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Abstract
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A strip-type sensor with sensing paper treated with cerium oxide nanoparticles 

(CNPs) and glucose oxidase (GOX) was designed to detect glucose levels in 

tears. The strip-type sensor was produced by 3D printing. It is put against the

inferior palpebral conjunctiva (IPC) to collect tears without irritating the eyes. 

When GOX reacts with the glucose in the collected tears, hydrogen peroxide 

(H2O2) is generated, and this H2O2 reacts with the CNP. The H2O2 causes the 

Ce3+ on the surface of the CNP to turn into Ce4+, and the color of the CNP 

becomes yellow. Therefore, the higher the concentration of glucose, the higher 

the amount of H2O2 produced and the more yellow the CNP becomes. The 

concentration of glucose in the tears can be measured with an optical vision 

system that measures the degree of yellowing of the CNP on the sensing paper. 

After the sensing paper turns yellow, a RGB detection was performed through 

a colorimetric analysis algorithm. In the in vitro experiments, the sensing 

paper was loaded into the strip-type sensor. The normalized b value and 

glucose concentration showed a linear correlation. A tear glucose index was 

created from these results. The strip-type sensor was also tested in an in vivo

rabbit model and the correlation between blood glucose and tear glucose was 

confirmed, thus suggesting that strip-type sensors are useful as a self-

diagnostic sensor.
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1. Introduction

Diabetes is a serious chronic disease that can lead to complications such 

as retinopathy [1], nephropathy [2], and neuropathy [3]. In order to prevent 

and minimize the risk of complications, self-monitoring of blood glucose 

levels to manage diabetes is considered to be important. The current 

technology for monitoring blood glucose concentration is mainly based on 

blood collection, which uses an invasive technique of pricking a finger to 

collect the blood [4]. The blood is collected into a test strip containing glucose 

oxidase or glucose dehydrogenase, and the glucose concentration can be read 

when the glucose and the enzyme react. Since current blood glucose diagnosis 

requires invasive measurements, it can cause pain, stress and possibly 

infection [5].

To resolve this, studies have been recently conducted to find non-

invasive methods to measure blood glucose using sweat [6], saliva [7], urine 

[8], tears [9]. However, measuring glucose levels through sweat or saliva is 

not accurate [10, 11]. Urine has disadvantages. Namely, its potential toxicity

or the possibility of interference from other substances [12]. Moreover, the 

proposed iontophoresis [13, 14], ultrasound [15], fluorescence [16], 

spectrometry [17, 18], and electrochemical methods [19] for measuring 

glucose in physiological fluid have disadvantages as well, such as the 

complexity of the methods, high cost, and lower user friendliness [20].

Since lacrimal glands can produce tears continuously and basal tears can 

be collected [21, 22], diagnosis of diabetes through tears has also been 

considered as a noninvasive diagnostic method [23]. However, the methods 

presented in the preceding studies may cause pain and discomfort due to eye 

irritation to the patient. Thus in the current clinical setting, skilled medical 

staff has to collect the tears with a glass capillary [24, 25]. Therefore, this 

study proposes a strip-type sensor that minimizes the stimuli which can occur 

when tears are collected, so that the patients can eventually diagnose their 

disease by themselves.

In this research, as Figure 1a shows, a strip-type sensor was embedded 

with CNP treated sensing paper as a glucose sensing material. CNPs have 

been widely used in industry and have recently been particularly studied in the 

field of the biotechnology because of their catalytic activity and low toxicity 

[26]. CNPs have both Ce3+ and Ce4+ on its surface, and oxygen vacancy due to 

the existence of Ce3+ plays an important role in determining the redox 
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potential of CNPs [27]. In particular, as shown in Figure 1b, when Ce3+ to 

Ce4+ oxidation occurs, CNPs turn yellow [28]. Since it can be easily 

recognized by the eye, CNPs are being studied as a sensing material [29, 30]. 

Therefore, CNPs treated sensing paper was used as the glucose sensing 

material in this study. 

The sensing paper was made by coating filter paper with CNPs and 

glucose oxidase (GOX). The GOX coated on sensing paper reacts with 

glucose to produce gluconate and hydrogen peroxide (H2O2). The hydrogen 

peroxide produced by the reaction of glucose with GOX reacts with CNPs to 

change Ce3+ to Ce4+ and changes the color of CNPs to yellow. After the 

sensing paper treated with CNPs and GOX was prepared, it was characterized 

by XPS and indirect immunofluorescence.

Figure 1b shows the process of the strip-type sensor application along 

with tear collection. As shown in Figure 1b, the strip-type sensor was 

composed of three distinct parts: tip, channel and reservoir. The previously 

manufactured sensing paper was loaded into this sensor. The tip was designed 

to minimize eye irritation during tear collection, the rectangular-shaped 

channel was adopted to collect tears effectively by increasing capillary 

pressure, and the reservoir was designed as a space where sensing paper can 

be loaded. The channel and reservoir were used as a reaction chamber for the 

sensing paper.

After tears were collected in the reaction chamber, the color density of 

the sensing paper was changed by the CNP, and the color value could be 

measured through an image of the sensing paper. The images, acquired 

through an optical vision system, were used to obtain the color values with a 

colorimetric analysis algorithm used for measuring glucose concentrations. 

In this study, as an in vitro experiment, the normalized b value of the 

sensing paper was measured to provide an index of tear glucose levels. I also 

obtained the tear glucose level of an anesthetized rabbit by placing the strip-

type sensor on the inferior palpebral conjunctiva (IPC) of the rabbit’s eyes to 

assess the correlation between tear glucose and blood glucose. A significant 

correlation was found using the tear glucose measurement index obtained 

from the in vitro experiment. It suggests that the use of a strip-type sensor

along with the colorimetric method is meaningful as a self-diagnostic sensor 

that can be easily used by diabetics.
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Figure 1. (a) The process of preparing the strip-type sensor. (b) The 

colorimetric procedure of sensing paper in the strip-type sensor after 

collecting tears. Some parts in the figure were obtained from the Department 

of Bioengineering and Department of Physics at Hanyang University.
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2. Materials and Methods

2.1 Preparation of sensing paper

The 5 nm CNP preparation method was described in a previous study 

[31]. In brief, 1.736 g of Ce(NO3)3 (Sigma-Aldrich, St. Louis, MO, USA) was 

added to 128 ml of NaOH (Sigma-Aldrich, St. Louis, MO, USA) solution (0.4 

g of NaOH dissolved in 128 mL of distilled water) and the solution was 

stirred for 48 h. The white precipitate after stirring was washed several times 

with distilled water and collected. The filter paper (Whatman International 

Ltd., Maidstone, UK) was shaken in a colloidal CNP solution at various 

concentrations (0.5, 1, 2, 3, 5 and 10% w/v) for 10 minutes to ensure that the 

CNP was sufficiently adsorbed. The CNPs-adsorbed filter paper was dried in a 

60 ℃ oven for 1 hour. In order to stabilize the adsorbed CNPs, it was shaken 

in a 5% APTS (Sigma-Aldrich, St. Louis, MO, USA) ethanol solution for 10 

minutes [13] and dried in a 60 ℃ oven for 10 minutes. Finally, GOX 

(Sigma-Aldrich, St. Louis, MO, USA) was treated at 11.43 U/cm2, and the 

sensing paper was dried at room temperature. 

(The sensing paper was prepared by the Department of Bioengineering at 

Hanyang University.)

2.2 Fabrication of the strip-type sensor

Figure 2 shows a schematic image of a strip-type sensor designed on 

SolidWorks (Dassault Systèmes SOLIDWORKS Corp., Waltham, MA, USA). 

The strip-type sensor was composed of three parts: tip, channel and reservoir. 

The tip was made 3 mm in diameter and the channel was made 2 mm in width, 

0.3 mm in length and 0.5 mm in height. The reservoir has a 1 mm width, 0.5 

mm length and 0.5 mm height. The strip-type sensor was fabricated using a 

Projet 3500 HD MAX (3D Systems, Rock Hill, SC, USA) with VisiJet M3 

Crystal (3D Systems, Rock Hill, SC, USA) as the material. VisiJet M3 Crystal

has Class VI certification for plastic biocompatibility by the United State 

Pharmacopeia (USP). 

Figure 3a shows how the image of strip-type sensor equipped with 

sensing paper was acquired with an optical vision system and directional 
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illumination. The illumination model was constructed with an LED spot light

and diffused optics from Edmund Optics. The optical vision system was 

constructed with a Sony IMX-128-(L)-AQP CMOS Sensor (Sony Corp., 

Tokyo, Japan) and an objective lens (Edmund Optics, Blackwood, NJ, USA).

Figure 3b is a flow chart of the algorithm for extracting the color values 

of the sensing paper based on LabVIEW (NI Corp., Austin, TX, USA). The

algorithm removed the shadow and background noise. The color value 

independent of illuminance was obtained through normalization methods.

(The acquisition of the image with the optical visual system and the 

extraction of the color value were carried out by the Department of Physics at 

Hanyang University.)
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Figure 2. Schematic image of strip-type sensor.
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Figure 3. (a) Schematic image of the optical vision system used to capture the 

colorimetric images. (b) Flow chart of glucose analysis for RGB detection.

The figure was obtained from the Department of Physics at Hanyang 

University.
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2.3 Characterization of sensing paper

The surface of the sensing paper was characterized using a scanning

electron microscope (SEM) (NOVA NANO SEM) and X-ray photoelectron 

spectroscopy (XPS) was used to analyze the surface atomic composition of 

the sensing paper. An immunofluorescence assay was conducted to confirm

that the GOX was firmly attached to the surface of the sensing paper.

To detect glucose in tears using sensing paper, various glucose 

concentrations (0, 0.5, 1 and 2.5 mM) were used. D-glucose (Sigma-Aldrich, 

St. Louis, MO, USA) was used for glucose concentration, and 10 μl of 

glucose solution was dropped on a circle of sensing paper having a diameter 

of 6 mm.

(Characterization of sensing paper was carried out by the Department of 

Bioengineering at Hanyang University.)

2.4 In vitro experiment of the strip-type sensor

For testing the reliability of the sensing paper to be loaded into the strip-

type sensor, normalized b values were compared before and after the loading 

of the sensing paper into the strip-type sensor. The sensing paper was cut into 

1 mm by 0.5 mm, attached to a petri dish, and applied with 0.5 μl glucose 

concentrations in the range of 0-1.2 mM. Then, 0.5 mm2 sensing paper was 

loaded in the reservoir of the strip-type sensor and 0.5 μl glucose 

concentrations with same range (0-1.2 mM) were injected into the channel.

After the sensing paper reacted with the glucose concentrations, the 

yellow color density changed. The image of the sensing paper was acquired 

through the optical vision system, and the color values of these images were 

obtained through LabVIEW algorithms. Then, the color values were 

compared according to changes in the glucose concentration.

2.5 In vivo experiment of the strip-type sensor

Male New Zealand white rabbits (3.0~3.5 kg) were used in this study to 

evaluate the correlation between tear glucose and blood glucose levels. This 
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experimental protocol was approved by the Institutional Animal Care and Use 

Committee (IACUC No. 15-0285-C1A0) at the Biomedical Research Institute 

of the Seoul National University Hospital. Rabbits were raised in a controlled 

environment where temperature was controlled at 21 ± 1 °C, humidity at 55 ± 

1%, with 12 hours of light/dark cycle. 

To establish an in vivo rabbit model with elevated blood glucose, 15 

mg/kg of ketamine hydrochloride (Ketamine: Yuhan, Seoul, Korea) and 5 

mg/kg of xylazine (Rompun: Bayer, Leverkusen, Germany) were 

administered during the first anesthesia. At minute 40 and 80 of the first 

anesthesia, 7.5 mg/kg of ketamine hydrochloride and 2.5 mg/kg of xylazine 

were administered as a booster. The strip-type sensor was placed in contact 

with the rabbit’s IPC for 20 seconds to collect the tears for the sensing paper 

to react with. After the sensing paper reacted with the collected tears, an 

optical vision system was constructed in the same environment as in vitro. 

Image acquisition and algorithms were used to obtain normalized b values.

Tear glucose and blood glucose levels were measured simultaneously at 

15, 22, 30, 45, 60, and 90 minutes after anesthesia. Blood glucose was 

measured with an ACCU-CHEK Performa Glucometer (Roche Diagnostics, 

Mannheim, Germany) from the rabbit’s ear vein. After the in vivo experiment, 

a safety test was conducted to determine if damage to the rabbit’s IPC 

occurred.

2.6 Statistical analysis

The nonparametric Kruskal-Wallis H test in SPSS Statistics 23 

(International Business Machines Corporation, Armonk, NY, USA) was used 

for the statistical analysis, and the Mann-Whitney test was performed to 

obtain the P values. A P-value of < 0.05 was determined as having statistically 

significant difference.
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3. Results

3.1 Characterization of strip-type sensor

XPS, SEM, and immunofluorescence analyses were performed to 

confirm that CNP and APTS were well-coated on the sensing paper. Figures 

4a and 5a show the XPS and SEM images of the filter paper, respectively. 

Since the filter paper was made of cellulose fiber, the O1s and C1s peaks 

appeared in the XPS results, while the fiber form appeared in the SEM. After 

treating the filter paper with 3% w/v CNP, it was confirmed that the Ce3d 

peak appeared on XPS (Figure 4b). CNPs were also observed in the SEM 

image (Figure 5b). After APTS treatment, the peaks of N1s and Si2p were 

observed through XPS (Figure 4c). It was confirmed that APTS was coated on 

CNP particles through SEM (Figure 5c).  

After APTS treatment, the paper was treated with GOX without any 

cross-linking. An immunofluorescence assay confirmed that the enzyme was 

stable. It was shown that the GOX of the sensing paper stably existed without 

any cross-linking reaction through images and quantitative data of the filter 

paper treated with CNP, APTS and GOX (Figure 6).

The strip-type sensor equipped with a sensing paper consisted of a tip, 

channel and reservoir. The tip was created to be low-irritation and has a 

diameter of 3 mm to minimize damage when the strip-type sensor was placed 

in contact with the rabbit’s IPC. For fast tear collection, a channel was 

adopted with high capillary pressure.

�� =
�

√�
���   Circular-shaped hydraulic diameter

�� = ���     Square-shaped hydraulic diameter

�� =
�

�
���    Rectangular-shaped hydraulic diameter

(Height : Width = 1:4)

The hydraulic diameter of the three different shaped channels were

compared, which gave an estimate of the capillary pressure in the non-circular 

channel [32]. Here, �� is the hydraulic diameter, and �� is the cross-
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Figure 4. The characterization of sensing paper by XPS. (a) The XPS spectra 

of filter paper made of cellulose fiber. (b) The XPS spectra of the CNP treated

filter paper. The spectra shows a Ce3d peak, indicating CNP. (c) The XPS 

spectra of CNP and APTS treated filter paper. The spectra shows a Si2p peak, 

indicating APTS. The data was obtained from the Department of 

Bioengineering at Hanyang University.
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Figure 5. The characterization of sensing paper through SEM. (a) A SEM 

image of filter paper. (b) A CNP treated filter paper. (c) A CNP and APTS 

treated filter paper. The data was obtained from the Department of

Bioengineering at Hanyang University.
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Figure 6. An immunofluorescence assay of sensing paper. (a) An 

immunofluorescence image (inverted image) of CNP and APTS treated filter 

paper (left) and the sensing paper treated with CNP, APTS and GOX (right). 

(b) A graph of each sample in image (a). Data is presented as the mean ± 

S.E.M (n = 3). ***: p<0.001. The data was obtained from the Department of 

Bioengineering at Hanyang University.
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sectional area. According to the equations above, the rectangular-shaped 

channel has the lowest hydraulic diameter at the same cross-sectional area. 

Since the lowest hydraulic diameter also means the highest capillary pressure, 

a rectangular-shaped channel was adopted to achieve high capillary pressure. 

The reservoir was designed to have a space for 0.5 mm2 of sensing paper to be 

loaded. Since the reservoir is a channel connected space, both the channel and 

reservoir were formed into a reaction chamber where the sensing paper can 

react with 0.5 μl of glucose solution.

After the glucose solution reacts in the strip-type sensor, the absorption 

spectrum of the cerium nanoparticle is red-shifted while H2O2 acts as an 

oxidant to convert ce3+ to ce4+ [33]. As a result, the color of the ceria 

nanoparticle changes from pale yellow to dark yellow, and the color of the 

sensing paper on which the ceria particles are placed also becomes dark 

yellow. Yellow is the color in the visible wavelength range of about 570 nm. 

For measuring yellow, a white LED light source was used which is within the 

visible range [34]. Since the LED light source of the optical vision system had 

the disadvantage of non-uniform intensities with Gaussian distribution [35], a 

uniform light was formed through diffused optics. For usefully detecting color, 

the objective lens was used to enlarge the image of the sensing paper to 15x 

and acquire the image through the CMOS. When the image is transferred to a 

computer, the color values for the sensing paper were obtained through a 

colorimetric analysis algorithm. Since the color values (RGB) include the 

brightness of the illumination, they have variable values depending on the 

illumination. Thus, chromaticity values (�) independent of brightness are 

obtained with the below normalization formula.

�	(�, �, �) =
�, �, �

� + � + �

3.2 Optimization of sensing paper

Since the color of CNP is a light yellow, the basic color of the paper 

varies depending on the amount of CNP treated on the filter paper. As shown

in Figure 7a, the coloring reaction of sensing papers treated with different 

concentrations of CNP (0.5, 1, 2, 5 and 10% w/v) at various glucose 

concentrations (0, 0.5, 1 and 2.5 mM) was conducted. In the linear regression 

graph in Figure 7b, the R2 value was higher than 0.99 at all CNP 

concentrations. However, in the case of the sensing paper treated with 0.5%

w/v CNP, since the amount of CNP was very small, the color change caused 
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by the concentration was insignificant. On the other hand, when 10% w/v was 

applied, the color of sensing paper was too yellow to detect a change in color. 

Table A1 shows that the CNP of 3% w/v, which had the largest slope on the 

linear regression graph, was the most suitable for detecting color development. 

Also, through reference to previously published papers, the optimal 

concentrations of APTS and GOX were determined to be 5% and 11.43 U/cm2, 

respectively [29].
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Figure 7. The color development of sensing paper with various concentrations 

of CNP in various concentrations of glucose. (a) Sensitivity of the sensing 

paper according to the concentration of CNP (0.5, 1, 3, 5 and 10% w/v) in 

various glucose concentrations (0, 0.5, 1 and 2.5 mM). (b) The linear 

regression curves for glucose with different concentrations of CNP treated 

sensing paper. Data is presented as the mean ± S.E.M (n = 5). The data was 

obtained from the Department of Bioengineering at Hanyang University and 

the Department of Physics at Hanyang University.
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3.3 In vitro experiment of the strip-type sensor

Figure A1 shows that the higher the concentration of glucose that reacts 

with the sensing paper, the more yellow it becomes. White light is a mixture 

of all colors [36]. An object absorbs light of a specific wavelength in white 

light and reflects the remaining light. The degree of light absorption in the 

samples was found through the complementary color of the reflected light

[37]. Since the complementary color (blue) of the reflected light (yellow) is 

more sensitive than green and red, the glucose concentration was analyzed 

through the b values of a normalization formula.

Figure 8 shows the normalized b value changes according to 0.5 μl of 

glucose concentration (0-1.2 mM) before and after loading sensing paper into 

the strip-type sensor. In both groups, the normalized b values were found to be 

lower as the glucose concentration was increased, and the normalized b values 

between the two groups were not significantly different. In addition, the 

normalized b value and glucose concentration had a linear relationship with 

the high determination coefficient (R2=0.9716) when the sensing paper was 

loaded into the strip-type sensor.

As a result of the correlation between the glucose concentration (y) and 

the normalized b value (b) of the sensing paper loaded into the strip-type 

sensor, the tear glucose index was found to be:

y = (b - 0.333) x 106.4
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Figure 8. The normalized b values of sensing paper (○) and sensing paper 

loaded into the strip-type sensor (■). Data is presented as the mean ± S.E.M (n 

= 5). Part of the data was obtained from the Department of Physics at 

Hanyang University.
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3.4 In vivo experiment of the strip-type sensor

Prior to the in vivo experiment, the tear collection test of the strip-type 

sensor was performed to determine the collection time of tears. The strip-type 

sensor was placed in contact with the IPC for 10, 20, and 30 seconds 

respectively. The tears were sufficiently collected in the reaction chamber 

after 20 seconds of contact.

Since anesthesia through ketamine and xylazine is known to elevate 

blood glucose levels [38, 39], I used anesthetization to establish an in vivo

model. The reason for administering the booster at 40 minutes and 80 minutes 

after the first anesthesia was to maintain anesthesia continuously in order to 

raise blood glucose levels. As a result, the blood glucose level steadily rose 

for 90 minutes, as shown in Figure 9. 

The tears were collected by placing the strip-type sensor in contact with a 

rabbit’s IPC for 20 seconds while simultaneously measuring blood glucose. 

After the sensing paper reacted with the glucose in the tears, a normalized b 

value was detected by using the optical vision system and image processing 

under the same conditions of in vitro. Figure 10a shows that the blood glucose 

level increased with time and the normalized b value decreased accordingly. 

Normalized b values were converted to tear glucose through the tear glucose 

measurement index obtained from the in vitro test results, indicating that both 

glucose and tear glucose levels were elevated, as shown in Figure 10b. Figure 

11a is a graph of the blood glucose and tear glucose concentrations at each 

time point in Figure 10b. It shows clearly that tear glucose level increased 

with increasing the blood glucose level. I also found that a high correlation 

(R2 =0.9494) between blood glucose and tear glucose levels exists. In contrast, 

Figure 11b shows that the normalized b value decreased as the blood glucose 

rose, while both had the same R2 value. After in vivo experiments, a safety test 

was performed to determine whether IPC tissue was damaged by the strip-

type sensor. As shown in Figure A2, fluorescein staining was not detected, 

indicating that the tissue was not damaged.



20

’

Figure 9. Blood glucose concentration from the rabbit model at various points

in time after the first anesthesia (Time point: 15, 22, 30, 45, 60, 90 min). Data 

is presented as the mean ± S.E.M (n = 5).
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Figure 10. (a) Normalized b values of the sensing paper (◆) and blood 

glucose concentration (○) at each point in time. (b) Tear glucose 

concentrations (◆) converted from the normalized b values and blood glucose 

concentrations (○) at each point in time. Data is presented as the mean ±

S.E.M (n = 5). Part of the data was obtained from the Department of Physics 

at Hanyang University.
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Figure 11. (a) Correlation between blood glucose and tear glucose level. (b) 

Correlation between blood glucose concentration and normalized b values. 

Data is presented as the mean ± S.E.M (n = 5). Part of the data was obtained 

from the Department of Physics at Hanyang University.
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4. Discussion

Sensing paper was developed that can detect glucose through CNP

colorization. After CNP treatment, the paper was coated with APTS so that 

CNP could stably exist on the filter paper without chemical bonding. The 

stability was confirmed by XPS and SEM.

In order not to lower the activity of the enzyme, GOX needed to be 

adsorbed on the surface of the filter paper without any deformation or 

chemical bonding. An immunofluorescence assay was performed to confirm 

that the adsorbed GOX was stably distributed. As a result, I saw that the GOX 

was stably present on the surface of the filter paper. The CNP concentration 

was optimized by measuring the sensing paper’s reaction within a wide range 

of glucose concentrations (0-2.5 mM). It was found that sensing paper 

prepared with a 3% w/v CNP concentration was stable and suitable for 

measuring tear glucose levels.

In the in vitro experiment, the normalized b value was measured in the 

tear glucose concentration range (0-1.2 mM), before and after loading the 

sensing paper in the strip-type sensor in order to see if the strip-type sensor 

affects the color values. When obtaining RGB values before and after loading 

the sensing paper in the same environments, noise filtering colorimetric

analysis algorithms were used to remove shadows and background noise. 

Since the intensity of the lighting affects RGB values, their effects are 

minimized through normalization. As a result, similar values could be 

obtained for normalized b values. This result means that glucose 

concentrations can be usefully measured with the colorimetric method.

Furthermore, the difference in the normalized b value was observed at all 

concentrations. In other words, the sensing paper can be used to detect tear 

glucose level.

For in vivo experiments, tear glucose was measured with the strip-type 

sensor, and it showed that, as in previous studies, there was a correlation 

between tear glucose and blood glucose level [38, 39]. Furthermore, 

normalized b values and blood glucose also showed a correlation, which 

means that the colorimetric method in this study can be used for blood 

glucose estimation. This suggests that the strip-type sensor used with the 

colorimetric method can be used for diagnosing diabetes. 

The safety test results showed that the strip-type sensor did not cause 

tissue damage in the IPC. Therefore, compared to previous studies that 
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collected tears with a glass capillary [24, 25], I believe that the strip-type

sensor can collect tears while also minimizing the pain of the patient. 

Furthermore, it does not require complex equipment, because the optical 

vision system simply measures tear glucose using an image of the sensing 

paper without manipulating the sensor itself. Thus, the strip-type sensor in this 

study, which minimizes irritation of the eye and has a convenient measuring 

process, is suitable as a self-diagnostic sensor.

In this work, CNP, APTS and GOX in a solution state were simply 

treated on the filter paper, and the sensing paper was prepared through drying. 

Then, I simply mounted the sensing paper in the reservoir of the strip-type 

sensor made with a 3D printer. Since the sensing paper and strip-type sensor 

can be manufactured through a simple and easy process, there is an 

economical advantage compared to other tear glucose sensors. 

However, considering the human use, the sensitivity of the current sensor 

may need to be further improved. It was reported that the mean glucose 

concentration in human tear at a fasting state was 0.16 mM, which increased 

to 0.37 mM with diabetic patients [25] and this range was much lower than 

the one obtained with the animal models employed in this work. Therefore, 

one approach could be to reduce the size of the sensing paper while the same 

amount of tear could be still collected. In this way, more tear could be 

available per unit area and hence, more glucose per cerium nanoparticle.

For further study, blood glucose analysis using a self-diagnostic mobile 

application will be also developed to enhance the convenience of using a 

strip-type sensor.
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5. Conclusion

The strip-type sensor embedded with sensing paper for measuring tear 

glucose was proposed. The characterization of the sensing paper showed that 

enzymes on the sensing paper were stable. When the sensing paper in the 

strip-type sensor reservoir absorbed the tears, a normalized b value was 

obtained through an optical vision system with colorimetric analysis. A tear 

glucose measurement index was obtained through linear correlation of 

glucose concentration and a normalized b value. Using this, a high correlation 

was found between tear glucose and blood glucose. It was also found that the 

strip-type sensor used in this research did not damage the IPC tissue. Thus, 

the strip-type sensor can be used for the self-diagnosis of diabetes by 

estimating blood glucose levels through tears and without damaging eye tissue.
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7. Appendix

Table A1. Gradient and R2 values of linear regression curves for glucose with 

different concentrations of CNP treated sensing paper. The data was obtained 

from the Department of Bioengineering at Hanyang University and the 

Department of Physics at Hanyang University.
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Figure A1. Original and filtered images for strip-type sensor with glucose 

concentration of 0 mM and 1.2 mM. The images were obtained from the 

Department of Physics at Hanyang University.
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Figure A2. Optical images of stained IPC from the rabbit model after an in 

vivo experiment. To make the images, 5 μl of 0.25% w/v fluorescein sodium 

solution was instilled in the rabbit IPC, and a fluorescence image was taken 

by attaching a filter lens to the camera. The fluorescence image was converted 

to a 32-bit gray scale, and the background average intensity was subtracted. A 

binary filter was used on the 32-bit gray scale image to show the damaged 

IPC tissue clearly.
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국문 초록

눈물 내 포도당 측정을 위한

스트립형 센서

본 연구의 스트립형 센서는 세륨 나노 입자와 포도당 산화 효소로

처리한 발색단 종이를 탑재하여 눈물내 당을 측정할 수 있도록

고안되었다. 3D 프린트로 제작 된 스트립 형 센서는 아랫 눈꺼풀

막에 접촉하여 눈의 자극을 최소화하여 눈물을 채취하였다. 포도당

산화 효소가 눈물의 글루코스와 반응하면 과산화수소 (H2O2) 가

생성된다. 이렇게 생성된 과산화수소는 세륨 나노 파티클과

반응하는데 세륨 나노 파티클 표면의 Ce3+를 Ce4+로 바꾸고, 세륨

나노 파티클의 색은 노란색으로 변하게 된다. 따라서 글쿠코스

용액의 농도가 높을수록 생성되는 과산화수소의 양이 많아지고

이에 따라 세륨 나노 파티클들의 색은 더욱 노락색을 띄게 된다. 

이런 세륨 나노 파티클들의 특성을 이용하여 발색단 종이 위에

있는 세륨 나노 파티클들의 노란색 변화를 카메라 측정 시스템과

이미지 프로세싱을 통해 감지하여 당의 농도를 측정하였다. 이미지

프로세싱으로서, 발색단 종이의 색이 변하게 되면 이를 알고리즘을

통해 RGB 색좌표 값을 구하였다. 발색단 종이가 탑재된 스트립형

센서는 in vitro 실험에 사용되어 정규화된 색좌표 b 값과

글루코스와의 선형적인 상관 관계를 보였고, 이 결과를 통해 누당

측정 지표를 마련할 수 있었다. In vivo 토끼 모델을 이용한

실험에서는 혈당과 누당의 상관 관계가 확인되었으며 이를 통해 본

연구의 스트립형 센서가 혈당을 유추할 수 있는 자가 진단 센서로

유용하게 활용될 수 있음을 알 수 있었다.

주요어: 스트립형 센서, 정규화된 색좌표 b, 발색단 종이, 누당, 혈당

학 번: 2016–21169
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