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Abstract 

Conventional analytical techniques, which have been developed for high sensitivity and 

selectivity for the detection and quantification of relevant biomarkers, may not be as suitable for 

medical diagnosis in resource scarce environments as compared to point-of-care devices (POC). 
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We have developed a new reactive sensing material which contains ionic gold entrapped within 

an agarose gel scaffold for POC quantification of ascorbic acid (AA) in tear fluid.  Pathologically 

elevated concentration of AA in human tear fluid can serve as a biomarker for full-thickness 

injuries to the ocular surface, which are a medical emergency. This reactive sensing material will 

undergo colorimetric changes, quantitatively dependent on endogenous bio-reductants that are 

applied, as the entrapped ionic gold is reduced to form plasmonic nanoparticles. The capacity for 

this reactive material to function as a plasmonically driven biosensor, called ‘OjoGel’ (ojo-eye), 

was demonstrated with the endogenous reducing agent, AA. Through applications of AA of 

varied concentrations to the OjoGel, we demonstrated a quantitative colorimetric relationship 

between red (R) hexadecimal values and concentrations of AA in said treatments. This 

colorimetric relationship is directly resultant of plasmonic gold nanoparticle formation within the 

OjoGel scaffold. Using a commercially available mobile phone-based Pixel Picker
®
 application, 

the OjoGel plasmonic sensing platform opens a new avenue for easy-to-use, rapid, and 

quantitative biosensing with low cost and accurate results.  

Keywords: plasmonic nanogel, gold nanoparticles, biosensors, ascorbic acid, tear film, 

biomarker, point-of-care (POC) 

 

1. Introduction  

Conventional laboratory based analytical methods, at hospitals and clinics, which are used to 

diagnose pathologies through biomarker detection and estimation are highly sensitive and 

selective (Deng et al., n.d.; Jans and Huo, 2012; Song et al., 2010; Wang et al., n.d.; Whitcombe 

et al., 2011) (such as ELISA (Fredriksson et al., 2002; Manenschijn et al., 2011), ECLIA 
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(Carrozza et al., 2010), electrochemical analyses (Nie et al., 2009), HPLC (Klopfenstein et al., 

2011), fluorometric assay, RIA (Kaushik et al., 2013), and PAGE (Vallejo-Illarramendi et al., 

2013)). While these laboratory based analytical techniques are excellent in terms of sensitivity 

and selectivity, they are costly, time intensive, require highly trained staffers, and can only be 

utilized in the lab-based hospital where the large stationary-equipment, isotopes, and reagents 

can be accessed in order to perform said analytical techniques. These restrictions become major 

hurdles for situations with resource scarcity. To address this issue, resources have been aimed 

toward the development of POC testing; which are tests that can be used directly on the patient 

during the examination to provide an immediate result (Kattumuri et al., 2006; Luppa et al., 

2012). These POC testing devices enable more frequent testing, allow earlier pathological 

detection, as well as potentially giving patients a heightened sense of self-control and ownership 

of their own healthcare. Of these POC testing devices, there has been much success utilizing 

solution-based plasmonic nanoparticle colloids as colorimetric sensors for biological analytes 

(Sotiriou et al., 2010). The potential of SPR biosensing has received enormous interest since its 

first application (Evanoff and Chumanov, 2005). These SPR sensing strategies typically rely on 

plasmonic sensor-bound biomolecules, which specifically bind to target analytes (Evanoff and 

Chumanov, 2005; Sotiriou et al., 2010). When the analyte selectively binds to its specific 

plasmonic sensor-bound biomolecule this enables analyte detection through a local change in 

refractive index (Evanoff and Chumanov, 2005; Sotiriou et al., 2010). Protein biomolecules 

which have a higher refractive index than aqueous solutions cause a red shift in plasmonic 

absorption spectra which can be used for label-free biosensing (Sannomiya et al., 2008; Willets 

and Van Duyne, 2007). SPR as such has been used in many actual and potential applications 

including electronic devices (Schuller et al., 2010), biosensing (Tian and Tatsuma, 2005), 
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catalysis (Tian and Tatsuma, 2005), and photochemistry (Uechi and Yamada, 2008). Moreover, 

SPR based biosensors have been proven to show excellent applications in the field of 

biotechnology, biochemistry, bioengineering, biomolecular interaction, chemical detection, 

medical diagnostics and immunoassays as diagnostic probes for infectious diseases, ion sensing, 

protein-DNA interactions, binding events and biological surface modifications (Campbell and 

Kim, 2007; Eum et al., 2003; Jeong et al., 2008; Lee et al., 2015; Patskovsky et al., 2008; 

Shankaran et al., 2007; Vo-Dinh and Cullum, 2000; Yeom et al., 2013). Most of the plasmonic 

based biosensors use gold (Au) as plasmonic material as the element supports plasmon resonance 

in the middle of visible region, exhibit excellent resistance to oxidation, non-toxic and readily 

fabricated into nanostructures (Qiu et al., 2018; Takemura et al., 2017; Schwartz-Duval, 2016). 

Herein, we have developed a new reactive sensing material, called ‘OjoGel’, composed of ionic 

gold interspersed through agarose gel scaffolding. Our hypothesis is that upon interaction with 

reductive molecules the OjoGel will undergo colorimetric changes through plasmonic 

nanoparticle formation in a quantifiable manner dependent on the concentration of the reductant 

molecules. To test the application of the OjoGel, we utilized ascorbic acid (AA) as a potential 

endogenous reductant due to its reductive capacity (E
0
 = +0.06 V, 25 C) (Matsui et al., 2015). 

The concentration of AA within the external ocular tear film (TF) (23 ± 9.6 µmol/L) is 

magnitudes lower than AA concentration within internal aqueous humor (AH) (1049 ± 433 

µmol/L), and as such, pathologically elevated levels of AA within the TF that result from a direct 

leak of AH into the tear fluid can serve as a surrogate biomarker of anterior scleral or corneal 

wound integrity (Ajit and Pandya, 2014; Choy et al., n.d.; Leite et al., 2009; Taylor et al., 1995). 

The AH is a clear, water-like, low-protein containing fluid that is secreted from the ciliary 

epithelium. AH is continuously produced within the anterior chamber of the globe (Grüb and 
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Mielke, 2004; Millar et al., 2018), therefore, if the integrity of the anterior globe is disturbed, the 

concentration of AA in the TF will rise due to direct contamination of the tear fluid with AH. 

These variations of endogenous reductant concentrations between intact TF and AH (as AA) 

demonstrate one of many potential utilities for our OjoGel biosensor. We have characterized a 

quantifiable colorimetric relationship between OjoGel treatments of AA (in solutions of varied 

complexity) and resulting Red-Green-Blue (RGB) values acquired from mobile phone images 

(with Pixel Picker® application). In demonstrating the capacity of the OjoGel to determine AA 

concentration in de-ionized water (DI-H2O), contrived tear film (CTF), and clinical samples of 

AH, we have confirmed that the OjoGel can be utilized to detect ocular integrity through 

measuring the variations in AA concentration of patient TF samples. This increased level of AA 

could be tested using OjoGel tubes and concentrations determined using simple Pixel Picker® 

mobile phone application. 

2. Experimental 

2.1.Synthesis of OjoGel  

The gold (III) chloride-agarose gel (2% OjoGel) was developed by dissolving 23.1 mg of gold 

(III) chloride hydrate 99.99% salt in 2.271 ml of DI-H2O to obtain a final concentration of 30 

mM. Then 1ml of 30 mM gold (III) chloride solution was mixed with 160 mg of agarose powder 

in 4 ml of DI-H2O in a 20 ml disposable scintillation vial. The total solution of 5ml was then 

heated in a microwave for 90 seconds. The hot solution was immediately transferred into 

centrifuged tubes and a capillary tube was placed to create a small channel in the middle of the 
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gel. The solution was allowed to solidify at room temperature (RT) for around 30 minutes and 

was later stored at 4 C until further use (Fig. 2A).  

2.2. Ascorbic Acid Detection Using Commercial ELISA Kit  

The ELISA experiments were performed using a 96-well plate. Six known concentrations (0, 2, 

4, 6, 8, 10 nmol) of AA and five human AH samples (1−5) with unknown AA concentration 

were pipetted into the microliter plate wells with a volume of 120 µl (AA/AH Sample Plus AA 

Assay Buffer) of each sample. 30 µl of catalyst was then added to each standard and sample 

well. After 15 min incubation at RT (18-25 °C), 50 µl of the reaction mix was added to each well 

containing the AA Standard and test samples. A color (pink) is developed within 3 min and 

stable for an hour. After 30 min, each well was then measured for 2s in a Spectrophotometer 

with Gen 5.0 software at 490 nm OD. Measurements were tested in duplicate sets, and the 

average value was then utilized to determine the final AA concentration.  

2.3. Quantification of Gold (III) Chloride Reduction and Correlation to Ascorbic Acid 

Concentration  

In order to find out the reducing activity of AA on gold (III) chloride solution to form gold 

nanoparticles we conducted a series of trials in which we took pictures with a normal cellphone. 

At first, we made standard AA solution with concentrations of 2,000μM, 1,000μM, 500μM, 

250μM, 125μM, and 50μM. The standards are then delivered to the channel created in the gel 

with help of another capillary glass tube to get some color change which is indicative of reducing 

activity of AA on gold (III) chloride solution. The gels showed different color changes when 

reacted with samples of different concentrations. To establish a scale, we put the reacted PCR 
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tubes together in a PCR stand. A number of pictures (50) were taken for each concentration from 

one side with the varying distance of a flash light. An app (Pixel Picker® available on Apple 

App Store™) was used to figure out the RGB value in the color changed areas. We did the same 

statistics for 50 pictures and found the average of the RGB values for each color changed area. 

Then we restore a color sequence based on the calculated RGB average and correlate it with the 

standard concentration of AA. Based on this optimized information, a color code ring was 

developed with assigned shade of color representing a nominal gold reduction and related AA 

concentration. OjoGel tubes were placed in these color rings before capturing snaps of changed 

color in OjoGel tubes. Color changes were co-related with used AA concentration.  

2.4. Extraction of nanoparticles from OjoGel via sodium hypochlorite based dissolving method 

Identified portions of reacted OjoGel were first removed via stainless steel spatula and placed 

into 1.5 mL microcentrifuge tubes. To the microcentrifuge tubes containing reacted OjoGel 1 mL 

of 15% w/v sodium hypochlorite solution admixed, sealed, and incubated for 45 min at 65 °C to 

dissolve the gel. The dissolved gel (65 °C) was then diluted 1:100 fold in room temperature DI-

H2O before Raman spectroscopy or TEM measurements. 

3. Results and Discussion 

3.1. Feasibility of Plasmonic Gold Nanoparticle Formation by Free Ascorbic Acid and 

Ascorbic Acid in Aqueous Humor 

Aqueous humor contains a wide variety of surfactants as well as containing high concentrations 

of AA, which can reduce gold (III) as an endogenous reductant to produce gold nanoparticles 

[50]. In order to determine the feasibility of designing a plasmonic sensor-based detection of 
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diffuse AA content in controlled solutions (containing only AA and water) with and more 

complex clinical samples required an initial screening. To determine this feasibility, we admixed 

ionic gold (Au
3+

) with either clinically acquired AH or AA at a concentration of 1 mM dissolved 

in DI-H2O. From these two mixed solutions, we observed colorimetric reactions occur; as the 

solution containing AH went from yellow to red with UV-Vis absorbance peak at ~540 nm 

(characteristic of gold nanoparticles), and from yellow to clear (with visible brown aggregates) 

with an absorbance spectra identical with pure water from the solution with isolated AA (Fig. 

1D). Through dynamic light scattering, we found that the mixture with isolated AA resulted in 

entities of sizes much larger (>500 nm) than those produced with AH (~40 nm) (Fig. 1A). 

However, by utilizing transmission electron microscopy (TEM) we found that these larger 

entities were aggregations of nanoparticles ~40 nm in diameter (Fig. 1B). From this information, 

we can conclude that AA alone is sufficient to reduce the ionic gold but not to stabilize the 

nanoparticles enough to keep them segregated. AH, containing both reductant and stabilizing 

molecules resulted in colloidally stable nanoparticles (~30 nm anhydrous diameter through 

TEM) without aggregation (Fig. 1C).  These results, indicating that gold nanoparticle reduction 

occurs via AA in pure solution and as component of AH were further corroborated via surface 

enhanced Raman spectroscopy. To collect enhanced Raman spectra, mixed solutions of ionic 

gold with AA in pure solution and as component of AH were pipetted up and down to mix before 

being pipetted onto glass slides. Solutions on these slides were dried for >24 hr before Raman 

measurements were collected using a 635 nm laser.  For the mixture containing only AA and 

ionic gold we see enhancement of AA signature without interference from other components 

(Fig. 1E) (De Gelder et al., 2007). This enhancement found in the samples containing only AA 

and ionic gold is due to the nano-scaled features of the nanoparticle aggregates acting as “nano-
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antennae” (Schwartz-Duval et al., 2016; Yuan et al., 2012). If we compare this spectra with the 

mixture containing AH, we are able to observe much greater signal noise, as well as increase in 

overall Raman signal. This increase in intensity of Raman signal is causal of there existing a 

larger population of nanoparticles whose plasmonic absorbance matches the Raman laser 

wavelength. The Raman signal noise is due to the increased complexity of the mixture resulting 

from multiple molecules (not just AA) receiving plasmonically enabled Raman signal 

enhancement. Additionally, AA saturation concentration of gold chloride reduction was achieved 

by performing a UV-Vis experiment where different titrated amounts of AA (2µM, 20µM, 

100µM, 200µM, 500µM, 1000µM and 2000µM) were used to reduce 3 mM of gold chloride 

solution. We observed that the intensity of plasmonic peak at 540 nm increased with increase in 

concentration of AA (Fig. S1). The peak intensity was found to be saturated at 1000µM. This 

indicates that 1000µM of AA is enough to reduce 3mM gold (III) chloride solution. This led to 

use of 30mM gold chloride solution in preparation of OjoGel for providing a wider range of AA 

in standard and patient samples. These findings, support the notion that bodily fluids containing 

endogenous reductants (such as AA) that can reduce ionic gold, forming plasmonic gold 

nanoparticles, could potentially be measured in quantifiable manner through optical colorimetric 

means. 

3.2. Synthesis of OjoGel and Detection of Ascorbic Acid via Optical Differentiation 

It was established that gold chloride could be reduced with ophthalmic fluids known to contain 

high AA concentration and AA alone, however, AA was not effective in producing colloidally 

stable gold nanoparticles without stabilizing agents. To address the issue of nanoparticle 

aggregation in technical grade standards  (solutions free of non-analyte biomolecules which are 
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necessary for calibrations) we embedded ionic gold within an agarose gel scaffold, termed 

‘OjoGel,’ as a plasmonic sensing platform where AA (or any other endogenous biological 

reductant) could be optically quantified (Fig. 2A). 

 

Fig. 1. (A) Hydrodynamic diameter of gold nanoparticles reduced with aqueous humor (blue) 

and ascorbic acid (red) 250 µM. (B) TEM of gold nanoparticles reduced with ascorbic acid (50 

nm scale bar) 250 µM. (C) TEM of gold nanoparticles reduced with aqueous humor (50 nm scale 

bar). (D) UV-Vis spectra of gold nanoparticles reduced with aqueous humor (blue) and ascorbic 

acid (red) 250 µM. (E) Raman spectra of gold nanoparticles reduced with aqueous humor (blue) 

and ascorbic acid (red) 250 µM. 
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Fig. 2. (A) A schematic describing the correlation of color codes with AA concentration from 

OjoGels reduced with different tear film samples. Characterization of prepared OjoGel (B) 



12 

 

before and (C) after reduction with AA concentrations. TEM images from reduced OjoGel 

obtained from (D) AA (1 mM; Spot 2). Inset represents calculated Feret diameter of the jelly fish 

structure and (E) AH incubation (AH1; Spot 4). Inset represents TEM image of one unit of 

reduced gold as a jelly fish morphology. (F) Raman scattering pattern of reduced OjoGel with 

high signature intensity by AH.   

To prepare the OjoGel, 1 ml of 30 mM gold (III) chloride solution was admixed with 4 ml of 4% 

(w/v) agarose in DI-H2O. The mixtures were microwaved for 90 seconds (high power setting, 

using a conventional Sunbeam microwave), until solution was homogenous with care to ensure 

that the ionic gold not be microwaved for too long (causing auto-reduction). As the mixture 

became homogenous, it was poured and cast in 0.6 mL centrifuge tubes for convenience 

(however the OjoGel can be cast into any number of shapes/ forms). Once cooled and solidified, 

the cast OjoGels were stored at 4C prior to experimental measurement (Fig. 2A). To activate the 

OjoGel as a sensor for biologically endogenous reductants (AA), treatments were applied 

through channels made with glass capillary tubes. Upon treatment of OjoGel with AA or AH 

containing AA, the color of the gel would change to a mahogany/orange-brown due to an 

increased localized nanoparticle formation at the treatment site (Fig. 2A) and could be correlated 

with color codes (Fig. 2A). OjoGel sample (Fig. 2B) was incubated (5-30 minutes) with different 

AA and AH samples generating gold nanoparticles and related plasmonic color (Fig. 2C). Here 

spot 1-8 represent various volume and concentrations of AA in standard solution as spot 1 for 0 

mM (5 µL), spot 2 for 1 mM (5 µL),  spot 3 for 10 mM (5 µL) and spot 4 for 100 mM (20 µL) 

while AA in different AH samples (20 µL) as spot 5 for AH1, Spot 6 for AH2, Spot 7 for AH3 

and Spot 8 for AH4. This plasmonic nanoparticle formation resultant of treatment was confirmed 
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through TEM images of nanoparticles extracted from OjoGel spots from AA (1 mM; Spot 2) 

(Fig. 2D)  and AH incubation (AH1; Spot 5) (Fig. 2E) dissolved with sodium hypochlorite 

solution. To determine the colorimetric relationship, 50 pictures were captured of each titrated 

AA treatment (2000, 1000, 500, 250, 100 and 50 µM) using a camera phone (Apple iPhone 7 (12 

MP, f/1.8, 28mm, 1/3", phase detection autofocus, OIS, quad-LED dual-tone flash), and the 

average RGB values were numerically determined using the Pixel Picker® application (available 

from the Apple App Store™).  
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Fig. 3. Hexadecimal R values from photographed OjoGels as a function of AA concentration (50 

– 2000 µM) in DI-H2O (A) (n=50 images) and (50 – 2000 µM) CTF (C) (n=50 images). 

Hexadecimal R values from photographed OjoGels as a function of AA concentration in DI-H2O 

(B) (n=50 images) and CTF (D) (n=50 images). 

After finding a logarithmic colorimetric relationship between AA (dissolved in DI-H2O) and 

RGB values determined with Pixel Picker®, we then aimed to find if this relationship would be 

maintained in more complex solutions (similar to clinical samples). To discover if this 

colorimetric relationship would be maintained in more complex mixtures, CTF was used in place 

of DI-H2O for titrated treatments of identical AA concentrations. The contents of CTF, being 

similar in content to biological tear film, provided an outlet for realistic testing conditions for our 

OjoGel without the volume limitations and variability found in clinical samples.  From these 

treatments with titrated amounts of AA, we found a logarithmic relationship between the R 

hexadecimal values of the OjoGel and the AA concentration in DI-H2O (Fig. 3A,B) CTF 

samples (Fig. 3C, D) . 

3.3.Detection of Ascorbic Acid in Aqueous Humor and Validation Against ELISA 
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Fig. 4. (A) Concentration of AA in standard samples and correlation with absorption intensity at 

490 nm. (B) Concentration of AA in clinical AH samples as calculated from Hexadecimal R 

values from photographed OjoGels as a function of AA concentration in water (n=25 images). 

AA concentrations of 4.079, 2.247, 5.119, 2.792, and 14.623 nM are obtained in the AH samples 

# 1, 2, 3, 4 and 5 respectively (C) R Hexadecimal values from photographed OjoGels as a 

function of AA concentration in water (n=50 images). 

To validate OjoGel as a sensor for the detection of AA in clinically relevant settings, AH 

samples were clinically obtained and then tested for AA using both OjoGel and ELISA (Fig. 4A-

C). AA concentration of five clinical AH samples were measured in duplicate via ELISA. The 

calibration of the ELISA against AA was performed in duplicate by dissolving known 

concentrations of AA in DI-H2O. The AA levels in AH samples collected from subjects # 1, 2, 3, 

4 and 5 are 4.079, 2.247, 5.119, 2.792, and 14.623 nM, respectively. AH samples remaining after 

ELISA measurement were used to treat OjoGel sensors and for each of these treatments 50 

images with corresponding RGB values were collected. The red (R) hexadecimal value for the 

OjoGel treated with clinical samples had an apparent logarithmic relation to concentration of AA 

(as determined by ELISA). A comparison of two methods OjoGel and ELISA was done to 

demonstrate the accuracy (% error) based on the AA level determined in the AH samples. When 

we used the red (R) hexadecimal values of the OjoGel treated with clinical samples to back 

calculate the AA concentration using the relationships calibrated in DI-H2O and CTF, we found 

a logarithmic relationship within our testing range, however, at concentrations higher than those 

obtained via ELISA. The two methods co-related with regression value (R
2
 = 0.8995) and 

showed strong validity of the proposed OjoGel for the detection of AA concentration (Fig. 4C). 



16 

 

3.4.Color Code Rings and Simultaneous Calculation of AA Concentration in Aqueous humor 

(AH) samples 

 

Fig. 5. (A) OjoGel tube sample (i) without and (ii) with incubated AA (B) Color code ring with 

printed AA concentrations, (C) glass tubes for transferring AA samples on OjoGel tubes and (D-

I) AA concentrations calculated (numbers on color ring) from different AH samples calculated 

using Pixel Picker®app.  

Prepared color rings with known AA concentration color (Fig. 5B) were decorated around the 

neck of OjoGel sample tubes (Fig. 5A) before capillary tubes (Fig. 5C) mediated transfer of AA 

samples (Fig. 5E-I) on top of OjoGel tubes. Within two min of incubation a color change was 

noticed on the top of the OjoGel surface. Pixel Picker® app was used to catch the color and 

correlated with color codes on rings present around the neck of OjoGel tubes. A range of 50 to 

2000 µM of AA was reported in different clinical AH samples.    

(A) (B) (C)

(i) (ii)

(D) (E) (F)

(G) (H) (I)
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3.5.Specificity and Sensitivity of OjoGel 

In our experiments, two other major components of AH, L-lactic and sialic acid, were chosen to 

investigate the specificity of the OjoGel. In a typical experiment, 2000 µM AA, L-lactic and 

sialic acid spiked in CTF were added to the OjoGel material. It was observed that with the 

treatment of OjoGel with AA the color of the gel would change to a mahogany/orange-brown 

due to an increased localized nanoparticle formation at the treatment site but remained the same 

when treated with CTF spiked with L-lactic acid and sialic acid (Fig. 6A). Composition of the 

CTF includes Potassium Chloride (KCl), Sodium Chloride (NaCl), Sodium Bicarbonate, Urea, 

Ammonia Chloride, Ƴ-globulins, Vitamin C, Citric Acid, Albumins (Human), Lysozymes, 

Pyruvic Acid, Lactic Acid, Hydrochloric Acid, Free Fatty Acids; Wax Esters; Cholesterol Esters; 

Diesters; Mucin; Free Sterols; Triglycerides; Glycerophospholipids; Sphingophospholipids; 

Fatty Acids and Hydrocarbons and was found to generate no significant difference in color of 

OjoGel due to these components. To determine this colorimetric relationship again 25 pictures 

were captured of each titrated acid treatment using a camera phone, and the average RGB values 

were numerically determined using the Pixel Picker® application (available from the Apple App 

Store™). The specificity of Ojogel was found to be statistically significant over other acids and 

the high specificity of the OjoGel is mainly due to the high reducing activity of AA. These 

results manifest that AA can be detected in tear film with high selectivity. To discuss the 

sensitivity of the OjoGel, we must first consider that since resulting colorimetric changes are 

logarithmically responsive to the concentration of endogenous reductant (AA) in both pure and 

complex solutions (Fig. 4 & Fig. 5), that the sensitivity (RHex/[AA] (µM
-1

)) of these 

measurements will be directly dependent on the treatment concentration (Fig. 6B). This 

colorimetric relationship, is beneficial in that it is similarly logarithmically responsive like the 
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human eye in perceiving light (Green, 1968; Jameson and Hurvich, 1964), in that it provides 

higher sensitivity between lower treatment concentrations, and that it is more able to detect lower 

concentrations of reductant in more complex solutions.  To calculate the sensitivity (µM
-1

) for 

each theoretical treatment concentrations, we took a first order derivative of the dose-response 

curves calibrated in DI-H2O and CTF (Fig. 3). As the relationship between sensitivity 

(RHex/[AA] (µM
-1

)) and AA concentration is inverse, we only need to calculate the detection 

limit to calculate the maximum sensitivity provided by our sensing material. To calculate the 

lowest theoretical detectable AA concentration, we would input the value of 255 = R into the 

logarithmic lines of best fit as calibrated in DI-H2O and CTF. After calculating the theoretical 

detection limit (Table S1), we could also use this to calculate the maximum sensitivity (as 

described earlier). To determine the effective range of usable concentrations for our sensor, we 

needed to determine at what point we would consider the signal to be saturated (when the 

sensitivity is too low to differentiate between measurements). We arbitrarily set the saturation 

sensitivity as 0.2 µM
-1

, as the Pixel Picker® phone application cannot distinguish hexadecimal 

values with separation less than one. Having chosen this saturation sensitivity, we could then 

back-calculate the concentration of AA resulting in those sensitivities for both AA in tear film 

and water, and then use this to calculate the saturation R value (Table S1). Furthermore, the 

repeatability of OjoGel was investigated by performing inter-assay variation experiment and 

determining the relative standard deviation (R.S.D) or coefficient of variation between different 

batches of OjoGel. In this regard, 9 OjoGel sensors with a same configuration were made in total 

three batches (27 OjoGel sensors) and treated with CTF spiked with different concentrations of 

AA (2000 µM, 500 µM and 50 µM) to account for variability. The inter-assay R.S.D. for n=3; 

samples = ((2.949+8.506+5.939)/3) = 5.798 < 10 reflects good reproducibility of results (Table 
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S2). The repeatability of the OjoGel was investigated by performing an intra- and inter-day 

precision and accuracy analysis. The intra-day precision of the assay was estimated by 

calculating the relative standard (R.S.D) for the analysis of five replicates treated with CTF 

spiked with different concentrations of AA (2000 µM, 500 µM and 50 µM) and the inter-day 

precision was determined by analyzing three replicates treated with CTF spiked with different 

concentrations of AA (2000 µM, 500 µM and 50 µM) over three consecutive days. The accuracy 

was calculated based on the given formula ((mean determined concentration/nominal 

concentration)x100). Accuracy and precision data for intra- and inter-day analysis are presented 

in Table S3 and S4. The assay values on both the occasions (intra- and inter-day) were found to 

be within the accepted variable limits. The intra- and inter-day %accuracy values were in the 

range of 97.359 – 105.634 and 93.195 – 107.647 while the % precision values ranged from 3.488 

– 7.288 and 5.039 – 8.674 respectively.   

Fig. 6. (A) Specificity of OjoGel. Actual hexadecimal value of OjoGel and after treatment with 

L-lactic acid, Sialic acid, and Ascorbic acid.  These testing confirms that ascorbic acid can be 

detected in tear film with high selectivity. Statistical analysis was performed using ONE WAY 

ANOVA comparing OjoGel background results with rest of the samples. (B) Sensitivity of AA 

detection in DI-H2O and CTF samples. 
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4. Conclusion 

It is of great clinical significance to be able to detect the presence of a penetrating ocular injury. 

Unfortunately, an easy method of identifying ocular penetrating injuries is not available today. It 

can be difficult to identify an injury that has fully penetrated the globe even in a hospital setting. 

A biosensor that provides a rapid test to determine if the eye is intact to allow for appropriate 

triage, evacuation, and subsequent vision saving treatment can be potentially transformative. In 

this work we have developed a new reactive plasmonic based biosensing material composed of 

ionic gold interspersed through agarose gel scaffolding. Upon interaction with endogenous 

reductive molecules such as AA in eye fluid, the OjoGel undergoes colorimetric changes in a 

quantifiable manner dependent on the concentration of the reductant molecules. We have 

demonstrated this quantifiable colorimetric relationship with AA in solutions of varied 

complexity, including clinical samples. In demonstrating the capacity of the OjoGel to determine 

AA concentration in water, contrived tear film, and aqueous humor collected from clinical 

samples, we have confirmed that the OjoGel can be utilized to provide rapid quantitative 

detection of biologically relevant markers, like AA. With further improvement in its basic eye 

fluid collection device, this platform can be easily developed as a commercial product with better 

user supplier interface for patient care.  Use of this approach may mitigate vision loss by 

improving the accuracy of diagnosis, and allow more efficient use of medical resources saving 

healthcare cost. 
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Highlights 

 A new plasmonic sensing platform for easy-to-use, rapid, and quantitative 

sensing of biologically relevant biomarkers in human tears. 

 The sensing platform, is based on a new reactive plasmonic based bio-sensing 

material (OjoGel) composed of ionic gold interspersed through agarose gel 

scaffolding.  
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 Endogenous reductive molecules such as ascorbic acid, reduces the bio-sensing 

material to undergo colorimetric changes which is detected by a mobile phone-

based Pixel Picker® application.  

 Excellent selectivity towards ascorbic acid was observed within concentration of 

50-2000 µM in contrived tear film and validated by ELISA results.  

 The ascorbic acid levels in human aqueous humor samples were successfully 

measured by the sensor and was found to be within 4-14 nM. 

 




