowest frame). The lens shows a 

narrow peak at 2900 cm-1 and a broad one between 3000 cm-1 and 3700 cm-1 (similarly to 

the peak for aqueous humor) (figure 7b lowest frame). The cornea expresses a high peak at 

2900 cm-1 and a broad peak between 3000 cm-1 and 3700 cm-1 (figure 7c lowest frame). 

 
Figure 7. In vivo detection of ketorolac in rabbit eyes. (a) Detection in aqueous humor when the Gonio lens is 

properly aligned on the eye. The asterisk shows the location of focus and the Raman spectrum provides the 

high wavenumber (671 nm) measurement to assure correct location in the eye. (b) Measurement on the lens 

or (c) on the cornea, due to misalignment of the Gonio lens. Treated eye received three times a day 50 µL 

Acular™, and the control eye was treated with 50 µL BSS (pH7.4). Paired tests have been executed to test 

difference between treated and control eyes. Each dot represents one measurement at one rabbit, data is 

plotted as mean ± SD. 

 

Ketorolac tromethamine detection in aqueous humor of rabbits ex vivo 

Figure 8 shows the ex vivo detection of the ketorolac concentration in aqueous humor 

from rabbits, measured in a cuvette by Raman and via HPLC. As shown in figure 8a, a 

significant difference (p=0.0017) was observed between Acular™ treated eyes and non-

treated eyes when the ketorolac was measured using Raman spectroscopy. However, due to 

the large inter-sample variation, no exact concentration could be calculated and linked to 

individual measured aqueous humor samples measured by our Raman spectroscopic 

system. 
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Figure 8b shows the detection of the concentration ketorolac from aqueous humor of 

rabbits using HPLC. These results also show significant difference (p< 0.0001) between the 

treated and untreated eyes. When all days are combined, the average drug concentration 

was 927 ng/mL ± 430 ng/mL (mean ± SD), a maximum detected concentration of 2236 

ng/mL and a minimum detected concentration of 63 ng/mL in the treated eyes. The control 

eyes did not show any signal above noise level when detected with HPLC. No clear 

correlation between the Raman signal and HPLC concentration could be found with these 

low concentrations. 

 
Figure 8. Ex vivo detection of ketorolac tromethamine in aqueous humor from rabbit eyes. General grouped 

difference between the aqueous humor of treated eyes and control (non-treated) eyes measured with (a) 

Raman spectroscopy and (b) HPLC. ** p < 0.01, **** p < 0.0001. Each dot represents one sample from one 

rabbit, data tested using student t-test and is plotted as mean ± SD, ntreated = 58 and ncontrol = 13. 

 

Discussion 

The aim of the study was to evaluate the quantitative use of Raman spectroscopy for 

the in vivo detection of drug levels in the anterior chamber of the eye. Firstly, we needed to 

optimize the method to analyze our Raman data. The probability of Raman scattering is 

much lower than intrinsic fluorescence emission in biological samples. Therefore, in order 

to extract Raman signal from the raw acquired spectrum, it was necessary to pre-process the 

acquired spectrum.23 Furthermore, cosmic ray spikes, randomly generated due to cosmic 

radiation, which affected different wavenumbers each time, needed to be removed.23, 26 For 

the latter, there are two approaches described in the literature.26, 27 In this study, we went for 

the easiest method, by replacing the intensities of the cosmic peaks with the average from 

the neighboring frames (left and right from the ray) as suggested by Zhang et al.26  

Several approaches have been proposed to minimize the influence from the 

background fluorescence.13 The most accepted method for background subtraction is 

polynomial fitting but as mentioned by Byrne et al. no standardized protocols are 

available.13 Zhao et al. introduced an automated polynomial background subtraction 

method for biomedical applications, which could subtract the background fluorescence.28 

Zhang et al. developed an automated method for fluorescence background subtraction 

named “automatic pre-processing method for Raman imaging data set (APRI)”.26 However, 
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previous methods encountered difficulties when handling spectrums containing 

instrumental noise. In some in vivo experiments, the contribution from instrumental noise is 

inevitable and cannot be neglected, thus affecting the conventional polynomial methods. 

Hence, further treatments have been developed to eliminate the instrumental noise. Perez-

Pueyo et al. introduced a morphology-based baseline removal method for Raman 

spectrums.24 It employs Tophat filtering using basic operations as dilation and erosion to 

filter the features beyond or below a pre-set threshold, thereby removing the instrumental 

noise. In this study, we used a partial polynomial fitting method combined with the 

morphology approach of Perez-Pueyo et al. to remove instrumental noise.24 Hereafter we 

normalized all samples by dividing ketorolac related peaks by their water-peak (1642 cm-

1),25 thereby correcting for the sample-sample variation. Overall, we created a solid method 

to remove hardware related shifts from Raman data. 

After we optimized the analysis for Raman spectroscopy, we first confirmed the four 

ketorolac tromethamine peaks described by Elshout et al.15 and then identified four 

additional peaks specific for ketorolac. We observed that the 1602 cm-1 peak partially 

overlaps with the water-peak (1642 cm-1); therefore, this peak was ignored during 

processing. 

During the experiment, we examined buffered saline solutions (PBS and BSS), 

aqueous humor from pig eyes and aqueous humor from rabbit eyes. Although, there are 

differences between the buffered solutions and aqueous humor, the Raman signal was 

identical, as shown in supplementary figure S4, and also did not affect the HPLC results. In 

the pig model, a concentration range of dissolved ketorolac was used and Acular™ was 

used as a positive control, whereas only Acular™ was used in the rabbit model. No 

differences were found in Raman signal, nor have we observed shifted peaks during the 

experiments. Although we expected that the Raman signals might be affected due to the 

additives, we did not observe any interference of the additives on the ketorolac signal 

(figure S2). Neither have we observed influences of the anesthetics on the Raman signal in 

the in vivo experiment (figure S5). However, we observed superior penetration of dissolved 

ketorolac in PBS compared to the commercially available solution (Acular™) (figure S6). 

The pH of both solutions was similar (pH 7.4) but the osmolality differs, i.e. Acular™ 

displays an osmolality of 290 mOsmol/kg29 whereas dissolved ketorolac tromethamine in 

PBS has a (theoretical) osmolality of 330 mOsmol/kg. This could explain the higher ocular 

penetration by the dissolved ketorolac solution. Lee et al. also found osmolality to be a 

relatively large influencer of ocular penetration in studying penetration of topically applied 

Atenolol.30 However, in our experiment we used post mortem tissue in which the cellular 

membranes, and tight junctions between the cells are affected and in which clearance of the 

drug is hampered. Due to submerging of completely enucleated eyes more scleral diffusion 

is expected leading to increased intraocular drug concentrations as compared to eye 

drops.31, 32 Furthermore, the long contact time of 24 hours also enhanced the intraocular 

drug concentration. The detection of ketorolac in the in vitro model was also challenging 
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due to corneal haze in the stromal layers after leaving the eyes in the buffered solutions 

(figure S3), high background signals were detected which disturbed the Raman 

measurements. This resulted in high background noise signals that were more than three 

times higher (when normalized), compared to regular cuvette measurements (figure 6b). 

The in vivo animal model represents a realistic clinical situation of an eye drop 

scheme. The detection of the ketorolac concentration is in line with previously published 

data. Ling et al. found a Cmax of 1905 ng/mL.33 Although we were not looking for a Cmax, 

our highest detected concentration was 2236 ng/mL. The mean ketorolac concentration in 

our experiment was 927 ng/mL ± 430 ng/mL, whereas an average concentration of 1079 

ng/mL ± 882 ng/mL is found in human eyes, when instilling Acular™ eye drops four times 

a day, two days pre-surgery.34  

In our Raman system, two different lenses were compared: a Jena lens and a Gonio 

lens. Since we used a f60 lens in front of the Gonio lens (the Gonio lens itself does not 

provide any focus power), better focus was achieved compared to use of the Jena lens. The 

f60 lens has a smaller numerical aperture, which provides a longer integration length. 

Second, based on the safety point of view, the Gonio lens prevent the laser from direct 

illumination on the retina, preventing it for the possible light damage. The excitation laser 

directly illuminates the retina in the Jena lens setup, it limits the common performance 

improvement methods like raising the laser power or increasing integration time. Besides, 

we observed a specific drug related difference when we used a Gonio lens. As such, we 

continued the experiment in vivo only with the Gonio lens. In vivo the average background 

signal in the aqueous humor was lower (0.15 ± 0.05) (figure 7a, control eye) compared to in 

vitro signal (0.34 ± 0.09, Gonio lens, PBS) (figure 6). Hence, we tend to conclude that the 

corneal haze was affecting the signal. However, the drug concentration in the aqueous 

humor was too low to detect using in vivo Raman spectroscopy. Another important factor 

affecting the sensitivity of Raman spectroscopy is the exposure time during the 

measurement. All in vitro samples have been exposed 60 seconds for 3 frames, whereas the 

in vivo exposure was 30 seconds with 2 frames. We lowered the exposure time and the 

number of frames in vivo to assure safety of the technique in the rabbits. Because of the 

limited number of frames the threshold of the intensity ratio (0.15 ± 0.05) was higher in 

vivo (figure 7a, control eye) compared to in vitro intensity ratio (0.11 ± 0.06) (figure 8a, 

control eye). Besides the lower number of frames, also a shorter exposure time may lead to 

a decreased Raman signal.35 Due to the large inter-measurement-variations, the standard 

deviation in the Raman experiment was too large to clearly quantify the in vivo samples. 

The variation with the HPLC was much smaller resulting in a detection accuracy of 

nanograms per milliliter. Due to large variations in the in vivo fingerprint signals, no 

correlation could be found using the rabbit samples, whereas there is a clear correlation 

with Raman spectroscopy and HPLC when measuring higher drug concentrations from the 

in vitro pig eyes (figure 7). Overall, multiple factors affect the readout and it is difficult to 

select one parameter causing low sensitivity with Raman spectroscopy. In vitro samples 
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have been centrifuged to remove proteins, which could be a reason for higher signal during 

the in vitro measurements compared to the in vivo measurements. Furthermore, the cornea 

consists of a 500 µm thick stroma, which could scatter or absorb Raman scatter on its way 

through. Our experiment also shows that the conditions of the cornea could affect the 

Raman signal sensitivity (corneal haze). Finally, the temperature might also slightly 

influence the Raman intensity both for the target components and backgrounds. The cuvette 

samples and in vitro samples were tested at room temperature (about 22°C) while the 

temperature of in vivo measurement is around 35°C in a rabbit eye. It is noticeable that all 

factors together lower the sensitivity of Raman spectroscopy. 

To increase sensitivity in a Raman system, laser power could be increased. The 

problem however, with increasing laser power in the eye, is the irreversible damage of the 

photosensitive layers that could occur. In order to protect the eyes, we used a laser power of 

26 mW, which is relatively low compared to laser powers which are used on skin (80 

mW),36 or on cells or tissue sections (60 mW).37 For in vitro detection of corneal 

biomarkers an intensity of 300 mW is used,38 and even 1 W is used to create virtual cross-

sections of intact eye tissue without dependence on tissue processing.39 According to Marro 

et al., laser powers up to 100 mW are safe to use on retina organotypic cultures (in vitro).40 

Besides laser power, the wavelength and the exposure time are of importance for the 

prevention of tissue damage. In our study, we used ketorolac tromethamine. Other ocular 

drugs, however, may have a stronger Raman signal and can be easier to detect in the 

anterior chamber. All these parameters make Raman spectroscopy a challenging technique. 

Furthermore, as mentioned by Byrne et al.,13 there is no common accepted manner to 

correct Raman data. Due to hardware influences and sample-to-sample variation, every 

Raman spectrometer needs its own corrections. 

 

Conclusion 

In this study, we show the value of Raman spectroscopy for the detection of drugs in 

the anterior chamber of the eye. As expected, the sensitivity and the limit of detection of the 

HPLC are much higher compared to Raman spectroscopy. However, Raman spectroscopy 

shows unique potential as a non-invasive technique for real time biomedical analysis. We 

found good correlation between Raman spectroscopy and HPLC for in vitro detection of 

drugs. Unfortunately, our Raman spectroscopic system is not yet able to detect a clinically 

relevant dose of ketorolac tromethamine in the anterior chamber of rabbits in vivo. More 

research should be conducted to increase the sensitivity of Raman spectroscopy while still 

using low, non-damaging, laser powers. 
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Supplementary figures 

 

 
 

Figure S1. Example of baseline correction 

of raw Raman spectra. (1) Cosmic ray 

correction, (2) correction for hardware-

induced errors and (3) 5th degree 

polynomial correction for background 

fluorescence. cm−1 = typically centimeters, 

A.U. = arbitrary unit. 

 

Figure S2. Raman spectrum of the 

additives in Acular™. None of the peaks 

corresponds to the ketorolac spectrum. 

Only baseline correction is applied on the 

spectrum using polynomial correction. 

RAW data. Analyzed using OriginPro 9 

64bit e.d. 
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Figure S3. Post mortem pig eye with a 

clearly visible corneal haze in the stromal 

layers. 

 
 

Figure S4. Raman spectrum of PBS and 

aqueous humor. The peaks in PBS and 

aqueous humor are similar to each other. 

Only baseline correction is applied on the 

spectrum using polynomial correction. 

RAW data. Analyzed using OriginPro 9 

64bit e.d. 
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Figure S5. Raman spectrum of ketamine, 

midazolam, and Oxybuprocaine 

hydrochloride. Only baseline correction is 

applied on the spectrum, using polynomial 

correction. RAW data. Analyzed using 

OriginPro 9 64bit e.d. 

 

 
Figure S6. Ocular penetration of dissolved ketorolac compared to Acular™ in pig eyes. (a) and (b) show 

HPLC analysis between Acular™ and dissolved ketorolac and graph (c) and (d) show the Raman data 

(cuvette detection). *P < 0.05, **P < 0.01, ****P < 0.0001 n = 3 per sample, data is plotted as mean ± SD. 
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Abstract 

Raman spectroscopy is a real-time, non-contact, and non-destructive technique able to 

obtain information about the composition of materials, chemicals, and mixtures. It uses the 

energy transfer properties of molecules to detect the composition of matter. Raman 

spectroscopy is mainly used in the chemical field because background fluorescence and 

instrumental noise affect biological (in vitro and in vivo) measurements. In this method, we 

describe how hardware related artifacts and fluorescence background can be corrected 

without affecting signal of the measurement. First, we applied manual correction for cosmic 

ray spikes, followed by automated correction to reduce fluorescence and hardware related 

artifacts based on a partial 5th degree polynomial fitting and Tophat correction. Along with 

this manuscript we provide a MatLab® script for the automated correction of Raman 

spectra. 

Graphical abstract 

 

Highlights 

• “Polynomial_Tophat_background_subtraction_methods.m” offers an automated 

method for the removal of hardware related artifacts and fluorescence signals in 

Raman spectra. 

• “Polynomial_Tophat_background_subtraction_methods.m” provides a modifiable 

MatLab file adjustable for multi-purpose spectroscopy analysis. 

• We offer a standardized method for Raman spectra processing suitable for 

biological and chemical applications for modular confocal Raman spectroscope  
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Introduction 

Raman spectroscopy is a vibrational spectroscopic technique, based on an energy 

transfer between an illuminated sample and the irradiated light. In contrast with e.g. 

infrared (IR) spectroscopy, which analyses absorbed and transmitted fractions of the light, 

Raman spectroscopy makes use of scattered radiation. Although the predominant mode of 

scattered light is elastic Rayleigh scattering, a small proportion (1 to 109 or 1010) of the 

photons is scattered inelastically. These photons shift to a higher or lower energy status 

resulting in stokes and anti-stokes scattering.1 

Raman spectra provides both qualitative and quantitative molecular-level information. 

The basis of the qualitative information is the fingerprint nature of the Raman shift, which 

is unique to each material. This makes Raman spectroscopy also usable in an aqueous 

environment2, and an interesting and suitable technique for ophthalmic purposes. Raman 

spectroscopy is a non-contact and non-destructive technique with real-time visualisation, 

which make it also suitable for in vivo application.  

Biological samples often emit fluorescence signals that may interfere with Raman 

signals since the intensity of the fluorescence emission has a much higher yield than Raman 

signals.3 Further, hardware related artefacts (instrumental noise) are found in Raman 

spectra. In order to extract Raman signal from the raw acquired spectrum, it is therefore 

necessary to pre-process the acquired spectra.4 As recognized by Byrne et al. no 

standardized protocols are available for this purpose yet.5 Hence, we developed a method to 

deal with multiple source background influences. This paper guides you through the steps 

taken to optimize Raman spectra and make them ready for analysis as done in the study 

from Bertens et al.6 For the full data-set of this project we refer to the supplementary data 

of Zhang et al.7 

Background of the data processing 

As mentioned earlier, there is no gold standard for the processing of Raman data. 

Several approaches have been proposed to minimize the influence from background 

fluorescence.5 Raman scattering is an instantaneous effect, whereas fluorescence requires 

time to occur. If one can switch on and off the detector (or a filter) at a high temporal 

resolution, fluorescence signal could be prevented from interfering with the Raman signal. 

However, this is expensive, complicated, and commercially not available.8, 9 Therefore, the 

most accepted method for fluorescence background subtraction is polynomial fitting, for 

which unfortunately no standardized protocols are available (figure 1-3).5 Zhao et al. 

introduced an automated polynomial background subtraction method for biomedical 

applications, which could subtract the background.10 Zhang et al. also developed a proper 

automated method for fluorescence background subtraction named: “automatic pre-

processing method for Raman imaging data set (APRI)”.11 However, both methods 

encountered difficulties when handling spectrums containing instrumental noise. In some in 

vivo experiments, the contribution from instrumental noise is inevitable and cannot be 
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neglected, thus affecting the conventional polynomial methods. Hence, further treatments 

have been developed to eliminate the instrumental noise. Perez-Pueyo et al. introduced a 

morphology-based baseline removal method for Raman spectrums.12 It employs Tophat 

filtering using basic operations as dilation and erosion to filter the features beyond or below 

a pre-set threshold, thereby removing the instrumental noise (figure 1-2). 

A third influencer affecting Raman spectra are cosmic rays. Cosmic rays create spikes 

that are randomly generated due to cosmic radiation (figure 1-1). Cosmic rays affected 

different wavenumbers each time they occur, and can easily be detected by comparing 

different frames of one measurement. Spikes created by cosmic rays need to be removed 

before the frames are averaged, else they can be interpreted as peaks.4, 11 

 

 
Figure 1. Example of a Raman spectrum. (1, green) Shows a cosmic ray spike, (2, blue) shows instrumental 

influences on the spectrum, and (3, red) shows a 5th degree polynomial fitting for background correction 

 

Materials and Methods 

Materials 

• Power conditioner: ONEAC PCm750I, 220-240V, 3.1A, 50/60Hz  

• Laser with wavelength 785 nm: Laser Model SM 785 nm purchased from Innovative 

Photonic Solutions; Output Power 50 mW; Bandwidth 9.73GHz 

• Laser with wavelength 671 nm: Laser model: Ignis 671, purchased from Laser 

quantum; Output Power 100 mW; Bandwidth 30 GHz 

• Spectrometer: Model HPRM 2500, produced by River Diagnostics International BV. 

Specifications:  
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o Spectral region coverage: 350 cm-1 - 1800 cm-1 with the 785 nm laser and 

~2500 cm-1 - 4000 cm-1 with the 671 nm laser 

o Spectral resolution: 2 cm-1 throughout the spectral region  

o Pinhole size: 25 microns 

o Back-illuminated deep-depletion CCD-camera: with 1024 x 128 pixels, 

air-cooled to -60°C. Camera control software included 

• Computer: HP Compaq 6200 Pro Microtower with operation system Windows® 7 Pro 

OA 

• Jena lens: Planachromat LD 25x/0.5 ∞/0(2)-A, focus length is 10.1mm 

• Mirror: Beam steering mirror assembly, model G063713000 

• Melles Griot Shear-plate 

• Fibres: Diamond® FC APC/PM 20853190002 for 850nm and FC APC/PM 

20871100001 for 630nm 

• GonioLens, Haag-Streit Meridian; CGA1 

• Edmund Optics lenses: f60 (60 mm focus point), f80 (80 mm focus point) 

Set-up of the Raman system  

A modular confocal Raman spectroscopic system was used in the study. The Raman 

system was connected via a power conditioner, to prevent power peaks to disturb the 

measurements and to protect the system. The Raman system is equipped with a diode-

emitting laser of 785 nm with a continuous power of 26 mW, and a 671 nm diode- emitting 

laser with a continuous power of 14 mW. Raman spectra were recorded with a high-

performance Raman module model 2500 with a charge-coupled device (CCD) operating at 

-60°C. This module introduces the laser light through a diamond optical fiber, shapes and 

conditions the beam through a pinhole to the measurement stage (figure 3). The emitting 

light from the spectrometer is collimated using a converging lens (f80 see figure 3-f). 

Collimation of the light was checked using the Melles Griot shear-plate. The lens was 

moved along the laser optic axis towards or away from the exit aperture of the spectrometer 

until the stripes provide a collimated position (figure 2). 

 

 
Figure 2. Melles Griot shear plate and the patterns it provides with different types of emitted light. 

 

Three types of sample set-ups were performed: 



Page | 70  

• Cuvette set-up (figure 4a) 

• In front of the sample, a f80 lens was used when the sample was 

measured in a Brand® cuvette. 

• Jena lens set-up (figure 4b) 

• In front of the sample, a long-working-distance microscope objective 

lens, Jena lens. 

• Gonio lens set-up (figure 4c) 

• In front of the sample, first a lens with a f60 lens is placed, followed by a 

Gonio lens. The Gonio lens was connected to the cornea of an eye (in 

vivo or ex vivo) using topically applied Methocel® 2%. 

 

 

Figure 3. Raman set-up. (A) 

laser (red dashed region); (B) 

Raman module (blue dashed 

region), with (C) filter for 

Raman scattered light, (D) 

25µm pinhole and (E) integrated 

charge-coupled device (CCD); 

(F) collimation f80 lens (yellow 

dashed region); (G) f60 lens 

with a Gonio (one-mirror) lens, 

or objective (Jena lens), or a f80 

lens (orange dashed region); (H) 

sample; and (I) computer (didn’t 

show in the photograph). 

Arrows indicate direction of 

(backscattered) laser light; 

dashed arrows indicate direction 

of Raman-Scattered light. 
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Calibration 

When the laser from the Raman system is collimated, the lens used for the 

measurement is set in place and the system is calibrated by built-in calibration procedure of 

the spectrometer. Hereafter, the system is further calibrated by the reference spectrum 

obtained by the provided National Institute of Standards and Technology (NIST)-standard 

calibration glass (was provided with the spectrometer). The full calibration was done 

according to the spectrometer manual. All measurements were performed in the dark. 

 

 
Figure 4. Details of the focus area of the Raman system (red dashed line in the scheme). (a) The set-up for 

cuvettes using a f80 lens, (b) Jena lens for focus in the anterior chamber of an eye, and (c) the Gonio lens in 

combination with a f60 focus lens for focus in the anterior chamber of an eye. The red dashed triangles show 

the focus position of the set-up. 

 

Positioning 

The location in the sample was determined using the 671 nm laser, to create a high 

wave number signal (figure 5a). In the eye, the cornea provides a protein peak (2800 cm-1 - 

3000 cm-1) followed by a water band (3000 cm-1 - 3800 cm-1). The anterior chamber only 

has a water band (3000 cm-1 - 3800 cm-1), and the lens has an extra protein peak around 
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3100 cm-1 besides the protein peak located at 2800 cm-1 - 3000 cm-1 and a water peak at 

3000 cm-1 - 3800 cm-1. (figure 5b) In a cuvette, when focussed on the cuvette multiple high-

intensity signals occur (between 2000 cm-1 – 3000 cm-1). When focussed on the fluid in the 

cuvette a water peak occurs (3000 cm-1 - 3800 cm-1). 

Data acquisition  

When the laser was correctly positioned, fingerprint-signal of the material was 

measured with the 785 nm laser and exported as ‘.txt’ file further processing. An example of 

a measurement is provided in figure 6. 

 

 
Figure 5. Location determination using high wave number measurement (671 nm Laser). (a) In the eye, and 

in (b) a cuvette. 
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Figure 6. Raman spectra providing fingerprint signal (left column) and a high wave number signal (right 

column) of PBS and three different drugs (ketorolac (Acular®), Bromfenac (Yellox®), and Diclofenac 

(Naclof®)) in ophthalmic solution. With corresponding molecular structure. 

 

Data processing 

Removal of cosmic ray spikes  

All Raman spectra were loaded into OriginPro 9.0.0 (64 bit ed. OriginLab corp. 

Northampton, US) and were one-by-one checked (manually) for cosmic ray spikes. The 

wavenumbers affected by cosmic ray spikes were replaced by the values of the same 

wavenumbers from another frame. When this was done, the files were saved and loaded 

into MatLab© (Version 2017b, The Mathworks Inc., Natick, MA, US) for further 

processing. 

Averaging of the frames, and removal of background noise and instrumental noise 

The following process is programmed in the MatLab© file (“Polynomial_Tophat_ 

background_subtraction_methods.m”), provided with the manuscript. 
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First, frames were averaged to reduce fluctuations. Because the baseline has a strong 

influence on the polynomial approximation, the polynomial degree must be selected 

according to the shape of the baseline. In our system, using eyes, a 5th degree polynomial 

fitting resulted in the most optimal background correction (figure S1). Therefore, we 

applied partial 5th degree polynomial fitting with the morphology approach of Perez-Pueyo 

et al.12 to remove instrumental noise. First, all spectra were dissected in different zones, 350 

cm-1 to 450cm-1, 450 cm-1 to 750 cm-1, 750 cm-1 to 1250 cm-1, 1250 cm-1 to 1650 cm-1, and 

1650 cm-1 to 1800 cm-1. Zones that only contain fluorescence (400 cm-1 to 450 cm-1, 800 

cm-1 to 1200 cm-1, and 1600 cm-1 to 1800 cm-1) (figure 7, zone 1, 2, and 3) are used 

calculate the polynomial function coefficients. The zone containing the water-peak (1550 

cm-1 to 1650 cm-1) was excluded from the polynomial function fitting calculation. The 

achieved 5th degree polynomial function was applied on the full spectrum (400 cm-1 to 1700 

cm-1) to remove the fluorescence background (figure 7). Hereafter, the morphology-based 

Tophat method from Perez-Pueyo et al.12 was applied to eliminate instrumental noise. 

Examples of processed Raman signals are shown in figure 8. 

Figure 9 shows the effect of data processing using the MatLab© program on a sample 

without (figure 9a) and with (figure 9b) instrumental noise. In both occasions, a flat 

baseline is observed, and in figure 9b instrumental noise is reduced without affecting the 

peaks. A full overview of the corrected data can be found in Bertens et al.6, and the full 

data-set is available supplementary to the manuscript from Zhang et al.7 

 

 
Figure 7. Overview of partial polynomial fitting. The spectrum is divided into different zones (1, 2, and 3), 

where after, a line was fitted through those zones based on a 5th order polynomial function. The predicted line 

was withdrawn from the graph. 
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Figure 8. Effect of the 

processing on the 

data. (a) PBS in a 

rabbit eye, (b) 

ketorolac in a porcine 

eye, (c) diclofenac in 

a porcine eye, (d) 

nepafenac in a porcine 

eye, and (e) 

bromfenac in a 

porcine eye. The 

upper line shows 

RAW Raman signal 

and the lower line 

represents a processed 

Raman signal. 

Exposure time 30s, 

average of 3 frames. 

 

 
Figure 9. Effect of the processing on instrumental influences. (a) Shows a graph without instrumental 

influences (PBS) and (b) shows a graph with instrumental influences (rabbit eye). The upper line shows a 

RAW Raman spectrum and the lower line represents a processed Raman spectrum. Sample (a) is an ex vivo 

porcine eye, measured with Gonio lens, treated with 1.25% ketorolac tromethamine (ophthalmic solution), 

exposure time 60s, 3 frames. Sample (b) is an in vivo measurement of a rabbit eye (non-treated), measured 

with Gonio lens, exposure time 30s, 2 frames. 
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Supplementary material 

Matlab© script: “Polynomial_Tophat_background_subtraction_methods.m”. This 

script can be downloaded from the journal’s website.  

 

 
Figure S1. Optimization of the polynomial fitting. (a) RAW data before polynomial correction. (b) Data 

corrected using a 4th, a 5th, and a 6th polynomial fitting function as shown in figure 5. No difference between the 

5th and 6th polynomial fitting was observed; therefore, 5th order polynomial fitting was used during the 

corrections. 
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Abstract 

This article includes datasets acquired by Raman spectroscopy from in vivo and in 

vitro ocular samples collected from the dataset from Bertens et al., “Confocal Raman 

spectroscopy: Evaluation of a non-invasive technique for the detection of topically applied 

ketorolac tromethamine in vitro and in vivo”1. Detection of ketorolac tromethamine in pig 

eyes was performed in vitro and rabbit eyes in vivo. Extracted aqueous humor samples from 

pig and rabbit eyes were measured in vitro using a cuvette. This manuscript shows the 

spectral Raman data without pre-treatment or analysis from ocular tissues and provides 

further information towards aqueous humor research via alternative data processing 

methods. Furthermore, the raw data enclosed may be used for future aqueous humor 

investigations and pharmaceutical research. 

Highlights 

• The dataset could be used for further composition analysis of the aqueous humor 

and for future pharmaceutical research, to increase sensitivity of Raman systems. 

• The dataset can be useful for researchers who are interested in the aqueous humor 

composition, ocular pharmaceutics, Raman spectroscopy, and software engineers. 

• Alternative processing methods could be applied to exact other compounds in the 

aqueous humor or to enhance signals. 

• This dataset offers a large cohort of animals measured on both eyes, 5 times.  
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Data 

The data contains unanalysed Raman spectra obtained from pig eyes (in vitro) (6b.1.1, 

see supplementary files folder ‘in vitro pig eyes’ and ‘in vitro cuvettes, aqueous humor from 

pig eyes’), rabbit eyes (in vivo) (6b.1.2, see supplementary files folder ‘in vivo rabbit eyes’), 

and aqueous humor samples (in vitro, see supplementary files folder ‘in vitro cuvettes, 

aqueous humor from rabbit eyes’) (6b.1.3). Based on the differences of the samples, three 

types of set-ups were used on each dataset. For pig eye measurements in vitro, a long-

working-distance microscope objective lens (Jena lens alone or a Gonio lens combined with 

a f60 lens) was utilized (see supplementary files ‘in vitro pig eyes’ folder ‘jena lens’ or 

‘gonio’). For the rabbit eyes measurements in vivo, a Gonio lens combine with a f60 lens 

was used. For cuvettes measurements, a f80 lens was used when the sample was measured 

in a Brand® cuvette.2 For each experimental set-up, the fingerprint-wavenumber region 

(patterns specific for a drug-molecule, ranging from 350 cm-1 to 1800 cm-1) and the high-

wavenumber region (higher energy shifted, ranging from 2500 cm-1 to 4000 cm-1) were 

included. The fingerprint spectra dataset was used for detection of intraocular ketorolac 

tromethamine as described in the article of Bertens et al.1 Several peaks could be identified 

in the fingerprint region spectrum of a ketorolac tromethamine sample (figure 1a). Only 

major peaks specific for ketorolac tromethamine were selected. Those peaks are assigned to 

certain chemical bonds or vibration modes. The assignment of the ketorolac related peaks is 

presented in Table 1.1 Due to the spectrometer’s spectral resolution (2 cm-1), the peak 

observed at 1586 cm-1 is assigned to NH2 deformation.3 The peak of 1524 cm-1 is assigned 

to in-plane vibrations of the conjugated -C=C-. The observed peak at 1472 cm-1 is assigned 

to C=N stretching and the peak at 1282 cm-1 is assigned to CH2 wagging vibrations. 

Because Raman spectrum of the cornea, aqueous humor, and lens show different patterns in 

the high-wavenumber region, spectra from this region could be used as guide for location 

determination in the ocular tissue (figure 1b).4-6  

 
Figure 1. (a) Fingerprint spectra of Ketorolac powder. (b) Determination of the location in the eye using high-

wavenumber Raman spectra. Spectra are from pig eyes, 3 frames of 10 seconds averaged measured using a Jena 
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lens. 

 

Table 1. Main characteristic bands assignment of ketorolac7 

Peak location 

(wavenumber) 
Intensity  Peak Assignment  

1002 cm-1 very strong Phenylalanine or a C-C aromatic ring stretching 

1282 cm-1 medium  CH2 wagging vibrations 

1348 cm-1 weak An unassigned mode 

1432 cm-1 strong CH bond5 

1472 cm-1 medium  C=N stretching  

1524 cm-1 medium  In-plane vibrations of the conjugated -C=C- 

1568 cm-1 very strong  COO- 

1586 cm-1 strong NH2 deformation3  

1602 cm-1 medium Phenylalanine or a C==C bond. 

 

In vitro, dataset 

Pig eyes (enucleated) were immersed in the dark at 4°C for 24 hours in vitro in 

different concentrations of ketorolac solutions (0.05% to 5.0%) before the measurements 

(see supplementary files folder ‘in vitro pig eyes’). For each concentration, three eyes were 

measured by Raman spectroscopy. An example spectrum obtained from a pig eye is shown 

in figure 2. The location in the eye was determined using the high-wavenumber spectra 

(figure 2b). 

 

 
Figure 2. Raman spectrum of a pig eye soaked in a 5% ketorolac solution obtained by Jena lens. (a) Fingerprint 

spectrum, obtained using 60 seconds and averaged for 3 frames. (b) High-wavenumber spectrum, obtained using 

60 seconds and averaged for 3 frames. No correction has been applied on the spectra. 
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In vivo dataset 

New Zealand white rabbits received 50 µL Acular® three times a day in their right eye. 

At the same time, they received a drop of buffered saline solution (BSS) in their left eye as 

a control (see supplementary files folder ‘in vivo rabbit eyes’). The measurement 

parameters of the Raman system were optimized using the first four rabbits. Different 

integration times (10, 15, or 30 seconds) were measured to acquire the optimum Raman 

signal. The following measurements were performed using an integration time of 30 

seconds. During these measurements, hardware influences were observed. Further 

optimization of the processing method can be seen in Bertens et al.2 The difference of the 

variant integration times can be found in figure 3, for example, the spectrum intensity at 

400cm-1 is from 74 A.U. with 10 second integration time (figure 3a), 127 A.U. with 15 

second integration time (figure 3b) and 333 A.U. with 30 second integration time (figure 

3c). Rabbits were measured according to the schedule in Table 2. 

 

 
Figure 3. In vivo Raman spectrum of the right eye of a rabbit with different integration times, averaged for 2 

frames. (a) Shows the graph for 10 seconds, (b) 15 seconds, and (c) 30 seconds. 
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Table 2. In vivo integration time of the Raman measurements of the rabbits 

No. Name Day 0 Day 7 Day 14 Day 21 Day 28 

1 PLAC x 10 s 15s  15s 30s 

2 PLBT 10s x 15s  15s 30s 

3 PKXF 10s 10s 15s  15s 30s 

4 PKYJ 10s 10s 15s  15s 30s 

5 PNRS 30s 30s 30s 30s 30s 

6 PNPH 30s x 

7 PNPJ 30s 30s 30s 30s 30s 

8 PNLJ 30s 30s 30s 30s 30s 

9 POLI 30s x 

10 POBS 30s 30s 30s 30s 30s 

11 PPDI 30s 30s 30s 30s 30s 

12 POHI 30s 30s 30s 30s 30s 

Integration time is shown in seconds, ‘x’ represents a failed measurement or no data. 2 frames per measurement 

were used.  

 

In vitro, cuvettes dataset 

Immediately after intra-ocular Raman measurements (both in vitro & in vivo), 100 µL 

to 150 µL of aqueous humor was drawn from the pig eyes, and 50 µL was drawn from the 

right eye of each rabbit. The aqueous humor samples were frozen on dry ice and stored in a 

-80°C freezer until use. When used, the location of focus was determined with the high 

wavenumber spectra, as shown in figure 4. 

Fingerprint spectra were collected to determine ketorolac concentrations in the 

aqueous humor. Spectrum examples of pig and rabbit aqueous humor are show in figure 5a 

and figure 5b, respectively (see supplementary files folder ‘in vitro cuvettes’). Further 

background subtraction needs to be applied for analyses. 
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Figure 4. Laser focus positioning in a 

cuvette filled with PBS (pH7.4) using the 

high wavenumber spectrum. 

 

 
Figure 5. Raman spectrum of aqueous humor samples from, (a) a 0.5% ketorolac submerged pig eye (3 frames 

of 60 seconds), and (b) from a rabbit eye (3 frames of 60 seconds on PKXF samples). 

 

Experimental design, materials, and methods 

Raman spectroscopy system  

Two diode lasers were utilized as an excitation light source for Raman spectroscopy: a 

26mW 785nm laser (Innovative Photonic Solutions SM 785 nm, Monmouth Junction, NJ, 

US) or a 14 mW 671 nm laser (Laser Quantum Ignis 671 and SMD 6000, Konstanz, DE). A 

high-performance Raman spectrometer module (model 2500, River Diagnostics®, 

Rotterdam, NL) was utilized for Raman spectra recordings.8 A 25 µm diameter pinhole was 

integrated within the spectrometer for the confocal Raman spectroscopy detection. An air-

cooled charge-coupled device (CCD) camera with operating temperature -60°C was 
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integrated within the spectrometer for signal detection. The Raman spectrometer is capable 

of collecting Raman scattering wavenumber ranges in 350 cm-1 - 1800 cm-1 and 2500 cm-1 - 

4000 cm-1 with 2 cm-1 spectral resolution. A diverged laser beam out of the spectrometer is 

converted to a collimation beam by a lens with focus length of 80 mm (f80). Depending on 

the measurement, the lens setup was adapted. The system was used in single point modus 

and location in the sample was determined using the high wave numbers (671 nm laser). 

In vitro measurement of enucleated pig eyes 

Fresh domestic pig (Sus Scrofa Domesticus) eyes were obtained from a local abattoir 

(“Slachthuis Kerkrade Holding”, Kerkrade, NL). The enucleated eyes were transported to 

the laboratory on ice and used within 3 hours after enucleation. Before use, the pig eyes 

were inspected with a stereo microscope (Olympus SZX9, Tokyo, JP). Only eyes with clear 

corneas without visible corneal damage were used in the experiment. The excess tissues of 

the eye were removed carefully where after the eyes were washed in phosphate buffered 

saline (PBS) (pH of 7.4). Meanwhile, ketorolac (MSN laboratories, Telangana, IN) was 

dissolved in PBS creating concentrations of 0.05%, 0.1%, 0.125%, 0.25%, 0.5%, 1.0%, 

1.25%, 2.5%, and 5.0%. The pig eyes were submerged in 15 mL of a diluted ketorolac 

solution. As negative control, PBS was used, and as positive control 0.5% ketorolac 

ophthalmic solution (Acular™, Allergan, Dublin, IR) was used as submerging solution. For 

each concentration, three eyes were used. Before the Raman measurements, pig eyes were 

stored in the dark at 4°C for 24 hours. Before measurements were taken, the eyes were 

inserted in a home-designed holder (figure 6). 

A long-working-distance microscope objective lens (Jena lens, magnification x 25; 

numerical aperture = 0.50; focal length = 10 mm; Carl Zeiss, Jena, DE) was used as focus 

lens for the Raman system (figure 7a). A f60 lens combined with a Gonio lens (Haag-Streit 

Meridian, CGA1, Köniz, CH) also been used for pig eye measurement (figure 7b). 

Methocel® 2% (OmniVision ,Santa Clara, CA, US) was used to connect the Gonio lens to 

the cornea. The samples were exposed to 3 frames for 60 seconds. A detailed description 

can be found in the manuscript from Bertens et al.1 

 

 
Figure 6. Holder for enucleated eyes. (a) shows an empty holder, (b) shows a holder with a pig eye, and (c) 

shows the empty holder on an adjustable lens mount. 
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Figure 7. In vitro and in vivo settings of the Raman system. 

(a) The set-up is for in vitro pig eye measurements by a Jena lens. (A) laser; (B) Raman module, with (C) 25 µm 

pinhole; (D) collimation f80 lens; (E) objective (Jena lens); (F) pig eye; (G) computer. 

(b) The set-up is for in vitro pig eye and in vivo rabbit measurements, a Gonio lens in combination with a f60 

focus lens are used for focus in the anterior chamber of the animal eye. (A) laser; (B) Raman module, with (C) 

25 µm pinhole; (D) collimation f80 lens; (E) f60 lens; (F) a Gonio (one-mirror) lens; (G) pig eye (in vitro) or 

rabbit eye (in vivo); (H) computer.  

Arrows indicate direction of excitation laser light and backscattered Raman light. 

 

In vivo measurement of the rabbit eyes  

Twelve New Zealand white rabbits (weight ranged from 2.0 kg to 2.5 kg upon arrival) 

were obtained from Envigo (Horst, NL). The rabbits were group housed with 6 animals per 

cage with males and females separated. The rabbits had ad libitum access to water and 

food. One week was given to acclimatize before rabbits were used in the experiments. The 

rabbits were treated with 50 µL Acular™ in the lower conjunctival fornix of their right eye. 

The contralateral eyes were treated with 50 µL sterile buffered saline solution (BSS, B. 

Braun, Melsungen AG, DE manufacturer). Both treatments were performed three times a 

day. Measurements were taken on day 0, day 7, day 14, day 21, and day 28. Four rabbits 

were used to optimize the system parameters as shown in Table 2. 

Rabbits were measured using setup as shown in figure 7b. During the examinations, 

rabbits were anesthetized intramuscularly with ketamine (Alfasan, Woerden, NL) and 

midazolam (Actavis, Dublin, IR), 50 mg/kg and 5 mg/kg, respectively. Both eyes of the 

rabbit were measured by the Raman system. All measurements were performed at random, 

1 to 3 hours after receiving the eye drops. Measurement was performed with 30 second 

exposure times using 2 frames. All animal procedures were conducted according to the 

ARVO Statement for the Use of Animals in Ophthalmic and Visual Research and the 

Guidelines of the Central Laboratory Animal Facility of Maastricht University. All 
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protocols were approved by the Central Committee for Animal research and were in 

accordance with the European Guidelines (2010/63/EU). 

In vitro measurement of the aqueous humor  

For cuvette detection, 50 µL to 150 µL aqueous humor was obtained from an anterior 

chamber paracentesis from the eyes using an insulin syringe (BD Micro-Fine™, Becton 

Dickinson, NJ, US). 50uL was drawn from rabbit eyes after topical sedation (1 drop 0.4% 

Oxybuprocaine hydrochloride solution (Bausch & Lomb Pharma, Brussels, BE)), 100 µL to 

150 µL was drawn from the pig eyes. As a negative control, 100 µL aqueous humor was 

drawn from seven healthy control rabbits within 10 minutes after sacrifice, no topical 

treatment nor anaesthetics were used. 

All aqueous humor samples were frozen on dry ice immediately after sampling and 

stored in a -80°C freezer until measurements. Samples were measured using a f80 lens in 

front of the sample container (figure 8). The sample was measured for 3 frames in a 

disposable cuvette (#7592-00, Sigma-Aldrich, MO, US) with 60 seconds per frame. 

 

 
Figure 8. In vitro settings of the Raman system with a cuvette. (A) laser; (B) Raman module, with (C) 25 µm 

pinhole; (D) collimation f80 lens; (E) focusing f80 lens (F) samples within cuvette; (G) computer. Arrows 

indicate direction of excitation laser light and backscattered Raman light. 
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Abstract 

To obtain a real-time noninvasive analysis of the content of the aqueous humor (AH) 

in the eye, a confocal dark field ophthalmic probe was designed and optimized by ray-

tracing software. The confocal technique allows Raman spectrometric sampling of the AH 

with suppressing signals from the surrounding tissues. Dark field illumination prevents the 

excitation light to reach the vulnerable retinal tissue directly. In order to evaluate the optical 

performance and safety of this method, a functional prototyped eye contact probe has been 

designed and tested on rabbit ex vivo eyes. 

Keywords 

Raman spectroscopy, Eye; Aqueous Humor, Confocal microscopy, Dark field 

illumination  
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Introduction 

The anterior chamber (AC) (Figure 1) contains an ocular fluid called aqueous humor 

(AH) which functions are maintaining eye pressure and provide nutrition to the cornea and 

lens. If these proteins, nucleotides and metabolites in the AH could be detected they could 

be helpful in understanding ocular diseases.1-3 Glucose levels in AH correlate with those in 

blood plasma and may be used as an indicator of diabetes complications in the eye.4-6 

Inflammatory cytokine profiles in the AH could reveal associations with glaucoma, the 

leading irreversible cause of blindness.7 Further, recently it was shown that three ocular 

proteins in the AH can be used as a diagnostic aid for several retinal diseases diagnoses.8 

The current standard in clinical practice to analyze AH is invasive biopsy. However, this 

approach has several drawbacks: First, breaking the integrity of the eye raises the risk of 

inflammation. Secondly, it is a burden to the patients, which impairs its frequent use. 

Thirdly, the procedure requires multiple devices and a clinical environment. Fourthly, it 

also bears the risk of changing the composition of the AH during the process. 

 

 

Fig. 1 OCT Image of anterior segment of a rabbit eye, acquired with a Heidelberg Engineering BD900 SL-OCT. 

 

To understand the mechanism of eye diseases, it is preferably to investigate the 

physiological and pathological changes in real time of the eye with non-invasive methods. 

Since the eye is transparent in the electromagnetic spectrum of 350 nm to 2000 nm, several 

optical diagnostic techniques have been developed for anterior eye section examinations, 

such as biomicroscopy (slit lamp) and Optical Coherence Tomography (OCT).9 However, 

these morphological examinations are lacking the ability of revealing the biochemical 

information of ocular tissues. Raman spectroscopy can do this in a non-invasive way.10 The 

Raman effect is associated with inelastic scattering from vibrations or rotations of chemical 

bonds and therefore the spectra have a specific fingerprint for each biomedical molecule 

due to their unique atomic composition and structure. As such Raman spectroscopy is 

capable to identify targeted tissues both qualitatively and quantitatively and is therefore 
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widely used for molecular identification in biomedical and preclinical applications.2, 11-14 To 

evaluate the feasibility of our Raman spectroscopy system for ocular research, the first 

Raman spectroscopy experiments of our research group to measure a rabbit eye were 

performed in 1990s at the UTMB in Galveston, Texas.15 With a set up using an 514.5 nm 

wavelength Argon ion laser as excitation source and a liquid Nitrogen cooled spectrometer, 

good isolated Raman spectra of the aqueous humor of an ex vivo rabbit eye were obtained 

as a proof of principle experiments.16 

To obtain a high signal-to-noise ratio (SNR) in Raman spectroscopy a laser is 

indispensable as an excitation source. However, radiation limitations for light damage of 

retinal tissue are strict when employing laser light.16, 17 There are two kinds of light hazard 

in the eye. Wavelengths below 550 nm might cause photochemical light damage on the 

retinal tissue.17 Here exposure time is limited due to its cumulative effect on living tissue. 

Longer wavelengths do not induce photochemical light damage and have the benefit of 

suppressing the disturbing background fluorescence. However, with longer wavelengths the 

danger of thermal damage increases while Raman responses decrease. For this reason, we 

chose excitation wavelengths at the end of the visual spectrum – that is patient friendly – of 

671 nm and 785 nm at relative low intensities of 10 to 25 mW with prolonged exposure 

times of 60 to 90 seconds. Note that even this power excitation is unsafe when direct laser 

radiation reaches the retinal tissue. To prevent the latter and guarantee an eye safe usage, 

we designed and constructed a circular symmetric Raman eye probe for clinical use with 

the principle of ‘dark field’ illumination in which only scattered light can reach the patients 

retina. The optical performance of this probe will be presented in this paper using 

simulation diagrams. In addition, we will show results of ex vivo test in rabbit eyes using a 

prototype of the probe. 

Design  

To evaluate its optical principles, the basic structure of the probe was first designed 

and developed by Ray-tracing software Zemax (version 16.5 Sp3, Zemax LLC., Kirkland, 

USA). After performance optimization and validation of the design, the 3D model for 

manufacturing was generated by Autodesk inventor (professional version 2016, Autodesk 

corp., San Rafael, USA). In the end, the 3D model was imported into Zemax again for final 

check (like tolerance influence) before fabricating the prototype. 

The spectrometer provides an excitation beam with a waist of about 18 µm. For 

simplicity, we assumed a point light source in ray-tracing for the optical setup. To optimize 

our dark-field design with Zemax, a Liou-Brennan eye model was used.18 All ray-tracings 

were done at 785 nm. 

Optical design 

To prevent light damage on retinal tissue, direct excitation of the posterior part of the 

eye should be avoided. We have opted for the approach to apply dark field illumination 
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principle for patients, with the incident laser light passing through the periphery of the 

cornea and focusing in the AC. This way it ends up in iris tissue instead of directly reaching 

the retina and only the scattered light can reach the posterior parts of the eye through the 

crystalline lens. It offers an integration length of about 0.5 millimeter (calculated for a 25 

µm pinhole) perpendicular to the optical axis of the eye and the numerical aperture (NA) of 

the probe could be designed to match that of the Raman spectrometer (NA=0.05).  

The probe was designed and developed based on a former patent (Figure 2a).19 

Unfortunately, alignment of this model proved to be so difficult, that no reproducible results 

could be obtained. In particular, the distance between the focusing lens and the probe 

proved to be critical. In the redesigned probe a central mirror focuses the collimated 

incoming light that is further guided by two conical mirrors into the eye. This design 

eliminates the degree of freedom for the distance between separated focusing lens and the 

probe formerly patented (region 1, Figure 2a). A collimated beam is sufficient as an 

incident beam for the redesigned probe (region 1, Figure 2b). Applying a mirror-only 

system, chromatic aberration induced by the focusing lenses is also no longer present. 

 

Fig. 2 Design of the ophthalmic probe. In former patented design(2a), a focusing lens (1) with an entry surface 

(2) and an exit surface (3) is used to provide focusing power and a spherical surface (4) adapted to the 

converging beam without adding further focusing power is also used to acting as a contact probe guides the light 

into the eye (11). An internal conical mirror (5) reflects the light to a further conical mirror (6) which further 

direct the light into the anterior eye chamber through an interface (7) and cornea surface (8). The excitation light 

will end on the iris (9), only scattering light reach the posterior part of the eye through the crystalline lens (10). 
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In the newly designed probe (2b), the collimated incident light (1) directly reached an 

aspherical concave mirror (2) which provides focusing power of the probe. The reflected 

light is guided by a rotationally symmetric flat mirror (3) to feed into the main body of the 

probe (8) and direct to the eye (10) by surface (4) through an interface (6) on the corneal 

interface surface (5). The excitation light will end on the iris tissue (7), only scattering 

could reach the posterior part of the eye through the crystalline lens (9). 

Figure 2b shows a schematic representation of the newly designed probe.20 It is 

formed by three mirrors (2, 3 and 4), where surface 2 is an aspherical concave aluminum 

mirror to provide focusing power. The rotationally symmetric aspheric concave mirror can 

be described by: 

𝑧 =
𝑐𝑟2

1+ඥ1−(1+𝑘)𝑐2𝑟2
+ 𝛽1𝑟

1 + 𝛽2𝑟
2 +⋯  (1) 

Here c is the curvature (the reciprocal of the radius) and r the radial coordinate. To 

have a focusing effect it implies that a parabola curve is needed for the two-dimensional 

cross-section curvature. Hence, the conic constant 𝑘 = −1 and the equation can be written 

as: 

𝑧 = 𝛽1𝑟
1 + (

1

2
𝑐 + 𝛽2) × 𝑟2  (2) 

where 𝛽1 and 𝛽2 were both optimized and obtained by Zemax simulations. Surface 3 

is a rotationally symmetric flat aluminum mirror that guide the laser beam to surface 4 

properly. The mirror is tilted toward the curved mirror with 6.7 degrees and 7.5 mm long 

measured in cross section. The distance between surface 2 and surface 3 is also optimized 

by Zemax to ensure a focus in the central part of the AC. Surface 4 is an interface of 

poly(methyl methacrylate) (PMMA) and air, which functions as a mirror by total internal 

reflection. 

The eye fitting part was carefully designed to fit the cornea. As shown in Figure 2b, 

the direction of the light beam guided by mirror 3 and surface 4 was designed such that it 

reaches the eye fitting surface perpendicularly. This to avoid extra refraction and minimize 

power loss. The diameter of the eye fitting component was 26.3 mm for the outer diameter 

of the probe and 15 mm for the eye fitting part respectively. Its length was 7.5 mm in total. 

Surface 4 was tilted 51o from the horizontal surface to obtain total internal reflection in the 

PMMA body of the design. Through a special designed interfacial surface (6 in Figure 2b) 

with a radius of 8 mm and a chord length of 0.6 mm astigmatism caused by the corneal 

surface could be avoided. The laser will focus in the AC 1.2 mm deep under the top of 

corneal surface. Hereafter, the light will be absorbed in the region between cornea and iris. 

We assumed an 8 mm pupil, the edge of which also being the edge of the incident beam as 

shown in surface 7 in Figure 2b. Finally, the eye fitting surface was designed with a radius 
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of 7.9 mm to match the curvature of the cornea. For patient comfort, all corners are rounded 

with varies of radius respectively. 

Prototype manufacture 

Based on the optimization by ray-tracing the optical design as explained above was 

used to produce a prototype of the probe (Figure 3). The central focusing mirror (surface 2 

in Figure 2b) and the conical shaped mirror (surface 3 in Figure 2b) were made by polished 

aluminum to obtain a high reflectivity and quartz coating to prevent oxidation. The PMMA 

body of the probe with a refractive index of 1.487 at 671 nm and 1.485 at 785 nm21 ensures 

total internal reflection at surface 4 and transmission at interface 6. All parts of the probe 

were produced using a high precision lathe. 

 

Fig. 3 Assembled prototype probe. 

 

 Measurement  

Confocal Raman spectroscopy  

To bring Raman spectroscopy into the clinic, a compact and mobile spectrometer was 

used. Figure 4 shows the schematic representation of the confocal Raman spectroscopy 

(CRS) setup. It consists of a Raman spectrometer with two integrated excitation sources, 

one for the fingerprint region and one for the longer wavelength shift, a dark-field eye 

probe and a sample stage. The confocal setup with 25 µm pinhole minimizes possible 

contributions of out of focus signals that are generated in tissues along the path way.22 
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Fig. 4 Schematic of the optical setup. In Figure 4 the circle symmetric probe, the diode lasers (671nm and 

785nm) are coupled on one optical axis by a mirror (1) and dichroic mirror (2) and (3) within the spectrometer. 

The excitation light leaves the spectrometer through an integrated 25 µm pinhole (4). An f=80mm achromat (6) 

collimates the excitation beam before it enters the on a gimbal mounted probe (7). The eye (9) is optically 

coupled to the probe with an ophthalmic gel (8). The back scattered Raman radiation that fits into the NA=0.05 

optical system is transported back into the spectrometer and recorded by a CCD (5). Due to this coincidence set 

up, the spectrometer facilitates a confocal isolation of the aqueous humor from the about 100 x stronger Raman 

signal from the corneal tissue. 

 

As excitation sources a 15 mW diode laser with a wavelength of 785 nm (Innovative 

Photonic Solutions SM 785 nm, Monmouth Junction, United States) and a 20 mW diode 

laser with a wavelength of 671nm (Laser Quantum Ignis 671 and SMD 6000, Konstanz, 

Germany) were utilized. A High-Performance Raman spectrometer (Module Model 2500, 

River Diagnostics®, Rotterdam, The Netherlands) was employed with a charge-coupled 

device camera to record the Raman spectra at a working temperature of −65℃ . The 

module receives the laser excitation light through two single-mode diamond optical fibers. 

A 25 µm pinhole was placed in the spectrometer to allow the laser beams – that have a 

waist of about 18 µm – pass into the measurement area. An 80 mm focal length doublet lens 

was placed after the spectrometer aperture to change the diverging beam (NA=0.05) into an 

8 mm diameter parallel beam. Alignment of the 80 mm collimating lens was achieved with 

a shearing interferometer to obtain a perfect parallel excitation beam that is coupled into the 

eye probe.  

The eye probe was mounted in a Gimbal mirror mounts (BHAN-50M, OptoSigma®, 

Les Ulis, France), with fine adjustment in horizontal and vertical directions. Maximum 

adjustment range is ± 4°, resolution of rotation is 0.31° and 0.48° in x and y axis separately. 

Alignment in the sample was performed by translation and rotation adjustments of the 

gimbal until the maximum signal appeared.  

All Raman spectra were processed by a self-developed MATLAB program (Version 

2017b, The Mathworks Inc., Natick, USA).23 
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Sample preparation 

Enucleated eyes from sacrificed New-Zealand white rabbits were stored in -80 ℃ 

freezers before use. The eyes were thawed at room temperature then submerged in 

phosphate buffered saline (PBS, pH 7.4) to prepare for use. 150 µl volume AH was 

removed from the rabbit eye by a syringe with 30G needle. Subsequentially the same 

volume of Phenylephrine HCl 10% (Bausch & Lomb U.K Limited, Surrey, UK) was 

injected by another 30G needle syringe into the AC. All animal sample procedures were 

conducted under the Guidelines of the Central Laboratory Animal Facility of Maastricht 

University and complied with the ARVO Statement for the Use of Animals in Ophthalmic 

and Visual Research. All protocols were approved by the Central Committee for Animal 

research and were in accordance with the European Guidelines (2010/63/EU). 

For the prototype probe as shown in Figure 3, topically applied Methocel® 2% 

(OmniVision, Santa Clara, CA, USA) was used as an ophthalmic gel. It functions both to 

moister the cornea and to remove air between the probe and the eye. The gel has a 

refractive index of 1.469, which also bridges the refraction index difference of the probe 

(1.487) and cornea (1.376). 

Results and discussions 

Ray-trace simulation  

In Figure 5a, the spot diagram shows that the Root-Mean-Square (RMS) radius of the 

excitation light (785 nm) focus in the AC is 6.684 µm and the Geometric (GEO) radius is 

18.577 µm. The RMS radius gives a rough idea of the spread of the focus spot while the 

GEO radius indicates the distance of farthest illuminated boundary from the center. Due to 

the small aperture and the long wavelength this is an about diffraction limited spot. Figure 

5b shows the cumulative normalized energy as function of the encircled radius. When 

properly aligned nearly all energy was collected within a 12 µm radius (triangle labeled 

line). In case of a severe (3.5 mm) lateral misalignment with the probe the ray-traced focus 

showed a scattered power distribution in a broad area outside the focal area (dots labeled 

line), However, with already a slight rotation misalignment of 0.3° in one direction, no 

energy at all is collected within a 12 µm radius (square labeled line). A recognizable signal 

can only be obtained with a 100 µm radius, implying that the widths of the pinhole of the 

spectrometer needs to be 200 µm to collect a considerable amount of the Raman back 

scattered light. However, a 200 µm pinhole destroys the confocal effect necessary to limit 

the integration length in the AH. 

The simulation indicates the extreme sensitivity for rotation misalignment. Under such 

a misalignment the focus of the excitation light is displaced and disrupted into scattered 

elements, hence the collected Raman signal obtained from such an element will be strongly 

decreased and will not be a guidance to proper focusing. The decreased maximum intensity 
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after the focus and the disrupted intensity distribution will minimize the light damage of the 

tissue accordingly.  

 

Fig. 5 Simulation result of the newly designed probe. In figure 5a, the spot diagram shows that the RMS radius 

of the focus is 6.684 µm and the GEO radius is 18.577 µm. In figure 5b, the encircled radius of cumulative 

normalized energy diagram shows that aligned probe (triangle labeled line) could collect nearly all energy 

within a 12 µm radius; 3.5 mm lateral misalignment (dots labeled line) could collect nearly all energy within a 

30 µm radius; a rotation misalignment of 0.3° lead to a recognizable signal with around 100 µm radius. 

Raman spectrum 

The design of prototyped probe for measuring the Raman spectrum of the aqueous 

humor in a “dark field” modality was tested on ex vivo rabbit eyes. To avoid the 100 times 

stronger signals of the surrounding tissues, a confocal setup was applied by using a 

spectrometer of which the excitation light as well as the Raman signal were passing the 

same 25 µm pinhole. In Figure 6a, a peak at the wavenumber of 1002 cm-1 is observed with 

an exposure time of 90 seconds from the AH of a rabbit eye with Phenylephrine injection. 

The peak position is the same as the ocular drug Phenylephrine which formerly reported by 

Elshout, M. et al..24 In Figure 6b, the AH showed a spectral response from the OH bending 

mode of water at an exposure time of 60 seconds.  
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Fig.6 Raman spectrum obtained by the prototype probe with a) 10% phenylephrine in 90s integration time and 

b) water OH bending mode in 60s integration time. 

 

Although the prototyped probe showed a recognizable Raman signal, it was by far not 

the signal that could be easily obtained due to the alignment difficulties which is also 

revealed by the simulation results. More effort was needed to achieve this alignment, which 

is an unsurmountable obstacle for ophthalmologists during clinical practice.  

Data processing 

Aqueous humor contains variant compounds including inorganic ions and organic 

anion, carbohydrates, glutathione and urea, proteins, growth-modulatory factors, oxygen, 

and carbon dioxide.25 Not all of them are Raman active since the Raman scattering mainly 

related to the vibrational, rotational and other low-frequency modes of intramolecular 

bonds. These compounds in AH are dynamically interchanging with many tissues inside the 

eye, but AH is in a closure environment with stable exchange rate of 2-3 µl/min in a health 

human eyes1 and exchange rate of 2.6-3.6 µl/min in rabbit eyes,26 which can be considered 

as static comparing with the Raman measurement time. In a multiple chemical mixture 

environment like AH, substance identification only by single peak might lead to a biased 

conclusion because some composition might share some chemical bonds in common. 

However, there is not a well-accepted data processing procedure available yet.27 In a 

previous study, we proposed and validated a MATLAB program for data processing of 

Raman detection of ocular drug topically delivered to the animal eyes in vitro and in vivo.23 

It demonstrated that with proper data processing techniques, Raman spectroscopy could be 

used in ocular tissue investigation with an ophthalmic probe.  

Conclusion 

In this study, simulation analysis and in vitro tests indicated that the dark-field probe 

as prototyped is suitable for applying on human eyes. Recognizable Raman signals were 

acquired from the ex vivo rabbit eyes as proof of principle. This design demonstrated the 

potential for real-time, noninvasive Raman aqueous humor measurements. However, 

difficulties to achieve alignment hinders its clinical application and further improvement is 

needed. Development of a probe with a less critical rotational alignment and of which the 

signal during the alignment guides the operator to a proper alignment will be the next step 

in our research. 

Acknowledgments 

We would like to thank Sumipro B.V. for their advice while manufacturing the 

prototype and Theresa Kocanda for her help while evaluating the performance of probe 

prototype. We also would like to thank Christian J.F. Bertens for his help while obtaining 

the OCT image of the rabbit eye in Figure 1. Shuo Zhang acknowledges the China 

Scholarship Council for the support by State Scholarship Fund No. 201309110103. 



Page | 102  

Disclosures 

The authors declare that there are no conflicts of interest to disclose. 

  



Page | 103  

References 

1. L. M. Levine, "Basic and Clinical Science Course, Section 2: Fundamentals and Principles of 

Ophthalmology," in Basic and Clinical Science Course, p. 430, American Academy of Ophthalmology 

(2018-2019). 

2. S. H. Yun, and S. J. J. Kwok, "Light in diagnosis, therapy and surgery," Nature Biomedical Engineering 

1(1), 0008 (2017). 

3. R. J. Erckens et al., "Raman spectroscopy in ophthalmology: from experimental tool to applications in 

vivo," Lasers Med. Sci. 16(4), 236-252 (2001). 

4. S. Pohjola, "The glucose content of the aqueous humour in man," Acta Ophthalmol (Copenh) Suppl 

88:81-80 (1966). 

5. M. Reim et al., "Steady state levels of glucose in the different layers of the cornea, aqueous humor, 

blood and tears in vivo," Ophthalmologica 154(1), 39-50 (1967). 

6. C. C. Pelletier, J. L. Lambert, and M. Borchert, "Determination of glucose in human aqueous humor 

using Raman spectroscopy and designed-solution calibration," Appl. Spectrosc. 59(8), 1024-1031 

(2005). 

7. T. Kokubun et al., "Characteristic profiles of inflammatory cytokines in the aqueous humor of 

glaucomatous eyes," Ocul Immunol Inflamm 26(8), 1177-1188 (2018). 

8. J. J. Kuiper et al., "An ocular protein triad can classify four complex retinal diseases," Sci Rep 7(41595 

(2017). 

9. K.-H. D. Michael Kaschke, Michael Stefan Rill, Optical Devices in Ophthalmology and Optometry: 

Technology, Design Principles and Clinical Applications, Wiley (2014). 

10. A. R. Boyd, G. A. Burke, and B. J. Meenan, "Monitoring cellular behaviour using Raman spectroscopy 

for tissue engineering and regenerative medicine applications," J Mater Sci Mater Med 21(8), 2317-

2324 (2010). 

11. P. Chen et al., "Bio-Raman spectroscopy: a potential clinical analytical method assisting in disease 

diagnosis," Analytical Methods 3(6), 1257 (2011). 

12. I. Pence, and A. Mahadevan-Jansen, "Clinical instrumentation and applications of Raman 

spectroscopy," Chem Soc Rev 45(7), 1958-1979 (2016). 

13. K. J. I. Ember et al., "Raman spectroscopy and regenerative medicine: a review," npj Regenerative 

Medicine 2(1), (2017). 

14. Z. Movasaghi, S. Rehman, and I. U. Rehman, "Raman spectroscopy of biological tissues," Applied 

Spectroscopy Reviews 42(5), 493-541 (2007). 

15. F. H. Jongsma et al., "Confocal Raman spectroscopy system for noncontact scanning of ocular tissues: 

an in vitro study," Optical Engineering 36(11), 3193-3200 (1997). 

16. J. J. Vos, and D. van Norren, "Retinal damage by optical radiation. An alternative to current, ACGIH-

inspired guidelines," Clin. Exp. Optom. 88(4), 200-211 (2005). 

17. P. International Commission on Non-Ionizing Radiation, "ICNIRP Guidelines on Limits of Exposure to 

Laser Radiation of Wavelengths between 180 nm and 1,000 mum," Health. Phys. 105(3), 271-295 

(2013). 

18. H. L. Liou, and N. A. Brennan, "Anatomically accurate, finite model eye for optical modeling,".J Opt. 

Soc. Am. A. Opt. Image. Sci. Vis. 14(8), 1684-1695 (1997). 

19. J. De Brabander, and F. H. M. Jongsma, "Device and method for performing measurements of the 

chemical composition of the anterior eye," E. P. Office, Ed. (2008). 

20. T. T. T. J. M. B. Shuo Zhang, Roel Johan Erckens, Franciscus Hermanus Maria Jongsma, John De 

Brabander "Device for performing measurements of the chemical composition of the anterior eye as 

well as an integrated optical unit for implementation therein," E. p. office, Ed., p. 29 (2018). 

21. M. Szczurowski, "Refractive index and related constants – Poly(methyl methacrylate) (PMMA, Acrylic 

glass)," pp. Refractive index and related constants – Poly(methyl methacrylate) (PMMA, Acrylic 

glass). Refractiveindex.info. (2013). 

22. M. Minsky, "Memoir on inventing the confocal scanning microscope," Scanning 10(4), 128-138 

(1988). 

23. C. J. F. Bertens et al., "Confocal Raman spectroscopy: Evaluation of a non-invasive technique for the 

detection of topically applied ketorolac tromethamine in vitro and in vivo," Int. J. Pharm. 570(118641 

(2019). 

24. M. Elshout et al., "Detection of Raman spectra in ocular drugs for potential in vivo application of 

Raman spectroscopy," J. Ocul. Pharmacol. Ther. 27(5), 445-451 (2011). 

25. K. V. Chalam, "Basic and Clinical Science Course, Section 2: Fundamentals and Principles of 



Page | 104  

Ophthalmology," in Basic and Clinical Science Course, p. 455, American Academy of Ophthalmology 

(2013-2014). 

26. S. D. Smith, "Measurement of the rate of aqueous humor flow," Yale J Biol Med 64(1), 89-102 (1991). 

27. H. J. Byrne et al., "Spectral pre and post processing for infrared and Raman spectroscopy of biological 

tissues and cells," Chem Soc Rev 45(7), 1865-1878 (2016). 

 

 

 

  



Page | 105  

Chapter 6 

Design and performance of a dark field probe with 

confocal Raman spectroscopy for  

ophthalmic applications 

Shuo Zhang, Roel J. Erckens, Frans H.M. Jongsma, Carroll A.B. Webers 

and Tos T.J.M. Berendschot 

Journal of Raman Spectroscopy 2021;1:5 

DOI: 10.1002/jrs.6125 



Page | 106  

Abstract 

A darkfield ophthalmic contact probe for analysis of aqueous humor (AH) was 

designed by ray-tracing and constructed in quartz glass for experimental use as a prototype 

probe in a confocal Raman spectroscopic setup. The misalignment tolerance of this probe 

was theoretically evaluated while the optical performance was experimentally evaluated by 

a concentration curve of the ocular drug phenylephrine HCl in an artificial eye model. The 

results indicated a 9 fold improvement in misalignment tolerance and a 36 fold 

improvement in the signal-to-noise ratio at the phenylephrine HCl 1002 cm-1 peak 

compared to a previous design. The prototype showed a good linear fit with the 

phenylephrine HCl concentration, with an R square of 0.996. Phenylephrine HCl 

concentration down to 0.1% is detectable. 
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Introduction  

Raman spectroscopy (RS) applications in tears, aqueous humor (AH), and blood have 

been rapidly increasing in recent years.1-4 Real-time investigations by RS in these biofluids 

reveal crucial information about physiological and pathological changes and diseases 

development. RS has non-invasive and non-destructive capabilities that are preferred in 

real-time examinations, especially in ophthalmology clinical practices where an invasive 

biopsy is currently the standard method to withdraw AH. Invasive procedures have several 

drawbacks, not only are they a burden for patients, but they also increase the risk of 

inflammation. 

The anterior segment of the eye mainly consists of the cornea, AH, iris, ciliary body 

(CB) and the lens. The ocular fluid in the AH is produced by the ciliary body (CB) and 

provides nutrition to the cornea and lens. The AH is mainly water, along with inorganic 

ions, organic anions, glucose, carbohydrates, glutathione and urea, proteins, growth-

modulatory factors, oxygen, and carbon dioxide. AH has a slowly varying dynamic 

equilibrium, which might interference with the molecule concentration measurement. 

However, the dynamic change rate is 2 µl/min with a total volume of AH is approximately 

250 µL, which can be neglected comparing to our measurement time. The AH’s 

composition ratios and concentrations reveal part of the physiological status of the internal 

ocular system. Imbalance in concentrations can be indicative of systematic disease or 

dysfunction of the visual system.5 For this reason, RS has been used to investigate glucose 

levels in AH as it may be an indicator of diabetes complications.6 

Excitation with laser light is an indispensable technique in acquiring a high signal-to-

noise ratio (SNR) in Raman spectroscopy. However, direct laser radiation that reaches the 

retinal tissue might cause irreversible light damage when employing laser light along the 

eye optical axis.7, 8 Therefore, legal guidelines limit the possibility to improve Raman signal 

by increasing the laser power in a direct illumination approach for ophthalmological 

applications. To prevent a light hazard to the retina tissues and guarantee a safe usage of 

RS, the principle of a ‘dark field’ illumination technique used in microscopy was proposed. 

In a conventional ‘dark field’ optical setting a center blocked aperture placed in the 

excitation beam and a high Numerical aperture (NA) objective lens is needed.9 The center 

blocked aperture prevents the direct illumination along the optical axis from entering the 

pupil, however, the loss of a large portion of the excitation light in the center results in a 

significant decrease of the Raman signal’s intensity.  In our previous work, a functioning 

‘dark field’ Raman eye probe with improved excitation light utilizing efficiency was 

applied.10 However, since that probe’s Raman signal intensities were below expectation and 

almost impossible to align, we set out to redesign the probe.  

In this paper, we describe the redesigned ‘dark field’ illumination eye probe and 

demonstrate its performance. This design increases the alignment tolerance and improves 

the performance of the previous probe significantly which could better achieve the goal of 

preventing the excitation laser light from directly reaching retinal tissue.  
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Methods 

Fig. 1a shows a schematic representation of the confocal Raman spectroscopy (CRS) 

setup combined with the confocal probe.10, 11 A 26 mW diode 785nm laser was utilized as a 

Raman excitation light source (Innovative Photonic Solutions SM 785 nm, Monmouth 

Junction, NJ, US). A commercial Raman spectrometer (model 2500, River Diagnostics®, 

Rotterdam, the Netherlands) was used to acquire the Raman spectra. The spectrometer 

received the laser through a single-mode optical fiber and guided the beam output through 

an integrated 25 µm pinhole with a NA of 0.05. The pinhole in the confocal setup was used 

for suppressing the out of focus signals generated in tissues along the pathway. A charge-

coupled device camera (CCD) was integrated within the spectrometer for Raman signal 

detection. To improve the sensitivity, the CCD was air-cooled to -60 °C for decreasing its 

thermal noise. A diverging laser beam out of the spectrometer is converted to a collimated 

beam by an 80 mm focus length lens (f80) with diameter of 20 mm. A 60 mm focal length 

lens (f60) with diameter of 20 mm provided focusing power in front of the probe. The CRS 

system was used in the single-point modus. Raman spectra were observed in the 

wavenumber range of 350 cm−1 to 1800 cm−1. 

Phenylephrine HCL is a commonly used ocular drug for pupil dilation in eye 

examinations and has recognizable Raman peak at 1002 cm-1.12 The phenylephrine HCl 

(Laboratoires Théa; Monofree Phenylephrine HCl 5%, Clermont-Ferrand, France) were 

diluted from clinically applied concentration 5% into the following concentrations: 1%, 

0.75%, 0.5%, 0.25%, 0.1%, and 0.05%. All samples were measured in a custom made 

artificial eye model (AEM) to attain a concentration curve and determine the detection limit 

with the 3-sigma criterion.13 The custom made AEM consists of a transparent surface with 

the same curvature as the cornea (7.9mm radius) and a sealed container which can be filled 

with various chemical solutions. All spectra were obtained with 60 seconds integration time 

averaged 3 times. A water spectrum was used for background subtraction.  

Design and manufacture of the probe 

In our previous design (Fig. 1b), the collimated incident light (A, Fig.1b) directly 

reached an aspherical concave mirror (B, Fig.1b) which provides the focusing power of the 

probe. The reflected light is guided by a rotationally symmetric flat mirror (C, Fig.1b) to 

feed into the main body of the probe (D, Fig.1b) and direct to the eye (J, Fig.1b) by a total 

internal reflection mirror (E, Fig.1b) through an incident window (G, Fig.1b) and enter an 

interface (F, Fig.1b) between the probe and cornea. The excitation light will end on the iris 

(H, Fig.1b), only scattering could reach the posterior section of the eye (J, Fig.1b) through 

the crystalline lens (I, Fig.1b). The dark field illumination principle was achieved by having 

the incident laser light passing through the periphery of the cornea and focusing on the AH. 

As shown in Fig. 1b, the excitation laser light goes through the AH and ends on the iris (H, 

Fig.1b), only scattered light can reach the posterior section of the eye through the 

crystalline lens (I, Fig.1b). However, the previous design was very difficult to align and 
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mainly due to this problem the SNR of the obtained Raman signal was unsatisfying. Other 

drawbacks might be due to the following reasons. First, the mirror deviation angle caused 

by misalignment is amplified two times on each mirror in a multilevel reflective optical 

system. Furthermore, the misalignment is destroying the focusing function provide by the 

aspherical concave mirror (B, Fig.1b). In addition, reflection loss occurs at Aluminum (Al) 

coated mirrors (B, C, Fig.1b).  The reflectance of Al mirrors at 785nm is 0.873, there are 

two reflectance (each time at C, E, Fig.1b) for the excitation light path and two reflectance 

(each time at C, B, Fig.1b) when collecting signals in the same path (detection path) in a 

confocal setup.  Hence, we expected a Raman signal loss due to the other mentioned 

drawbacks of about 50%. However, we obtained less than 1% of a signal that we obtained 

with a single lens and cuvette filled with a target fluid. 

In our redesigned prismatic probe, the issue of misalignment and low SNR are 

properly addressed by removing two Al mirrors. The tolerance of the alignment improved 

considerably by reducing the number of mirrors. The angle that can acquire the Raman 

signal hence increased at least four times without the two times applications occurred on 

each Al mirror. In addition, the power loss that occurred on these Al mirrors is eliminated 

by the removal, which therefore improved the SNR as the Raman signal intensity is 

proportional with the laser power. The total internal reflection mirror (E’, Fig.1c) has been 

maintained in the current design with an adapted angle. There are two benefits. First, no 

power loss occurs on this surface by the principle of total internal reflection. Second, the 

excitation beam output can be used for the probe position check. The output laser reflected 

by the opposite side of the surface can be observed at a screen placed at position L in Fig. 

1c. The quartz-air interface (E’, Fig. 1c) is tilted 48.26 degrees from the horizontal surface 

to obtain total internal reflection. For 785nm, the critical angle is 43.47 degrees. The angle 

was selected as a result of simulation optimization, assuming perpendicular incident 

excitation light of the probe front surface (B, Fig. 1c). A Liou-Brennan eye model was used 

in our dark-field design during the whole simulation procedure.14 All ray-tracing 

simulations were done at 785 nm. The eye fitting part (F, Fig. 1c) was designed with a 

radius of 7.9 mm to fit the curvature of the cornea. The geometrical integration length of 

the excitation light based on the diameter of the pinhole and the NA of the spectrometer is 

about 1 millimeters with a 25 µm pinhole and is nearly perpendicular to the optical axis of 

the eye. 
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Figure 1. Raman system and the design of the ophthalmic probe. a) Confocal Raman spectroscopy system. (1) The 

diode lasers 785nm. (2) Raman spectrometer. (3) An f=80mm achromat. (4) A f=60mm achromat. (5) The 

ophthalmic probe. (6) The eye. (7) The excitation beam output. (10) Computer. b) Previously reported design. (A) 

The collimated incident light. (B) An aspherical concave mirror. (C) A rotationally symmetric flat mirror. (D) The 

main body of the probe that manufactured by PMMA. (E) Total internal reflection mirror (interface between the 

probe and the air). (F) An interface between the probe and corneal. (G) Incident window. (H) Iris. (I) the 

crystalline lens. (J) The posterior section of the eye. c) Newly designed probe. (A) The collimated incident light. 

(B) The main body of the probe that manufactured by quartz. (E’) Total internal reflection mirror (interface 

between the probe and the air). (F) An interface between the probe and corneal surface. (H) Iris. (I) the crystalline 

lens. (J) The posterior section of the eye. (L) The excitation beam output. 

 

A prototype of the probe was manufactured based on the focus performance 

optimization via ray-tracing software Zemax (version 16.5 Sp3, Zemax LLC, Kirkland, 

Washington) and the optical design described above. The probe body was made of quartz 

with a refractive index of 1.454 at 785 nm. This ensured total internal reflection at surface 

E’ in Fig. 1c and transmission at the front surface of the probe. Alignment tolerance was 

evaluated by Ray tracing software and Raman signal intensities were determined using an 

ocular drug in the AEM.  

Results and discussion 

Ray-trace Simulation 

Alignment tolerance with different angles of the incident light shows a 0.75 degree 

angle towards the cornea and a 1.05 degree angle towards the lens relative to the designed 

focal point in the anterior chamber of the eye. A Gonio lens for ophthalmic examination is 

also able to prevent the laser from direct illumination on the retina when used in 

conjunction with Raman spectroscopy.4 Therefore, alignment tolerance simulations of a 

Gonio lens (Haag-Streit Meridian; CGA1, Köniz, Switzerland) were also calculated. The 

results showed that the alignment within ±1.5 degrees is within the safety range of the 
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dark illumination indicating that the proposed probe’s alignment requirement is comparable 

with commercial products used in clinical practice. Compared with our previous probe, the 

simulation results indicate that our current design has 9 fold improvement in alignment 

tolerance. Furthermore, unlike the Gonio lens where the laser ends on the iris, the proposed 

design has a beam output to the free space (L, Fig. 1c) for an alignment check on a screen 

or plane.  

Background subtraction 

Raman scattering of quartz has a strong band centered around 442cm-1. However, the 

phenylephrine HCL target Raman band at 1002 cm-1 does not interfere with either the water 

or quartz spectra. For other spectral regions, the confocal setup significantly suppresses the 

Raman signal generated by quartz in the excitation pathway. We used the water spectrum 

for subtraction, since the ocular drug is diluted by the water and no other major peaks were 

identifiable from additives. Therefore, when subtracting the water spectrum, interference 

including fluorescence and possible minor peaks from the additives are removed. In 

addition, the water and phenylephrine HCL spectra both were the average of three frames 

before further data processing procedures were applied. Hence, additional noise that might 

be introduced is minimized. 

Ocular drug measurement in AEM 

Raman spectra obtained in the artificial eye of phenylephrine HCl with various 

concentrations were obtained in conjunction with the CRS system. The major peak at 1002 

cm-1 could easily be identified (Fig. 2b). Compared to the previous probe, the SNR of this 

peak improved 36 fold. Phenylephrine HCl with concentrations of 1%, 0.75%, 0.5%, 

0.25%, 0.1%, and 0.05% were measured (Fig. 2c). A linear fit showed an R-square of 

0.996. 

In clinical practice, phenylephrine HCl is topically administered. Typically, less than 

5% of the applied dose of the ocular drug will cross the ocular barriers and reach the 

anterior chamber.15 Hence, the detection limit of Raman systems needs to be lower than 

0.25%, as a concentration of 5% phenylephrine HCl is normally provided in clinic practice. 

Furthermore, compared to the AEM, in vivo measurements might encounter more 

interference or signal loss due to inhomogeneous optical properties in corneal tissue. We 

lowered the concentration measurements down to 0.05% and managed to obtain reliable 

measurement (SNR above 3) from the concentration of 0.1%, which could leave some 

sensitivity availability for future applications in vitro and in vivo. 
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Figure 2. The simulation results of the misalignment and the Raman spectrum of phenylephrine HCl with the 

linear fit of the phenylephrine HCl characteristic peak at 1002 cm-1. a) The simulation results of misalignment. The 

excitation beam through a f=60mm achromat lens (4) and enter the probe (5) under the condition of an aligned (I), 

a 0.75 degrees towards the cornea (II) and a 1.05 degrees towards the lens (III). b) Raman spectrum of 

phenylephrine HCl with concentrations of 0.05%, 0.1%, 0.25%, 0.5%, 0.75%, and 1%. c) The linear fit of 

characteristic of phenylephrine HCl with concentrations of 0.05%, 0.1%, 0.25%, 0.5%, 0.75%, and 1%. 
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Conclusion  

A simplified ophthalmic probe with CRS was designed and validated for pre-clinical 

use. By using a lens and a prism assembly probe the misalignment tolerance improved 9 

fold and the SNR at the ocular drug phenylephrine HCl characteristics peak improved 36 

fold compared to a previous design. With this confocal darkfield probe, eye safe optical 

probing without obscured signals from adjacent tissues and the use of higher power laser 

light to increase sensitivity was shown to be possible.   
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Abstract 

Raman aqueous humor detection provides a non-invasive, molecular-level approach 

for ingredient analysis within aqueous humor. However, current Raman aqueous humor 

applications are facing low signal-to-noise levels due to the trade-off between laser power 

and laser safety. In order to increase Raman signal while guaranteeing laser safety, in the 

research, we propose to use the abruptly auto-defocusing (AADF) beam as the illumination 

source for Raman aqueous humor spectroscopy. The ray-tracing sketch together with the 

propagation simulation of AADF shows its evolution within the aqueous humor. The 

intensity distributions are analyzed with and without the impact of corneal refraction. 

Results show that the efficiency of AADF is higher than the conventional focused Gaussian 

beam (FGB) method with center blocked. The peak value of the Raman signal intensity 

acquired using the AADF method is about 6 times larger than that of an FGB.  

Key Words 

Raman spectroscopy, Aqueous humor, Abruptly auto-defocusing beam 
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Introduction 

The aqueous humor (AH) is a biofluid in the ocular system that provides nutrition to 

the anterior segment of the eye and removes metabolic wastes from the tissues herein. It is 

located in the anterior eye chamber, bordered by the cornea, the iris diaphragm, and the 

pupil, and contains mainly water and some biomolecules.1 Imbalance of the molecular 

composition of these biomolecules can be indicative of systematic disease or dysfunction of 

the visual system. Hence, molecular profiling of the AH can reveal crucial information 

about these physiological and pathological changes.  

There are several analytical methods to investigate the molecular composition of the 

AH.2 For example, liquid chromatography (LC) can quantify AH samples with minimal 

sample pre-treatment. Its detection limit is able to reach the ng/mL level.3 The mass 

spectroscopy shares the same advantages on the detection limit as that of LC but is easier to 

use and less expensive to deploy and operate than the LC.4 The biggest shortcoming of 

these methods is that they need invasive biopsy sampling, and can increase the potential 

health risks, like inflammation and pain for patients.  

As a non-invasive and non-destructive spectrometry-based technique, the applications 

of Raman spectroscopy in the identification and quantification of biomolecules enabled its 

role in variant biomedical applications in ophthalmology.5 Erckens et al. demonstrated the 

possibility of the Raman technique for identifying three materials of poly 

methylmethacrylate (PMMA), acrylic, and silicone as an intraocular lens in a patient.6 They 

have also demonstrated the in-vivo evaluation of drug-induced cornea hydration changing 

by continuous monitoring water content in rabbit eyes.7 Hosseini quantified the local 

concentration of intraocular drugs used for endophthalmitis by Raman spectroscopy.8 Bauer 

et al. investigated ocular pharmacokinetics in rabbit eyes by a confocal Raman 

spectroscopy system.9  

Bedside its applications in detecting ocular drugs and water content, Raman 

spectroscopy can also be employed to detect particular molecules and to discriminate 

between normal and diseased states. For example, Kaji et al. showed the capability of 

visualizing and localizing collagen fibers, proteins, lipids, and DNA/RNA in the rat cornea 

by coherent anti-Stokes Raman scattering.10 Paluszkiewicz et al. reported the Raman 

spectrum from two human lenses after cataract surgery. They found an excess of 

tryptophan, tyrosine, phenylalanine, Beta-sheet, the cause being still under discussion.11 In 

comparing healthy and cataractous human lenses with Raman spectroscopy, they found 

differences in the concentration of Tyr and Trp residues.12  

Erckens et al. reviewed Raman spectroscopy applications in ophthalmology13 and 

showed that it can be used for the purpose of aqueous humor detection.14 This idea was 

further substantiated by Lambert et al.,15 in which the glucose concentration in the AH is 

detected by Raman spectroscopy for diabetes diagnosing. Bertens and Zhang et al. explored 

the feasibility of Raman spectroscopy to measure ocular drug concentrations in living 

animals.3 
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Fig. 1. Sketch of traditional aqueous humor Raman. (a) confocal humor Raman. (b) blocked focused Gaussian 

beam. (c) Concept of using AADF.  

 

The applications of Raman spectroscopy on animal eyes are promising, but its 

applications on human eyes are facing a big challenge-the trade-off between laser safety 

and high Raman signal. A traditional aqueous humor Raman spectroscopy setup can be 

regarded as a confocal system, as shown in Fig. 1(a). Laser light, which can be regarded as 

a collimated Gaussian beam, is focused by an objective lens into the chamber between the 

cornea and ocular lens. The AH herein is stimulated, producing back-scattered Raman 

signals to be measured by a detector. The Raman signal strength is proportional to the 

intensity of stimulating laser light. However, the focusing laser will pass through and be 

focused by the ocular lens, then further arrives at the retina, which is highly sensitive for 

light damage. In order to prevent the retina from being burned by laser, Zhang et al. 

proposed two designs with a dark-illumination approach and obtained ocular drug 

concentrations in animal eyes ex vivo.16, 17 An alternative solution is to place a black screen 

between the eye and objective lens or within the light pathway to block out part of the beam 

that will enter the pupil. Figure 1(b) shows a ray-tracing sketch of this idea. 

Unfortunately, such a screen will also block the back-scattered Raman signal, leading 

to a low signal-to-noise ratio. Hence the key issue to be addressed is how to enhance the 

Raman signal while preventing light damage in the retina. In other words, we need a beam 

that can be focused with a high-intensity spot at the focal point, with a decreased intensity 

thereafter.  The aim of this paper is to propose an abruptly auto-defocusing beam to meet 

these requirements. 
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The abruptly auto-defocusing field (AADF) is an inverse propagating version of the 

abruptly auto-focusing beam (AAF).18, 19 Figure 1(c) shows a ray-tracing sketch using 

AADF for Raman spectroscopy in the AH. With the propagating of the AADF, the beams’ 

caustic surfaces become closer and closer and collapse at the cross-point of the caustic 

surfaces.19 Optical waves interfere intensively at that point creating a high-intensity focal 

spot. After the focal spot, the beam’s caustic surfaces begin to separate, resulting in an 

abrupt decrease of intensity after the beam’s focal point and producing an intensity-empty 

area between the separated caustic surfaces. Considering that the caustic surfaces of an 

AADF beam can be pre-engineered using ray-optics,19-23 it is possible to design a special 

AADF beam in which the caustic surfaces have already separated enough at the pupil after 

it collapses at the chamber between the cornea and iris, such that no optical field will arrive 

at the retina.  

Abruptly auto-defocusing field 

 
Fig. 2 

Fig. 2. Sketch for beam focusing in aqueous humor. The geometry for the cornea surface and the iris are adopted 

from the Liou-Brennan eye model.  

 

Figure 2 shows the Liou-Brennan eye model that we used in the following 

simulations.24 It contains two spherical surfaces for the cornea, with a curvature of 7.8 mm 

for the outer layer and 6.4 mm for the inner layer. The center of the two spherical surfaces 

located on the z-axis, with a distance of 0.88 mm. The distance between the iris plane and 

the vertex of the inner layer is 2.6 mm.  

For Raman spectroscopy, a laser beam needs to be focused inside the anterior eye 

chamber. Let’s consider an optical beam focused on an objective lens with a given 

numerical aperture (NA). The distance from the geometrical focal point of the objective lens 

to the iris plane is h. The geometrical focal point denotes a single cross point of light rays 



Page | 120  

when focused by the lens, which is corresponding to the position of the focal spot of a 

focused Gaussian beam (FGB), as well as the auto-defocusing point of an AADF. Due to 

the diffraction of optical waves, the optical focal spot is located near the geometrical focal 

point.  

According to the rotational symmetric of the eye model and both of the Gaussian 

beam and the AADF, we used a 3D cylindrical coordinates system ( , , )r z  to convert the 

3D problem into a 2D situation, where the origin was placed at the geometrical focal point 

as shown in Fig. 2, 2 2 2r x y= + , and arctan( / )y x = .  

Due to the Fourier transform property of the objective lens, the output optical field, 

which propagates along the positive z-axis at any given observation point ( , , )r z  is given 

by the superposition of the plane waves weighted by their angular spectrum25, 26: 

( ) ( ) ( ) ( ) ( )
max

min

0 0, , sin exp cos exp  sin  dU r z A J kr ikz i





       =   
 

(1) 

where 2 /k  =  and   is the wavelength.   is the angle between the direction of 

plane waves and the positive z-axis. ( )0A   is a real function that weights different 

components of the plane waves. 
0J  is the zero-order Bessel function of the first kind. 

( )   is also a real function that denotes the phase difference of each plane wave. 

Different types of optical fields can be generated by adjusting ( )  .  For an FGB 

( ) 0  = , and for an AADF with circular caustics ( )   is given by27:   

  

( ) ( )max maxcsc sin cot coskf      = − − +
 (2) 

Here f is the parameter that controls the length of the position of the focal point of 

AADF. The half of the distance between the two caustics at the iris plane is given by 27 

( )
( )

( )1 max max

max

csc cos arcsin cot
csc

f h
R f f

f
 



  − 
=  −  

      

(3) 

R1 should not be smaller than the radius of the pupil. The optical aberration due to the 

corneal refraction is ignored since it can be compensated by adding an additional phase 

term to ( )  . The upper limit of the integration 
max  in Eq. (1) is given as 

max arcsin( )NA = . The lower limit of integration, 
min 0 =  for the AADF. While for FGB, 

min  is determined by the block length and h due to the impact of the block. Let R0 be the 

half of the block length and d be the diameter of the pupil. We have 
0 / 2R d . 

min  can 

be calculated by 
min 0arctan( / )R h = . According to Eq. (1), the NA of the objective lens 

must satisfy ( )minsinNA   to ensure the illumination intensity is not zero for the case of 

FGB.  
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When the beam enters the anterior eye chamber, the substances at the focal spot are 

stimulated by the illumination field ( ), ,U r z  and will scatter Raman signal toward the 

objective lens. Raman scattering is an inelastic scattering and an incoherent process, in 

which photons are scattered in random directions 28. The Raman detector is a barrel detector 

that detects the total intensity collected by the objective lens. For simplicity, we assume that 

the total intensity of the Raman signal collected by the objective lens from a stimulated 

point ( )0 0 0, ,r z  is proportional to the product of the illumination intensity ( )
2

0 0 0, ,U r z . 

The objective lens collects all signals within the focal spot. Since the intensity of the focal 

spot reaches its peak in the z-axis, we consider only the signal emitted from a single point at 

the peak of the intensity. The total Raman signal that is collected by the objective lens can 

thus be calculated using 

( ) ( )
min

arcsin
2 2

max max
~ 0, 0, d 2 0, 0, sin d

NA

RI U r z U r z
 

     = = = = =   (4) 

Where Ω is the solid angle measured from point ( )0 0 0, ,r z  to objective’s aperture. 

Our purpose is to compare the value of 
RI  for both FGB and AADF. Although   

changes with the different positions of points on the z-axis, if we consider only the small 

region near the focal spot, the change of   can be ignored compared with the aperture 

diameter of the objective lens. 

Comparison between AADF and FGB 

In the simulation part, we assume that h = 2300 µm, λ = 0.785 µm, and the numerical 

aperture of objective lens NA = 0.58. The human pupil diameter is normally around 2 to 4 

mm. However, the value of human pupil diameter in the simulation needs to be carefully 

chosen. On the one hand, the pupil diameter shouldn’t be very small such as 2 mm, 1 mm, 

or even smaller, since these cases are difficult to achieve and be stabilized in every practical 

experiment. On the other hand, the pupil diameter shouldn’t be very large, due to the 

limitation of NA of the objective lens – the smallest angle of inclination illumination 

component might exceed the NA. We found that d = 3 mm (3000 um) can be an appropriate 

situation for the diameter of the human pupil. 

We ignored corneal aberrations since we assumed that these aberrations are already 

compensated for in the phase term in Eq. (1). The block length of FGB was taken just equal 

to d, where 
02R d= . For AADF, we assumed that 

12R d= . When the beam waist of the 

incident Gaussian beam matches the entrance pupil of the objective lens, 
2 2

0 ( ) exp( sin / )A NA = −  in Eq. (1).  This value is also applied to AADF so that the total 

energy of FGB without block is equal to that of AADF. When the block is placed, the light 

energy of FGB within the range of the block is wasted.  
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Fig. 3, 2D intensity distribution for FGB and AADF. (a1) is the transverse intensity distribution of FGB at the iris 

plane. (a2) is the intensity distribution at the xoz plane for FGB. (b1) is the transverse intensity distribution of 

AADF. (b2) is the intensity distribution of AADF at the xoz plane. (a3) and (b3) are enlarged parts in the red box 

and green box in (a2) and (b2), respectively. 

 

Figure 3(a1) shows the normalized 2D intensity distribution of an FGB at the iris 

plane. Due to the block, a light ring is formed which can be also used for alignment. The 

diameter of the center dark circle area is larger than that of the iris to prevent retinal light 

damage. Figure 3(a2) shows the normalized 2D intensity distribution at the xoz-plane where 

y = 0. An FGB creates a focal spot at the focal point (origin).  

Fig. 3(b1) shows the normalized 2D intensity distribution at the iris plane (z = 2300 

µm) for the AADF, which is similar to Fig. 3(a1). Fig. 3(b2) shows the normalized 2D 

intensity distribution at the xoz plane for AADF. According to Fig. 3(b2), almost the entire 

surface of the cornea is illuminated by the AADF. Laser intensity is more concentrated at 

the vertex part of the cornea (x = y = 0). In general, the intensity on the cornea surface is 

rather weaker than that of the focal spot, which is approximately located at 21.02z = −  µm. 

Different from Fig. 3(a2), the AADF shows an elongated focal spot in the z-direction as 

shown in Fig. 3(b3), resulting in a weaker peak intensity than that of FGB.   
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Fig. 4. Curves of intensity distribution for FGB and AADF. (a1) and (a2) are axial and transverse intensities for 

FGB near the focal spot. (a3) is the transverse intensity of FGB at the iris plane. (b1) and (b2) are axial and 

transverse intensities for AADF near the focal spot. The peak value of intensity for AADF is approximately 

located at z = -21.02 μm. (b3) is the transverse intensity of AADF at the iris plane. 

 

More detailed intensity distributions are shown in Fig. 4(a1) to Fig. 4(a3) for FGB. 

Figure 4(a1) is the axial intensity distribution, which shows rapid focusing near the focal 

point. Figure 4(a2) is the transverse distribution of the focal spot and Fig. 4(a3) the 

transverse distribution at the iris plane. The axial intensity distribution for AADF, Fig. 

4(b1), shows an oscillating increase and reaches its peak near the focusing point (z = 0). 

Hereafter the intensity rapidly decreases to zero with the beam propagating towards the 

positive z-axis. The transverse distribution of the focal spot is shown in Fig. 4(b2) which is 

similar to that in Fig. 4(a2). The transverse intensity distribution at the iris plane for AADF 

is shown in Fig. 4(b3), showing chirping-like oscillations, denoting the self-accelerating 

feature.22, 29, 30 

Comparing Fig. 4(a1) to Fig. 4(b1), the peak intensity of AADF is not as high as that 

of FGB. This can be also explained using the theory of ray optics where the light intensity 

is in inverse proportion to the distances of light rays.31, 32 For an FGB, light rays are tightly 

focused at the focal point, where the distance of all light rays is zero. For an AADF, light 

rays are not directly focused at the focal point, but tangent to the caustic surface. Due to the 

collapse of the caustic surface, the optical fields interfere at the collapse point creating the 

bright focal spot. At the collapse point, light rays are not as tight as that of directly focusing 

resulting in that the focal spot intensity of AADF is not as high as the FGB. 

Although the illumination intensity for FGB is larger than that of AADF, the signal 

intensity of FGB is weaker than AADF as shown in Fig. 5(a) due to the presence of the 

block. According to Eq. (4), the signal intensity not only depends on the illumination 
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intensity but also relies on the solid angle of  , within which the signal can be collected 

by the objective lens. For AADF, 0.37  which can be directly calculated using the NA 

of the objective lens. While 0.046   for FGB. Due to the block, a large part of Raman 

signals is removed and cannot be received by the objective lens. We also simulated the 

performance of AADF and FGB under different wavelengths and NA. Let 
1RI  and 

2RI  be 

the intensity of the Raman signal for AADF and FGB, respectively. With NA = 0.58 for the 

illumination beam, the ratio of Raman (IR1 / IR2) signal between AADF and FGB increases 

with increasing wavelengths as shown in Fig. 5(b). Moreover, the signal strength of AADF 

is at least 5 times larger than that of FGB. This is due to the property of AADF of which the 

peak intensity gets larger with the increase of wavelength as shown in Fig. 5(d).  

For fixed λ, IR1 / IR2 decreases with increasing NA. This can be explained as follows. 

First, the increase of NA will enhance the peak intensity of both AADF and FGB, however, 

FGB is focused more tightly than AADF, with its peak intensity also increasing faster than 

that of AADF as shown in Fig. 5(e), resulting in the decrease of IR1/ IR2. Second, the 

increase of NA also enlarges the range of the solid angle that can be collected by the 

objective lens.  

Figure 5(f) shows the change of IR1/ IR2 with respect to NA and λ. In general, the 

AADF will have better performance than FGB with a larger illumination wavelength and 

small NA. In addition, Raman signal efficiency of two alternative FGB configurations are 

discussed in the Appendix section.    

 
Fig. 5. Comparison of strength of Raman signal for AADF and FGB. (a) axial Raman signal for AADF and FGB. 

(b) and (c) are the ratio of Raman signal of AADF and FGB with different NA and λ. (d) and (e) are changes of the 

peak intensity of AADF and FGB with different NA and λ. (f) are IR1/ IR2 with respect to NA and λ. 
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Impact of the corneal refraction 

In the above simulation, we ignored the impact of corneal aberration since we 

assumed them to be compensated in the phase term of Eq. (1). Corneal aberrations can be 

rather complex for individual subjects due to the difference of corneal curvature, thickness, 

and the mismatch of refractive index between cornea and air and cornea and anterior eye 

chamber. The combination of those intricate situations will make it hard to simulate the 

impact of corneal aberration.  

However, we can simplify the analyses by considering only the case of mismatch of 

the refractive index, that is the impact of corneal refraction. This is a reasonable assumption 

due to the following reasons. First, the optical field of the incident beam at the front surface 

of the cornea mainly locates in a central circular area of the cornea due to the focusing 

properties of the incident beam. The radius of the circular is approximately equal to 1mm. 

This can be also demonstrated through the ray-tracing method as shown in Fig. 7(a). 

Second, optical aberrations for the central part of the cornea can be ignored.  

 
Fig. 6 distribution of corneal aberrations. (a) aberrations for one subject. (b) and (c) are statistic distribution of 

corneal aberration for (b) and all 42 subjects in the red circle area.  

 

We verified this property by measuring corneal aberrations in 42 subjects using a 

Pantacam setup, a typical example of which is shown in Fig. 6(a) (512 by 512 pixels). Here 

the phase distribution is moded by 2π. The Pentacam measures corneal aberrations of a 

circular area with a diameter of 6 mm. The red circle in Fig. 6(a) with a radius of 1.2 mm 

denotes the circular area of the incident beam. Figure 6(b) shows the statistical distribution 

of corneal aberrations within the red circle in Fig. 6(a). Accordingly, the aberrations were 

mainly close to zero, meaning that the aberrations within the red circle can be regarded as 

uniformly distributed. The statistic distribution of corneal aberration for all 42 subjects is 

shown in Fig. 6(c). The result shows a similar distribution to that in Fig. 6(b).  

The impact of the corneal refraction is demonstrated through ray-tracing as shown in 

Fig. 7(a1) for FGB and 7(b1) for AADF. Here we assumed 1.38 for the refractive index of 

the cornea and 1.33 for the anterior eye chamber.33 The blocked range, R0, for FGB and the 

parameter R1 of AADF remained unchanged as in section 4, where R0 = R1 = 1500 µm. 

Further, h = 2300 µm. λ = 0.785 µm and NA = 0.58 for the objective lens. The direction of 
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light rays can be determined using the geometrical relation that light rays are tangent to the 

caustics.31 The direction of spatially refracted light rays can be calculated using the 

quaternion-rotation method 34 so that the change of optical path length can be numerically 

calculated according to ray-tracing, which further changes the value of the phase term 

( )   in Eq. (1). 

Black dashed lines in Fig. 7(a1) denote the light rays that are blocked. Purple curves in 

Fig. 7(a2) are the caustics of AADF without the impact of aberrations. Due to the mismatch 

of the refractive index, the focal point is shifted about 321 μm away toward the positive z-

axis. The diameter of the pupil should be further reduced to 2000 μm in order to prevent the 

retina from being damaged by light beams. The 2D intensity distributions for FGB and 

AADF are shown in Fig. 7(a2) and 7(b2). Figures 7(a3) and 7(b3) show IR along the z-axis 

of 7(a2) and 7(b2). The peak value of IR for AADF (7(b3)) is about 6 times larger than that 

of FGB (7(a3)).  

Although the position of the focal spot is shifted due to the mismatch of the refractive 

index, the profile of the intensity distribution hardly changes. If we ignore the change of 

refractive index with respect to wavelength, the relationship between peak IR, λ, and NA is 

similar to the result in section 4, i.e. the AADF has better performance than FGB with a 

larger illumination wavelength and small NA. Moreover, according to Figs. 7(b1) and 

7(b3), the AADF still shows its abruptly defocusing property and can be used to avoid 

excitation light beams entering the pupil. Therefore, only Rayleigh or Mie scattered 

photons might reach the posterior section of the eye through the crystalline lens which is 

within the safe limit.35 Compared with the strength of the Raman signal of FGB, the AADF 

is still able to enhance the signal strength up to 6 times.  
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Fig. 7. Performance of AADF and FGB under the impact of mismatch of refractive index. (a1) and (b1) are ray 

tracing sketches for FGB and AADF. (a2) and (b2) are the 2D intensity distribution in xoz plane. (a3) and (b3) are 

the detailed axial Raman signal in the z-axis for FGB and AADF. The black dashed lines in (a1) denote the 

blocked light rays. Purple curves in (b1) are the designed caustic for AADF without the impact of aberration.  

Concluding remarks 

In this study, we propose to use an abruptly auto-defocusing (AADF) beam to increase 

the Raman spectroscopy of the anterior eye chamber. Taking the advantage of the auto-

defocusing feature of the AADF, a focal spot of high intensity is created inside of the 

anterior eye chamber. After that, the beam automatically defocuses along its caustic surface 

yielding an intensity-free circular area at the pupil plane, preventing the retina from being 

burnt by laser beams.  

The performance of the AADF is analyzed theoretically and compared with 

conventional focused Gaussian beam (FGB) approaches. The simulations are performed 

without and with the impact of the corneal refraction. The influence of wavelength and NA 

of the objective lens are also simulated. The results show that AADF has better 

performance than FGB, where the AADF produces a focal spot with about 6-fold higher 

intensity than that of a center-blocked FGB, which will largely increase the useful Raman 

signal for detection. 

In a practical experiment, the AADF won’t lead to additional complexity of optical 

aligning between the two centers of the pupil and the beam’s dark circular area than that of 

FGB. Both two methods face optical aligning, and unintended eye motion problems. The 

light rings on the pupil plane might be of help for the alignment procedure. In addition, the 

impact of irregular corneal shapes like keratoconus or cloudy cornea like keratitis also 

reduces the performance of traditional FGB and the proposed AADF methods. At the 

current stage, the main challenge of applying AADF to the aqueous humor Raman 

detection remains on how to produce such an optical field after the objective lens. Using a 

spatial light modulator or a phase mask could be good solutions. 
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Appendix: Signal efficiency for Raman system with a beam splitter or 

apertured mirror 

In order to get rid of blocking on the detection path, we used the two optical layouts 

shown in Fig. A1. In this appendix, we briefly analyse their signal efficiencies, advantages 

and disadvantages according to numerical simulations and experimental experiences.  

In the first layout in Fig. A1 (a), a beam splitter is used to combine the detection path 

and illumination path into the same optical path. In this case, the beam splitter will reduce 

the light intensity. For example, the beam splitter has 50% penetration and 50% reflection. 

Thus, the intensity of the detection light is actually decreased by 75%. In this case, the 

signal collection angle is the same as that of AADF, but the light intensity is multiplied by 

0.25. The simulation result is shown in Fig. A1 (d) in the red curve. The signal intensity is 

larger than that of blocked FGB but is still much weaker than that of AADF.  
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Fig. A1, Two layouts for the separation of detection and illumination path. (a) using beam splitter; (b) using an 

apertured mirror; (c) Geometry of collection path in layout (b); (d) Simulated Raman signal intensity in z-axis 

with the same beam parameters in section 3 

 

For the second layout shown in Fig. A1 (b), the beam splitter is replaced by an 

apertured mirror. This layout is better than that in Fig. A1 (a) since the intensity will not be 

separated. However, due to the presence of the apertured mirror, the beam width in the 

detection path is tailored by the mirror’s aperture. In an ideal situation, as shown in Fig. 

A1(c), the beam width in the detection path is equal to the size of the pupil’s projection 

circle at the objective lens plane. Thus, with an upper integral limit in Eq. (4) of 

 arctan / (2 )d h  and a lower integral limit of 0, the simulation results in the blue curve in 

Fig. A1 (d), which is slightly larger than that of AADF. 

The key issue for the apertured mirror in layout Fig. A1 (b) is the alignment of the 

system, as misalignment can cause the excitation laser to pass through the pupil and 

damage the vulnerable retina. Extra efforts need to be paid for the apertured mirror 

alignment in its three degrees of freedom (say, the three components of its Euler angles). In 

addition, since the mirror must be properly installed for both the illumination path and the 

detection path, the difficulty in aligning is doubled compared to the direct illumination 

setting.  
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Chapter 8 

General Discussion 

Shuo Zhang 
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The aim of this thesis was to develop a dark field probe to measure concentrations of 

biomarker molecules in the anterior chamber of the eye using Raman spectroscopy, without 

compromising the retinal tissue by the strong excitation light needed to generate Raman 

signals.  

In general, the Raman signal intensity is associated with several parameters and is 

given by1: 

I = CNℓσΩF(T)I0 

Here, C is a constant and N is the number density which can be considered as 

concentration. The factor ℓ is the length of the illumination region (integration length), 

determined by the optical system that delivers the excitation light to the target. The 

influence of this factor on the Raman signal is demonstrated in chapter 1 and discussed in 

the first section of this chapter. The factors σ  and Ω  are the Raman cross-section and 

scattering solid angle of the target molecule. Chapters 3-4b show how to collect acceptable 

Raman signals ex vivo and in vivo by properly selecting target molecules. In addition, 

confocal settings offer huge advantages in collecting Raman spectra from interocular 

tissues of interest without interference by out of focus areas. F(T)  is a temperature 

dependent factor which can be considered as a constant since all experiment were 

performed in a homothermic condition. The last factor, I0, is the excitation light intensity. 

Due to the intrinsic weakness of the Raman effect, the use of a laser is indispensable to gain 

more sensitivity. However, safety concerns limit the use of a direct-illumination approach. 

Therefore, alternatives were developed that allow higher laser powers. They are discussed 

chapters 5-6 and the following sections.  

Raman spectroscopy applications in vitro  

Regular Raman spectroscopy has a low sensitivity and high detection limit due to the 

weak scattering compared to Rayleigh scattering, even when using lasers. To decrease the 

detection limit, both higher laser powers and longer integration times may be used. The 

current Raman set up has a fixed power laser, and therefore we choose to extend the 

exposure time. For the protein samples studied, increasing the exposure time to 60 seconds 

did help to pick up the characteristic peaks. However, since the Raman scattering cross-

section of molecules differs, 60s integration time is not a guarantee to obtain the 

characteristic peaks from some of the proteins which could be a potential biomarker. To 

distinguish Raman peaks from the interleukin-21 we had to use an integration time of 300s.  

To obtain recognizable peaks from clinically relevant concentrations in a small 

volume, we further optimized the experimental setup. First, we employed a confocal setting 

in conjunction with two positive lenses, to exclude possible Raman signals along the light 

path. The laser output numerical aperture (NA) from the spectrometer is 0.05. However, in 

the back-scattering Raman collection at the target, the NA of the focusing lens is 0.13 

(Figure 1a). Due to the NA miss-match, not all the collection region is excited by the laser 

(Figure 1b). This is indicated that the intensity Raman signal could be further increased 2 
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times with a NA matched optical system. In addition, not only the NA but also the imaging 

ratio plays a role in the effectiveness of the Raman set up. To improve this, the focusing 

lens could be switched to a 0.05 NA lens with an 8 mm diameter instead of currently using 

a 20mm diameter lens while maintaining the same 80mm FL. 

 
Figure 1. a) Confocal settings. B) Zoom of the focus area at the target.  

 

Second, the protein samples were tested in their chemical form to eliminate 

interferences with other unknown substances that may be present in chemical complicated 

biological samples. The characteristic peaks from the target molecules could be identified 

easily with a relatively clean background.  

Thirdly, the additives in the solution were all measured also individually to identify 

their Raman peaks for use in the background (BG) subtraction data processing. In general, 

there are two categories of data processing, experimentally and numerically. In most cases, 

both are applied jointly for background removal. However, with a controlled chemical 

environment and with spectra of all additives collected, the experimental approach is 

preferred, since the background can be assumed to consist of a combination of all the 

additives except the target molecules.  

Raman spectroscopy applications ex vivo 

Using the spatial resolution capability of confocal settings, depth profiles become 

available in optical transparence tissues like cornea and crystal lenses. However, two major 

challenges remain. 

First and as mentioned previously, even if the integration time is extended the 

detection limit may still be too high to acquire clinically significant spectra. One of the 

solutions is to properly select target biomolecules with relatively strong Raman responses. 

For diabetic cataract we proposed Sorbitol which has a relatively large Raman scattering 

cross section. Using the 876 cm-1 peak, we found the detection limit by our CRS system 
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could reach 2 mM, with a R-square of 0.988 in linear fitting its concentration curve. To 

mimic diabetic cataract development ex vivo, we immersed porcine lenses in different 

sorbitol concentrations. To further optimize test conditions and mimic more closely real 

situation, lenses could be immersed in culture media. However, the chemical environment 

in the lenses is already complicated enough compare to testing sorbitol solution only. By 

adding the culture medium, a furthermore complicated environment is created, since it 

consists of multiple nutrition molecules, which might significantly disturb the background 

spectrum.  

Second, a fluorescence background is a major challenge while collecting Raman 

scattering signals by CRS and peaks from other compounds may also be observed. To 

extract the signal information of the target molecules, an experimental approach by 

collecting the reference spectrum from all the substance is un-realistic. Hence, a numerical 

approach with proper data processing technique is required to identify magnitude of the 

sorbitol peak in the spectra. First, the fluorescence background needs to be removed. 

However, currently there is no well-accepted data processing protocol.2 Polynomial fitting 

proved to be suitable for fluorescence background removal for the spectra collected from 

the lenses. The advantage of this data processing approach is that the original shapes of 

Raman peaks can be maintained after the treatment. Unfortunately, the optimal choice of 

polynomial fitting parameters varies and the performance depends on the user’s 

experience.3 Furthermore, the opacification of crystalline lenses under hyperglycemia 

conditions overnight will affect all the Raman peaks collected from the lenses. Therefore, to 

quantitatively evaluate the degree of the cataract formation in the lens, ratios of peaks 

intensity were compared.4 The absolute value of the peaks ratios is associated with and 

partially influenced by the background removal process. Hence, background quantitation 

investigation methods selection or the parameter chosen in the background removal 

approach might lead to a bias result.  

Raman spectroscopy in vivo 

To detect molecules in vivo, also practical issues must be taken in consideration. First, 

we have to look at integration times. With fixed experimental settings, a longer integration 

time results in more Raman scattering signals collected by the CCD of the spectrometer and 

a better signal-to-noise ratio (SNR). However, for a contact probe (gonioscope lens) 

examination in clinical practice, the integration time is limited to 60 seconds. A second 

issue to consider is the influence of anesthetization when measuring animals. Due to 

individual differences, a proper delivery of the excitation light into the anterior chamber 

might become a challenge when animals recover early or are not fully anesthetized. Third, 

drug concentrations in the eye of a living animal might be lower than concentrations 

determined in in-vitro experiments. Pre-corneal loss of the drug (blinking, filtration of the 

corneal endothelium, etc.) results in a low ocular bioavailability of the drug at its target 

destination. Typically, less than 5% of the total drug dose administered reaches the anterior 
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chamber. Hence, a lower detection limit is required. Last and as mentioned previously, the 

laser power is proportional to the intensity of the Raman signal. With certain biomolecules, 

higher laser power is preferred to gain more signal and reach a lower detection limit. 

However, concerns about laser safety prohibit a direct illumination approach when using 

high laser powers.  

Probe design for Raman spectroscopy 

To address the safety concerns, different dark-field probes were designed and 

evaluated. A first design aimed to reduce the degree of freedoms compared to a previous 

version, patented years ago in our group, using a three-mirror structure. Although ray-

tracing simulation in Zemax predicted a proper functioning probe, the manufactured 

prototype based on this design encountered misalignment difficulties. A further ray-tracing 

analysis indicates a NA mismatch, non-ideal propagation distance, axial offset, mirror 

angular deviation and relative tilt as major contributors towards optical power loss and 

alignment tolerance. 

To increase the SNR, in a subsequent design we removed two Aluminum (Al) coated 

mirrors. Since these have a reflectance of 0.873, we expected at least 42% increase in SNR. 

Furthermore, the mirror deviation angle caused by misalignment was amplified two times 

on each mirror and by removing these two mirrors, the angle that can acquire a Raman 

signal hence increased four times compared to former design.  

By using an artificial eye, we learned that the confocal restriction of the optical biopsy 

was not completed within the artificial space. This was due to the low NA of the excitation 

beam and the physical character of light that was not taken into account in the ray tracing. 

As the suppression of the Raman signal from the probe material was about 30 times, we 

concluded that this suppressed Raman signal, which stands for the corneal signal in a real 

eye, was acceptable. 

To investigate in vivo molecules in the anterior eye chamber, the dark-field design 

paves the way to increase the laser power, since, compared to the retina, the anterior 

segment of the eye has a higher tolerance for light damage. By only increasing the 

excitation power, the detection limit could be increased two to three folds.  

Future perspective  

The ability to acquire intra-ocular molecular profiles in addition to structural profile 

will provide greater insight into ocular diseases and may result in a better diagnosis. 

However, further efforts are still needed to make this a reality and to have an actual device 

for routine in vivo measurements. 

To achieve this, the main task for the future will be to improve the detection limit. A 

major hurdle to overcome will be to safely deliver even higher laser powers into the eye. In 

clinic practice, incorporating fiber optics will make it easier for ophthalmologists and may 

be a prerequisite for a commercial compact product. In addition, a non-contact method 
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might be an alternative option to provide dark-field illumination to use Raman spectroscopy 

in ophthalmic applications. As we proposed in chapter 7, an abruptly autofocusing beam 

might be able to achieve this goal. Actual experiments need to be performed in the future to 

verify our simulations. In the end, machine learning and deep learning techniques could 

offer great help in processing the Raman spectra and unraveling the contribution of 

different molecules. In the not so far future, artificial intelligence will most likely be 

developed for data mining of spectra collected from a large number of patients for greater 

understanding of ocular diseases.  
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This thesis presents the use of Raman spectroscopy to investigate the ocular 

biomolecular status and introduces novel devices that allow high radiation energy to be 

delivered to the ocular system without damaging the vulnerable retinal tissue.  

Chapter 1 introduces the background of this research. In current clinical practice, 

optical techniques are mainly used to provide anatomical, functional, and structural 

information. However, biochemical information is obtained by performing a biopsy of the 

tissue. This poses a risk to the integrity of the eye and cannot be performed on a regular 

base. We propose Raman spectrometry as a potential and powerful tool for a non-invasive 

and non-destructive investigation. The limitations of conventional Raman spectroscopy 

with direct illumination method in ophthalmic application are mainly safety concerns. In 

this thesis, biomedical applications of Raman spectroscopy are explored and a dark-field 

method in conjunction with confocal Raman spectroscopy (CRS) is proposed to avoid light 

damage of the retina. 

In Chapter 2, characteristic Raman spectra of IL10and ACE in their chemical form 

are reported. These could be used for future in vivo diagnosis applications for eye related 

disease. 

Chapter 3 investigated the possibilities of using Raman spectroscopy for early 

diabetic cataract diagnosis. Previous research indicated that the sorbitol concentration in the 

lens was associated with the development of diabetic cataracts. However, non-invasive 

quantitative assessment is still a challenge for monitoring the sorbitol concentration in the 

lens. We obtained the sorbitol concentration in sorbitol induced cataracts mimicking 

diabetic cataracts lenses in vitro. The concentration of sorbitol in pig lens shows a good 

correlation to the degree of the lens cataractous via their Raman spectrum. 

Chapter 4 presents an ocular drug delivery study using Raman spectroscopy to 

determine the ketorolac concentrations in vitro porcine eyes and in vivo rabbit eyes. The 

porcine eyes were enucleated and soaked in different concentrations of ketorolac whereafter 

Raman spectra were collected by two different setups. In the first setup we used a 

commercial objective lens as a focusing element, and in the second a doublet lens combined 

with a gonioscope lens. Twelve rabbits were treated with Acular™ for four weeks, while 

the concentrations of ketorolac from Acular™ in aqueous humor of the rabbits were 

measured by CRS. All these samples were also properly collected and tested in FDA 

“golden standard” high-performance liquid chromatography (HPLC). The comparison of 

Raman spectroscopy and HPLC showed good agreement in the ex vivo experiments, but 

lack of sensitivity in vivo measurement. 

Chapter 4a shows the raw dataset of the Raman spectrum obtained from the in vivo 

experiments with the rabbit eyes presented in chapter 4. These raw datasets could provide 

experimental information for researchers who have no access to Raman spectra from the 

living rabbit eyes. The dataset might be processed by alternative data processing techniques 

for background suppression or characteristic peak identification of the biomarkers. The 

ketorolac treatments for the 12 rabbits are outlined in detail and raw Raman spectra data are 

presented accordingly.  
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In Chapter 4b, we describe the data processing procedure to minimize the hardware 

induced artifacts and fluorescence interference in the spectrum. A self-developed MatLab 

script for the automated correction of Raman spectra is presented. With the dataset in 

chapter 4a, the proposed data processing method demonstrated that it can be used for 

minimizing the hardware and fluorescence interference simultaneously.  

Chapter 5 proposed a novel device to acquire Raman spectra from the AC without 

jeopardizing the retina by high laser powers. In this study, the design of this dark-field 

device is presented. It uses a curved mirror system to guide the laser incident to the ocular 

system with a large angle of the optic axis of the eye. A three-dimensional computer model 

was built and evaluated by ray-tracing software Zemax to validate its optic performance. A 

prototype was manufactured and tested by AEM. The chemical compounds could be 

detected by the prototype in conjunction with CRS with acceptable SNR. However, the 

intensity of the Raman signal is still below our expectation. By means of ray tracing 

simulation, the alignment issue is the reason of low Raman signal collecting efficiency. 

In Chapter 6, a further developed device without curved mirrors is proposed and 

validated in AEM. To validate, the prototype was tested by an ocular drug in AEM. The 

results indicated a 9 folds improvement in misalignment tolerance and a 36 folds 

improvement in the signal-to-noise ratio at the phenylephrine HCl 1002 cm-1 peak 

compared to a previous design. The prototype showed a good linear fit with the 

phenylephrine HCl concentration, with a R square of 0.996 and a sensitivity detection limit 

down to 0.05% phenylephrine HCl. 

Chapter 7 proposes an alternative approach to achieve a dark-field illumination 

method using a phase mask to generate an abruptly autofocusing beam in the anterior 

chamber. By modulating the phase of a circularly symmetric optical wavefront, the 

maximum intensity of the beams suddenly decreases by orders of magnitude right after the 

target point along the optic axis. In this simulation study, we demonstrate a setting that is 

capable of generating such a beam in the anterior chamber and create a dark-filed 

illumination to prevent excitation light to reach the retinal tissue directly. Results show that 

the efficiency of AADF is higher than the conventional focused Gaussian beam (FGB) 

method with center blocked. The peak value of the Raman signal intensity acquired using 

the AADF method is about 6 times larger than that of an FGB. 

Chapter 8 discusses the major findings of this thesis regarding to using Raman 

spectroscopy for biomedical applications in ophthalmology. The challenges and 

implications for future studies both discussed in a more general and broader perspective. 

In the appendix, the scientific and social impacts of the research are elaborated. The 

scientific impacts mainly contribute to researchers in the field of ophthalmology and 

physicists developing non-invasive diagnostic methods. The social impacts are aiming to 

benefit a wider audience outside the scientific community in various forms like clinicians, 

ophthalmologists, and patients eventually. Pharmaceutical industry also can be a benefit 

from it by reducing the animal models in drug development.  
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In summary, Raman spectroscopy shows its unique potential for biomedical and pre-

clinic applications in ophthalmology. The design of the eye probe makes one step closer to 

the clinic application and may serve as a groundwork for ocular biomarker non-invasive 

quantitative assessment for early diagnosis of ocular and systematic diseases. 
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Main objective, results and conclusions 

The main objective of this dissertation was to develop a dark field probe for non-

invasive determination of the molecular composition of the aqueous humor in the anterior 

eye chamber using Raman spectroscopy, without compromising the fragile posterior section 

of the eye by the strong excitation light necessary in this method. With the studies presented 

in this dissertation we demonstrated in vitro and in vivo in animal eyes a functional 

ophthalmic probe that enables to measure the concentrations of ocular drugs. The scientific 

and social impacts of this dissertation are highlighted in this section.  

Scientific impact  

The results published in peer-reviewed scientific journals and presented in 

(inter)national conferences contribute to researchers in the field of ophthalmology and 

physicists developing non-invasive diagnostic methods. Currently, clinical decision-making 

in ophthalmology mainly depends on the morphological screening by trained 

ophthalmologists. Molecular profiling could provide additional valuable information for a 

better understanding of the mechanics of ocular disease. Up to now however, real-time 

monitoring of disease progression is hampered by the fact that invasive biopsies are the 

only way to obtain this information. Thus, there is need for non-invasive and in-situ 

diagnostic methods. We propose Raman spectroscopy as a technique to be utilized for this 

cause. To do so, firstly spectra of target biomarkers need to be identified, as described in 

Chapter 2. This provides the spectra of two biomarkers related to four complex retinal 

diseases. Quantitative assessment of these molecules can be used as a diagnostic aid in 

patient care. Spectra and studies of another biomarker, sorbitol, that is generated in the 

pathway of diabetic cataract development in the lens, are presented in Chapter 3. This 

might help ophthalmologists to gain more insights into the mechanisms of early diabetic 

cataract development.  

The feasibility of using Raman spectroscopy in drug delivery research in living 

animals is explored in Chapters 4 to 4b. The experiences and results gained from these 

studies will help researchers to obtain higher quality and more reliable data using 

spectroscopic methods in living animals. Not every preclinical research institute has the 

access or knowledge to acquire spectra in living animals. The original spectra released 

might be beneficial for them. The dataset can also be made part of a larger database with 

spectra for data mining to a comprehensive scientific output. Another potential use of the 

dataset is as a machine learning training dataset or other in other advanced data processing 

approaches to optimize further background subtraction modules, which might lead to a 

more universal and standardized data processing method of Raman spectra.  

In current clinical practice, the strong excitation light needed in the Raman 

spectroscopy damages the fragile posterior section of the eye. Hence, we designed dark-

field probe designs, which no direct illumination light reaching the retina. They are 

discussed in Chapters 5 and 6. Using these to obtain in-vivo ocular drug concentrations in 
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the animal eye will be of great help in evaluating the efficiency drug delivery into the 

anterior eye chamber when administrated topically. This might even be improved using 

methods like AADF presented in Chapter 7. The experimental settings and parameters 

proposed here may help physicists to establish such spectroscopic measurement systems for 

use in pre-clinical applications. 

Social impact 

 Raman spectroscopy and mass spectroscopy are both very specific diagnostic 

techniques that provide the results in short time. That’s why the Dutch minister of Public 

Health, Hugo de Jonge, recommended them as candidates for testing Covid-19 patients. 

However, only Raman spectroscopy is suitable for medical in vivo diagnostic applications. 

As the Raman effect is a very weak phenomenon, it is difficult to apply this technique 

directly in the vulnerable living eye. 

Therefore, a safe way for utilizing Raman spectroscopy in ophthalmology will benefit 

a wider audience outside the scientific community in various forms. For clinicians and 

ophthalmologists, real-time molecular profiling will accelerate research procedures in 

clinical practices. For patients the burdens of biopsies will be significantly reduced by using 

non-invasive, in situ approaches like Raman spectroscopy. Animals might not necessarily 

be sacrificed to acquire drug data if these non-invasive molecular assessment methods 

become available. Hence, the usage of lab animals can be reduced. The economic benefit of 

reducing the number of lab animals will drive the pharmaceutical companies to broaden the 

usage of the Raman technique as an innovation in the industry. Furthermore, the granted 

patent might inspire and spread the application of the Raman technique in the medical 

device startups and companies. The biomarker measurement techniques by Raman 

spectroscopy and dark-field probes proposed in this thesis will be available and promoted to 

both scientific and industrial communities as commercial products and services. 
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赵沅蒂，都都，岳洋，梦莹，很高兴可以一起喝酒，一起 BBQ，一起八卦，也

算是疫情前最轻松的回忆了，没心没肺的吃喝玩乐的日子总是很短暂，还想一起喝

酒吹水看深夜的马城，让同学年少，青春不老。 

当过邻居的陈睿，还有一起打球一起运动的小伙伴艺文，大庆，老顾，杨桂林，

曾海燕，希望大家的身体都越来越好，兄弟赵宇希望你在国内一切都好，事业重要，

身体一样重要，期待下次见到一个红光满面的你，不要再每次都很憔悴的样子。 

张书赫感谢你让我重温手撕公式的美好，让我还记得自己是个货真价实的理科

生，我有预感以后一起还会发文章而且还不会少，有机会一定要再一起搞事情，哈

哈。还有太多的小伙伴在日常的学习和生活中留下了深刻的印象，乔奇我一定会把

我们的文章发一个好杂志，你也一定会在新的岗位上做出成绩来，坚持就是胜利；

Sunny 姐，每次和您交流都会对荷兰的社会，商业，校企合作，成果转化有进一步

的了解，谢谢您带我认识了荷兰学校之外的一面，谢谢您带来的商务活动的机会，

让我获益匪浅。萍姐，张明，辛莹，陈琳，傲敏，油文婷，路畅，贾雨霏，安宁，

杨荣辉，李雯婕，蔡路，朱晓庆，刘轶林，胡伟凡，邓奇林，薛艳红老师，饶圣祥，

王简琴，龚英等等各位小伙伴，感谢一路以来的支持和帮助，不管大家今后是否在

一个地方，是否经常联系，但是一起学习和生活的经历给予了我面对遇到困难时无

论何时何地都能汲取的源源不断的力量。 

爸爸，妈妈，安攀还有晞景，谢谢你们的支持以及原谅我的任性，让我不管什

么年纪都依旧可以继续追寻自己的梦想。没有父母的教诲与言传身教，我不会是现

在的我，爸爸给予了我最宝贵的好奇心，让我可以对这个世界充满求知欲，也可以

对抗实验室无数个看上去很枯燥的日子；妈妈展现的责任感与对患者的大爱也是我

现在和未来选择的原动力，让我想用自己的所学所会去切实的帮助更多的人，去解

决他们遇到的问题，去减轻他们可能受到的痛苦，去让他们一样可以享受生活和世

界的美好。安同学使我成为了一个更为完整的人，补完了人字的另外一笔。你的包

容和支持自始至终没有变过，过往的一切依旧鲜活，一起看过日出日落，见过高山

大海，去过古刹教堂，探过古迹深林，游过中西内外。感谢你的陪伴，今后不管是

崎岖还是坦途，余生皆是前路，我们一起走。晞景，谢谢你的出现，让我有了新的

身份与责任，有了憧憬和希望，有了动力和能量走下去，而你也会有自己的路，勇

敢去追寻不要畏惧。 
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Shuo Zhang was born on 18th January 1985 in Hebei province, China. When he was a 

child, he was deeply impressed by the beauty of physics through the eyes of his father who 

is an electronics engineer. Then he started his career to be a physicist, obtained his Bachelor 

degree from Hebei University in major of Optical information science and technology in 

2008, follow obtained his Master degree from North-West Normal University in the major 

of Optics in 2011. He worked on devising a portable mass spectrometer at the Chinese 

Academy of Science thereafter from 2011 to 2013. Later on, He was inspired by his 

mother’s work as a nurse, by whom he was deeply touched by the conditions that patients 

suffering. He decided to apply his knowledge in physics for translational biomedical optics 

applications. Therefore, he embarked on his PhD project of transforming Raman 

spectroscopy into a clinical diagnostic device at MUMC and Maastricht university, the 

Netherlands. 
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