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ABSTRACT 

Scanning confocal Raman spectroscopy was applied for detecting and identifying topically applied ocular pharmaceuticals 
on rabbit corneal tissue. Raman spectra for Cyclosporin A, Difluprednate, and Dorzolamide were acquired together with 
Raman spectra from rabbit corneas with an unknown amount of applied drug. Kernel principle component analysis 
(KPCA) was then used to explore a transform that can describe the acquired set of Raman spectra. Using this transform, 
we observe some spectral similarity between cornea spectra and Cyclosporin A, with little similarity to Dorzolamide and 
Difluprednate. Further investigation is needed to identify why these differences occur. 
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1. INTRODUCTION 
Detecting the distribution of ocular drugs in a spatially resolved regime provides many challenges,1 and evaluating the 
efficacy of drug application is important for optimizing drug delivery in tissue. To address this, Raman spectroscopy 
provides a chemical specific technique which is capable of assessing the chemical content of the tissue under study 
repeatably and non-invasively. This is crucial to pharmaceutical development and quality control. Previous studies 
attempting to quantify drug concentrations in the cornea have dealt with background fluorescence using peak ratios in their 
processing chain,2,3 or by differencing spectra acquired before and after application of drug to the sample.4,5  Recent 
techniques to remove background fluorescence involve approximation of the overall trend of the signal while minimizing 
the amount of subtraction during peaks.6,7 Alternatively, coherent Raman spectroscopy can be used to suppress 
fluorescence background and boost Raman signal strength.8,9 A simple way to deal with fluorescent background in 
spontaneous Raman spectroscopy is to use an averaging filter to perform the first approximation of the fluorescence 
spectrum, then subtracting this approximation from the original signal. Such an approach should provide us with a robust 
way of dealing with weak Raman signatures of chemicals present in a drug distribute in a large tissue volume. In this work, 
we conducted a blind study to determine which drug, if any, was applied to cornea samples. This first requires that we are 
able to quantify the difference between the cornea and drug Raman spectra. To do this, we acquired spectra of 
Dorzolamide, Difluprednate, and Cyclosporin A (the three drugs in question), and we acquired Raman spectra from 6 
rabbit corneas at various points in the lateral direction and depths. Through those measurements, we identified spectral 
Raman bands of interest in the samples and perform background subtraction and standardization on each of the spectra. 
We use kernel principle component analysis (KPCA) to reduce the Raman spectra to 5 components. These components 
were used to visualize where each spectrum lies in relation to the others using a 5x5 scatter matrix. From our results it 
became apparent that there is enough dissimilarity between Dorzolamide, Difluprednate, and the corneas to infer that those 
2 drugs at least were not present in substantial quantities in the investigated tissue samples. Cyclosporin A, however, may 
be present in small amounts. However, in order to improve the accuracy of such assessment, further investigations are 
needed in order to understand why and how these spectral maps represent the chemical composition of the samples. 
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2. MATERIALS & METHODS 
2.1 Drug Information 

Three commonly used ophthalmological drugs were employed in the study. Difluprednate (C27H34F2O7: 6α,9α-
Difluoroprednisolone 21-acetate 17-butyrate) and Cyclosporin A (C62H111N11O12) were purchased from Sigma Aldrich. 
Dorzolamide Hydrochloride (C10H16N2O4S3•HCl) was purchased from Cayman Chemical. In preparation of those 
substances for Raman measurements, the drugs were deposited onto aluminum covered microscope slides with the shiny 
side of the aluminum foil facing towards the drug. Glass, which is normally utilized in microscope slides, displays a strong, 
broad fluorescence band at ~1380 cm-1,10 and recent work has shown that a layer of aluminum foil is an effective method 
to avoid glass fluorescence from microscope slides in Raman studies.11  

2.2 Cornea Preparation 

Young rabbit corneas were purchased from Pel-Freez Biologicals by our collaborators. Some of the corneal samples had 
the ocular drugs applied to them from the aforementioned list. Then, the corneas were transferred to our lab with the 
information of the drugs administered withheld for a blind study. The corneas were stored frozen at -20°C until the time 
of experiments, and individual cornea were brought up to room temperature prior to data collection. In preparation for 
testing, corneas were fixed onto the aluminum covered microscope slides with the shiny side facing towards the sample. 

2.3 Confocal Raman Microscope 

Raman spectra were acquired using a commercially available confocal Raman microscope (LabRAM HR Evolution, 
Horiba). The microscope is coupled to a 532 nm continuous wave laser (Ventus 532, Laser Quantum) with a maximum 
power output of 110 mW. During experiments, the power was attenuated to 25 mW or less to avoid potential damage to 
the cornea samples. Prior measurements of temperature distribution upon laser excitation,12,13 which were performed for 
biological samples of similar chemical composition, indicate that we shouldn’t expect any dramatic alterations to our 
samples at the power levels used in this study. A 10x objective (N.A. = 0.25, Olympus) was used to focus the laser onto 
samples, and the scattered light was collected through the same objective in a backscattering geometry.  The collected 
light was dispersed by a grating with groove density choices of either 600 gr/mm or 1800 gr/mm.  The 600 gr/mm grating 
was used during the duration of data collection since the spectral detection range is larger than the 1800 gr/mm grating 
and the spectral resolution remained sufficient enough to resolve peaks in the spectra and to distinguish unique features 
between different drugs. The dispersed spectra were recorded with an EMCCD coupled to the spectrometer. 

2.4 Raman Spectra Acquisition 

In the initial phase of the project, Raman spectra of Cyclosporin A, Difluprednate, and Dorzolamide were acquired from 
-100 cm-1 to 4000 cm-1 using 4573 bins. For each drug, six sample spectra were collected. Figure 1 shows the presence of 
characteristic Raman peaks between 400 – 1700 cm-1, and 2500 – 3500 cm-1. Raman spectra from the rabbit corneas were 
collected in those spectral ranges using 1253 bins for the high range, while 1284 bins for the low range. For each cornea 
an overall sample spectrum was acquired by scanning a 5x5x11 volumetric grid for a total of 275 spectra. Taking the z-
direction perpendicular to the corneal surface, 1 mm step sizes were taken in the xy-plane, and 40 µm step sizes were taken 
in the z-direction to cover the entire depth of the cornea.14 This process yielded 1429 usable cornea spectra (6 corneas). 
To increase the number of drug samples to be comparable to the number of cornea samples, the 6 drug spectra were 
duplicated with additional gaussian noise (mean = 0, standard deviation = 1). The spectra were also randomly shifted to 
the left or right by 0 to 5 bins. In this way, 1428 spectra were simulated in addition to the 6 samples collected. 

2.5 Spectra Processing 

Each spectrum was median filtered using a 9-point window to remove shot noise. The rabbit cornea samples contained a 
large upward trend in the 400 – 1700 cm-1 range. Slight trends were also apparent in the 2500 – 3500 cm-1 range. The 
spectra can be seen in Figure 2. These trends were removed by using a moving average filter with a window size of 90 
bins. The resulting signal was subtracted from the original signal so that only the peaks remained. This method of 
detrending was applied to the drug spectra and the cornea spectra in both ranges for consistency. 

2.6 Finding Clusters in Spectra 

Once the spectra were median filtered and detrended, KPCA was performed to prepare the samples for visualization. This 
technique is a variant of principle component analysis (PCA), where a nonlinear kernel is applied to the product of the 
weights and their inputs, prior to solving. In this case a sigmoid kernel was used. This was done using scikit-learn’s 
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implementation of KPCA.15,16 The implementation parameters were set to 5 components, spread of 5 computing jobs. The 
maximum iteration was left as default. 

3. RESULTS & DISCUSSION 
The drug spectra had peaks of interest in the 400 – 1700 cm-1 range and in 2500 – 3500 cm-1 range. While there is some 
overlap in peaks in the upper-frequency spectral range for Difluprednate and Dorzolamide, the specific peaks are different 
enough to distinguish the drugs from manual observation. In the low-frequency spectral range the peaks are more distinct 
for each of the 3 drugs. This can be seen in Figure 1. 

 
Fig. 1. Raman spectra for Cyclosporin A, Difluprednate, and Dorzolamide. The spectral range is from -100 to 4000 cm-1. 

Strong trends, which are indicative of a significant fluorescent background, were apparent in the rabbit cornea spectra as 
shown in Figure 2. Results of detrend on the peaks are shown. There is some hooking artifact near the end of a group of 
peaks. This is apparent near 3200 cm-1 in the detrended rabbit cornea spectrum in Figure 2. 

 
Fig. 2. Raman spectra for a cornea sample before and after the detrend procedure. 
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The detrend procedure was applied to all spectra in order to keep comparisons consistent. Detrended examples of the drug 
spectra and the cornea for both the low and upper ranges are shown in Figure 3. Again, there is some artifact near the edge 
of groups of Raman spectra. 

 
Fig. 3. Detrended Raman spectra for drug samples shown alongside cornea samples. 

Kernel PCA was used to visualize the relative similarity of the corneas to the drug samples. A scatter matrix summarizing 
the results of the kernel PCA is shown in Figure 4. On the diagonal is the histogram for each of the components found. 
Each off-axis plot is a scatter plot of any given pair of features. In row 0 column 1, the x coordinates are feature 1, and the 
y coordinates are feature 0. Cyclosporin A, Difluprednate, and Dorzolamide are represented by blue, orange, and green 
dots respectively. All other points are samples taken from each of the corneas. 

 
Fig. 4. Result of KPCA on samples in the 2500 – 3500 cm-1 spectral range. Cyclosporin A, Difluprednate, and Dorzolamide 
are represented by blue, orange, and green dots, respectively. All other points are samples taken from each of the corneas. 

The overall distance between clusters in each plot gives a qualitative description of general similarity between groups. 
This does not however, explain why that similarity exists.  Figures 5 and 6 follow the same rule and color scheme. Figure 
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4 suggests that some features that resulted from this technique cluster Dorzolamide, and Difluprednate. The cornea samples 
cluster well with each other, while Cyclosporin A seemed to cluster near the corneas. The result of kernel PCA after 
increasing the number of drug samples with noisy and shifted copies is shown in Figure 5. Dorzolamide and Difluprednate 
are still consistently clustered by this technique as in Figure 4. However, Cyclosporin A samples cluster further away from 
the cornea samples than before. 

 
Fig. 5. Result of KPCA after up-sampling the number of drug samples. Cyclosporin A, Difluprednate, and Dorzolamide are 
represented by blue, orange, and green dots, respectively. All other points are samples taken from each of the corneas. 

Concatenating the low range and high range of Raman spectra together offers a larger feature space to learn from. Thus, 
performing kernel PCA on the concatenated data could reveal alternative splits in the data. This is shown in Figure 6. 

 
Fig. 6. Results of KPCA on concatenated spectra post up-sampling the number of drug samples. This allows the transform to 
learn from both the upper and lower ranges in the Raman spectra. Cyclosporin A, Difluprednate, and Dorzolamide are 
represented by blue, orange, and green dots, respectively. All other points are samples taken from each of the corneas. 
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Again, Difluprednate and Dorzolamide consistently form clusters, while Cyclosporin A cluster more closely with the 
cornea spectra. In each of the feature sets, there is some overlap of the drug samples with a small sub section of the cornea 
samples. More often than not, the drugs form clusters far from the rabbit corneas. 

4. CONCLUSION 
The procedure presented in this work shows that on the whole there is some similarity between the cornea spectra and the 
drug spectra. Since Dorzolamide and Difluprednate data consistently form distinct clusters located far from the cornea 
spectra, it is unlikely that those drugs were applied to the corneas. Cyclosporin A clustered close to the corneas. This 
technique only shows how similar each spectrum is on the whole. The technique does not show why these spectra cluster 
in the way they do. One source of this overlap could be from chemical bonds that corneal proteins have in common with 
each of the drugs. The approach described here is a way of assessing Raman spectra and analyzing small amounts of 
impurities with a strong tissue background. This strategy can be equally applied to analysis of coherent Raman spectra,17,18 
Brillouin spectroscopy and microscopy,19-21 hyperspectral imaging and sensing,22,23 and ultrasensitive detection of 
environmental pollutants.24,25 In our future work, we intend to investigate algorithms for removing corneal reference 
spectra from the unknown corneas in order to leave behind only noise and peaks due to the presence of drugs if any. 
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