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We are developing a photonic crystal contact lens sensor for the noninvasive deter-
mination of glucose in tear fluid. Success requires a photonic crystal sensor with
the sensitivity to glucose required to differentiate normal levels from hyperglycemic
and hypoglycemic levels. In addition, the tear glucose levels need to track those of
blood. In this chapter we review our progress in developing a photonic crystal glu-
cose sensor for incorporation into a contact lens. We also review all previous tear
fluid glucose studies, which, while suggesting that tear glucose concentrations tracks
that of blood, significantly disagree as to the tear glucose concentrations in both nor-
mal and diabetic subjects. These studies also disagree as to the relationship between
blood and tear fluid glucose concentrations. We also present new measurements of
tear glucose concentrations by using a method designed to avoid tear stimulation.
We conclude that the various previous tear collection methods biased the measured
tear glucose concentrations. We also review recent studies which attempt to monitor
tear glucose concentrations in situ by using contact lens-based sensing devices. On
the basis of these results, we are optimistic about the future of in vivo tear glucose
sensing.
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tear fluid glucose, tear collection, tear production, tear stimulation, conjunctiva, glu-
cose transport, in sifu tear analysis, contact [ens sensors.

13.1 Importance of Glucose Monitoring in Diabetes Management

20.8 million people in the United States and 180 million people in the world are
estimated to have diabetes mellitus [1]. The prevalence of this disease is expected to
double by 2030 [2]. The cost for treating diabetes related illnesses is estimated to be
10% of all healthcare expenditures in the United States [3].

The Diabetes Control and Complications Trial clearly demonstrated that tight
glycemic control is critical to preventing complications such as retinopathy, nephropa-
thy, and neuropathy [4]. Current standards of care require self-monitoring of glucose
several times daily, with an increase in frequency for patients receiving insulin [5].
Self-monitoring of blood glucose utilizes finger-stick blood sampling.

FIGURE 13.1:  Photonic crystal glucose sensing material for determining tear fluid
glucose concentrations. The sensing material is embedded within a contact lens or
ocular insert. The color diffracted changes with the tear fluid glucose concentration.
A mirrored compact-like device illuminates the sensor with white light. The sensor
color is determined by viewing the reflected (diffracted) light and compared to a
color wheel calibrated in blood glucose concentration.

While many noninvasive approaches to blood glucose monitoring have been in-
vestigated, none have, as yet, replaced fingerstick direct measurements of glucose in
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blood [6]. Recently developed 3-day implantable, continuous glucose sensors show
some promise for improving glycemic control [7, 8]. However, the existing approved
devices must be calibrated at least twice daily with a direct blood measurement,
and must be replaced after 3-7 days. Noninvasive glucose monitoring approaches
currently being investigated include TR [9, 10] and Raman spectroscopy [11, 12],
birefringence measurements [13], photoacoustic phenomena [14], optical coherence
tomography [15], fluorescence [ 16, 17], surface-plasmon resonance in nanoparticles
[18], and electrical impedance measurements [19]. The GlucoWatch (Cygnus, Red-
wood City, CA) which is a quasi-noninvasive clectrochemical measurement device
which extracts interstitial fluid through the skin has been approved by the FDA for
supplementary blood glucose monitoring. However, it requires frequent calibration
against fingerstick blood glucose measurements.

We have been working towards developing a photonic crystal contact lens for the
noninvasive monitoring of glucose in tear fluid [20-22.24] (Fig. 13.1). Tear glu-
cose in diabetic patients has been studied for over 80 years [23] and recently at least
three independent groups have developed glucose sensors that can be incorporated
into contact lenses [24-27]. Obviously, for this approach to be successful it is es-
sential that the blood and tear glucose concentrations correlate. Unfortunately, there
is presently significant disagreement as to the actual concentrations of tear glucose
in normal and diabetic subjects, as well as to how, or whether, tear glucose con-
centrations correlate with blood glucose concentrations. There is surprisingly little
known about the origin of glucose in tear fluid, as discussed below. In this chapter
we will present an abbreviated overview of the present understanding of the correla-
tion of tear and blood glucose concentrations and then discuss our photonic crystal
tear fluid glucose sensor approach. We also review the other competing approaches
for noninvasive tear glucose contact lens sensing. We refer the interested reader to
our more extensive review published elsewhere [28].

13.2 Eye Tear Film

The tear film on the surface of the eye is composed of several layers. Most su-
perficially there is a lipid layer that is less than 100 nm thick which serves several
functions including preventing evaporation of the underlying aqueous layer and pro-
viding a smooth optical surface over the cornea [29]. This layer is composed of sterol
esters, wax esters, and many other minor lipid components [30]. These are secreted
from the Meibomian glands located on the margins of the eyelids, just posterior to
the eyelashes. Dysfunction of these glands can lead to increased evaporation of tears
from the eye, causing an increased tear osmolarity and clinical dry eye [31]. The lipid
layer is compromised when contact lenses are worn; this layer may be completely
absent over rigid contact lenses [30].

Just below the lipid layer is a predominantly aqueous layer. Measurements of
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the thickness of this layer over the cornea varies from 2.7 pm to 46 fim, with the
most recently reported value of 3.3 um [32]. In the presence of contact lenses, the
aqueous tear film can be measured both in front of the contact lens (pre lens), and
between the lens and the cornea (post lens). Both the pre lens and post lens tear films
are approximately 3 pm thick [32]. In both the presence and absence of contact
lenses, the tear film is considerably thicker near the margins of the eyelids, where a
meniscus forms. The total volume of the aqueous tear film is about 7 uL [33], and
its production and elimination are discussed below.

Below the aqueous layer of the tear film is a mucin layer, consisting of glycopro-
teins which lubricate the eye surfaces. At least 20 different mucins are present. They
provide a hydrophilic surface, over which the aqueous fraction rapidly flows [34, 35].
This layer is approximately 30 pm thick [29] and its components are produced by
both the cornea and conjunctiva [36]. The mucin layer moves freely over the glyco-
calyx, which is comprised of membrane-associated mucins bound to the cornea and
conjunctiva.

The rate of tear production can vary 100-fold between basal tear production and
active tearing [37]. The average rate of tear fluid production ranges between 0.5 and
2.2 pL/min (with an average of 1.2 L/min) at baseline [33].

While estimates of the rate of baseline tear fluid production have not varied signif-
icantly since the 1966 report of Mishima et al. [33], the relative contributions of dif-
ferent sources to the aqueous tear fraction continue to be debated. Aqueous tear fluid
was thought to be almost entirely produced by the main lacrimal gland with minor
contributions from the accessory lacrimal glands and goblet cells in the conjuctiva
[38]. Recent studies, however, have shown that the rate of tear fluid flow across the
conjunctiva can be as high as 1-2 pL/min and may account for a large proportion
of basal tear production [39]. While estimates of the contribution of conjunctival
secretion to basal tear fluid production vary widely, recent models of tear produc-
tion suggest that 25% of tear fluid is produced by the conjunctiva in the absence of
reflex tearing [40]. While the aqueous fraction in stimulated tears derives primarily
from the lacrimal glands, unstimulated tears may have significant contributions from
conjunctival sources.

13.3 Glucose in Tear Fluid
13.3.1 Tear fluid glucose transport

The source of glucose in tears remains unclear. The studies that used mechanically
irritating methods to obtain tear fluid find the highest glucose concentrations and find
correlations between blood and tear glucose concentrations [38, 41-43]. Mechani-
cal irritation abrades the conjunctiva and probably causes leakage of glucose from
epithelial cells or the interstitial space directly into the tear fluid [38, 44,

Studies that attempt to avoid abrasion of the cornea and stimulation of tearing
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measure the lowest glucose concentrations [44-46]. Many studies of chemically
stimulated tears also find decreased concentrations of glucose, suggesting that very
little, if any, glucose comes from the lacrimal glands [42, 44, 47].

There is only limited evidence for glucose transporters in the tear glands, the con-
junctiva, and the cornea. The constitutive glucose transporter, GLUT-1, is present in
the apical corneal epithelium [48], but absent in the lacrimal glands and conjunctiva
[49]. Expression of GLUT-1 in the corneal epithelium is increased after corneal abra-
sion, and appears to have a role in corneal wound healing [50]. A sodium/glucose
cotransporter, SGLT-1, is present on the apical side of the bulbar and palpebral con-
junctiva [51, 52]. This transporter operates in both directions, allowing both secre-
tion and absorption of glucose, depending on sodium and glucose concentrations
[53]. While this transporter removes glucose from the tear fluid under physiological
conditions [54], it can add glucose to the tear fluid during the hypoosmotic stress that
occurs when rinsing the eye with water or swimming [40, 53-55].

Recent models of electrolyte and metabolite transport in the tear fluid suggest that
a paracellular transport mechanism is required to fully explain observed electrolyte
concentrations [40]. Studies of polyethylene glycol oligomer permeability in the
cornea and conjunctiva of rabbits suggest that there are paracellular pores with di-
ameters of ~4 nm and ~2 nm in the conjuctiva and cornea respectively [56]. While
glucose should be able to pass through these pores and into the tear fluid, its tran-
sit has not been directly measured. While the distribution and regulation of glucose
transporters affecting the tear glucose concentration are not yet fully characterized,
glucose transport across the conjunctiva appears to be the major determinant of tear
glucose concentrations in the absence of reflex tearing.

13.3.2 Tear glucose in diabetic subjects

If tear glucose analysis is to be used to monitor diabetes, we must consider the
effects of diabetes on aqueous tear production and glucose transport in tear fluid.
While the relative importance of different molecular mechanisms in diabetes patho-
genesis is debated, the increased intravascular concentration of glucose that results
from diabetes ultimately leads to microvascular and nerve damage [57, 58]. Dam-
age to either the vasculature supplying blood to the eye or the nerves of the lacrimal
reflex arc might be expected to alter tear production.

Dry eye is more common in diabetic patients, and correlates with poor glycemic
control [59]. Basal tear secretion rates are indistinguishable between normal and di-
abetic subjects [60, 61]. Reflex tearing, as measured by a Schirmer test, is decreased
significantly in diabetic subjects [60, 61], probably due to a decreased sensitivity of
the conjunctiva resulting from neuropathy [62]. During episodes of hyperglycemia,
increased osmolarity in the extracellular fluid may also impede aqueous tear flux
across the conjunctiva or into the lacrimal gland [59].

Increased tear glucose concentrations in diabetic subjects have been repeatedly
demonstrated [23, 41-43, 45, 63-66] However, many of these studies used filter pa-
per to collect the tear sample, and the observed high glucose levels may be due to in-
tercellular fluid leaking through the abraded conjunctiva [44]. A recent study of tear
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glucose concentration in 50 non-diabetic subjects and 33 diabetic subjects specifi-
cally tried to avoid chemical or mechanical stimulation by collecting tear samples
with a glass microcapillary [45]. This study observed overlapping ranges of tear
glucose concentration in fasting normal and diabetic subjects, but found a statisti-
cally significant increase in average tear fluid concentrations in the diabetic subjects
(89 uM for normal and 150 uM for diabetic subjects). While tear glucose concen-
trations are clearly increased in diabetic subjects, the precise mechanism remains
unclear. Studies using sampling methods that cause mechanical stimulation of the
conjunctiva are likely to be simply measuring analytes in direct equilibrium with
intercellular fluid. Studies of non-stimulated tears may measure increased glucose
due to paracellular glucose transport in the conjunctiva. It is also possible that these
studies did not avoid eye irritation during the required five minute sampling periods
[44, 45].

13.4 Previously Reported Tear Fluid Glucose Concentrations

Reported values for tear glucose in normal individuals range from 0 to 3.6 mM
(65 mg/dL) [55], while concentrations as high as 84 mg/dL (4.7 mM) were reported
for diabetic persons [23]. The reported tear glucose concentrations are generally
lower for analytical techniques which require smaller tear volumes. Recently, me-
dian glucose concentrations of 89 M were measured in 5 L tear samples [45],
while we recently measured 28 ptM concentrations in 1 puL collected tear samples
[46], all from fasting, non-diabetic individuals. Fig. 13.2 shows the variation in
the measured tear glucose tear fluid concentrations for all published studies. Older
studies generally measured glucose in larger volumes of chemically or mechanically
stimulated tears, while more recent studies specifically tried to avoid conjunctival
irritation and tear stimulation (Fig. 13.2).

Although the dependence of the tear glucose concentration on the collection method
was previously noted [44], there has been little discussion of this sampling bias. As
discussed below, we developed a new mass spectral method to determine glucose in
I uL volumes of tear fluid collected in such a way as to minimally perturb the eye of
the subject. We also examined how the tear fluid glucose concentrations track those
of blood [28, 46, 67].

13.4.1 Previous measurements of tears in extracted tear fluid

The first quantitative report of glucose in tear fluid in 1930 found tear glucose con-
centrations of 3.6 mmol/L (65 mg/dL) [68]. The tear volume studied was 0.2 mL,
requiring that tearing was induced in order to collect such large volumes. Reported
values of tear glucose concentrations have steadily decreased as the analytic meth-
ods required less sample volume. At the opposite extreme, LeBlanc et al. recently
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FIGURE 13.2:  Summary of average tear glucose concentrations found in non-
diabetic subjects from 1930 to present. Studies are grouped by the type of stimulation
used to induce tearing (chemical, mechanical, and noninvasive). These are arranged
in chronological order from left to right within each section. The details of each study
are discussed in the tables and text below. Note that studies employing mechanical
stimulation measure the highest tear glucose concentrations.

reported an average tear glucose concentration of 7.25 + 5.47 pumol/L in five pa-
tients in an intensive care unit [69]. Glucose was measured using HPLC with pulsed
amperometric detection. The sample volumes studied were variable and were not
individually reported, but were presumably less than 1 pL [70, 71]. The fact that
the reported values of tear glucose concentrations varied by more than 1000-fold be-
tween all of these studies demonstrates the need for careful consideration and control
of experimental parameters such as collection method, analysis method, and selec-
tion of the clinical population.

13.4.2 Mechanical tear fluid stimulation

Van Haeringen and Glasius compared glucose concentrations in the chemically
and mechanically stimulated tears of normal and diabetic subjects [44]. They first
stimulated tearing with 2-chloracetophenon and collected 20 ul tear samples with
a capillary tube. They then collected a second tear sample using filter paper strips.
Higher tear glucose concentrations for all subjects were measured using filter pa-
per collection. The increase was between 0.1 and 1.5 mM for subjects with blood
glucose below 10 mM (180 mg/dL) and as high as ~9 mM for extremely hyper-
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glycemic subjects with blood glucose concentrations of ~20 mM (360 mg/dL). A
1969 dissertation by Lax, which is cited by Van Haeringen and Glasius, found glu-
cose concentrations of 0.206 + 0.027 mM (mean £ SD) using capillary collection
and 1.141 = 0.159 mM using filter paper collection in non-diabetic subjects [44, 72].

Daum and Hill used capillaries to collect 5 gL tear samples at different times
from non-diabetic subjects after mechanical stimulation of the conjunctiva with a
cotton applicator [73]. They measured an increase in tear glucose concentration from
~0.28 mM (~5 mg/dL) before stimulation to a maximum of ~2.5 mM (~45 mg/dL)
10 min after stimulation. Tear glucose concentrations remained elevated for 30 min,
but returned to baseline after 60 min. This indicates that unrecognized conjunctival
stimulation early in a time course study of tear glucose could affect many subse-
quent measurements. A similar increase in tear glucose concentration after corneal
or conjunctival irritation occurs in rabbits [74, 75].

Daum and Hill also observed an increase in tear glucose after hypoosmotic stress
induced by immersion of the eye in distilled water for 60 sec. Studies of mechani-
cally stimulated tears generally find a correlation between the tear and blood glucose.
This is not surprising as the glucose measured in these studies likely comes directly
from the interstitial space in the conjunctiva. Rabbit studies suggest that short term
contact lens use increases tear glucose concentrations in a manner similar to mechan-
ical stimulation [37, 75]. However, it should be noted that our recent study found no
statistically significant evidence of increased tear glucose concentrations in fasting
subjects wearing contact lenses [46].

13.4.3 Chemical and non-contact tear fluid stimulation

Early analytical techniques used to study tear glucose concentration required ana-
lyte volumes that would take hours to collect at basal rates of tear secretion. Hence,
many studies used a chemical lachrymator to induce tearing and quickly collected
samples. In 1984 Daum and Hill collected 5 uL tear samples every 20 sec for 2 min
after non-diabetic subjects were exposed to raw onion vapors for 30 sec [73]. Tear
glucose concentrations decreased monotonically from 0.3 mM (6 mg/dL) before tear-
ing, to 0.1 mM (2 mg/dL) at 2 min after exposure.

Comparison between studies that chemically stimulated tears is difficult, as differ-
ent lachrymators were used, some of which caused corneal and conjunctival edema
and epithelial erosion or ulceration [76]. Hence, long term exposure to lachrymators
may cause a significant increase in glucose concentration as the physical barriers
of the ocular surface are compromised. Use of lachrymators is also likely to cause
subjects to rub their eyes, which we have anecdotally found to increase tear glucose
concentrations [46].

Overall, the average tear glucose concentrations measured in studies of chemi-
cally stimulated tears fall within the range of tear glucose concentrations measured
in non-stimulated tears. Some studies of chemically stimulated tears do not find a
correlation between tear and blood glucose for all subjects [47]. However, these stud-
ies were often able to broadly classify subjects as diabetic or non-diabetic through
tear glucose measurements, especially when postprandial samples were considered
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[42, 64].

13.4.4 Non-stimulated tear fluid

With the development of more sensitive an'alytical methods there were attempts
to determine glucose concentrations in non-stimulated, or basal tears. These non-
stimulated tear samples are generally collected with a capillary by gently touching
it to the tear film meniscus. One of the first large studies of non-stimulated tears
measured an average tear glucose concentration of 0.42 £ 0.356 mM in 875 tear
samples from 12 non-diabetic subjects [55]. This average tear glucose concentration
was somewhat higher than more recent measurements of chemically stimulated tears.
While studies using lachrymators could be measuring artificially low tear glucose
concentrations, it is also possible that some mechanical stimulation was involved in
the collection of basal tears in this study. The method used in that study required
sample volumes of 5 L, which would require sample collection times over at least
5 min. Even if mechanical stimulation were avoided during sampling, increased
evaporation due to the prolonged suppression of blinking could alter the glucose
concentration.

One of the largest and most recent studies of tear glucose by Lane et al. [45] mon-
itored tear glucose concentration in 73 non-diabetic subjects and 48 diabetic subjects
before and after an oral glucose bolus. These groups were further divided into fast-
ing and non-fasting groups. The 5 pL tear samples collected at each time point were
analyzed with liquid chromatography-pulsed amperometric detection. Average tear
glucose concentrations found for non-diabetic subjects was 0.16 + 0.03 mM while
average tear glucose concentrations for diabetic subjects was 0.35 4+ 0.04 mM (mean
-+ standard error). Individual glicose determinations, however, varied from below
the limit of detection to over 9.1 mM. They were able to show a modest correlation
between average tear and blood glucose concentrations at the five time points in the
study. Unfortunately, only results averaged over the subject population were given.
Thus, there is no direct indication of how well tear and blood glucose concentrations
correlate within individual subjects. The collection of 5 L tear samples may have
precluded the study of truly non-stimulated tears for the reasons noted previously.

A few recent studies analyzed pL or subu L tear volumes [46, 67, 69, 70, 77]. The
previously mentioned study of critically ill patients attempted to assess the feasibil-
ity of monitoring tear glucose instead of blood glucose in an intensive care unit [69].
The investigators obtained 44 simultaneous blood and tear samples from 5 sedated
subjects receiving insulin, two of whom had a history of diabetes. This study mea-
sured the lowest average tear glucose concentration (7.25 = 5.47 pmol/L) of any
study where glucose was detected in tears. Despite a wide range of blood glucose
concentrations, the study did not detect a clinically useful correlation. However,
these data obtained from critically ill patients are likely of little use in predicting
whether tear fluid can be used to monitor glucose in more healthy people. However,
it is clear that tear glucose monitoring with this method in the ICU is not a feasible
replacement for blood glucose monitoring.
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13.5 Recent Tear Fluid Glucose Determinations

We recently found a median (range) tear glucose concentration of 28 (7-161) uM
or 0.50 (0.13-2.90) mg/dL in 25 fasting subjects [46]. The mean -(standard de-
viation) tear glucose concentration was 37 & 37 uM. We found a highly skewed
distribution of tear glucose values; tear glucose concentrations were <42 pmol/L in
80% of subjects. We found no statistically significant difference between contact lens
wearers and non-wearers. Linear regression showed a modest correlation between
tear and blood glucose concentrations (R = 0.5). We compared tear glucose concen-
trations within subjects over 30 min and did not see any significant trend with time,
suggesting that in our study conjunctival irritation was minimized or eliminated. We
believe our study to be the most reliable measurements of baseline tear glucose to
date because we collected only | L tear samples, studied non-diabetic fasting sub-
jects, and found negative evidence for the occurrence of conjunctival stimulation.

As described in detail above, there is very little reliable information on whether
glucose concentrations in unstimulated tears track blood glucose concentrations.
While previous studies showed correlations between averaged tear and blood glu-
cose concentrations, there is little direct information about the existence of such a
correlation within individual subjects.

Tear Glucose During Oral Glucose Load
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FIGURE 13.3:  Tear and blood glucose concentrations in a non-diabetic, male
subject. Blood glucose concentration doubles by ~ 70 minutes after glucose inges-
tion.
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We recently used our mass spectrometry method to investigate the relationship be-
tween blood and tear glucose concentrations in subjects during a glucose tolerance
test (oral administration of 75 grams of glucose) [67]. Fig. 13.3 shows how blood
and tear glucose concentrations track over time for a non-diabetic subject. The rise
of tear glucose concentrations appear to track that of blood glucose in this subject
with a time lag of ~20 min. The left eye tear glucose concentration remains ele-
vated even after the blood glucose concentration decreases. While this may be the
true physiological response for this subject, it could also be explained by an un-
recognized irritation of the left conjunctiva during the latter half of the experiment
(140-160 min). An essential point is that, while the blood glucose concentration
increases ~2-fold, the left and right eye tear glucose concentrations both increase
~7-fold. This demonstrates a complex relationship between tear and blood glucose
concentrations for this subject.

Fig. 13.4 shows a similar plot of blood and tear glucose concentrations during a
glucose tolerance test for a diabetic subject. Blood and tear glucose glucose concen-
trations are clearly higher for the diabetic subject at all times, even at the beginning
of the study, when subjects are fasting. Prior to glucose ingestion, the blood glucose
concentration in this subject was about twice that for the non-diabetic subject of Fig.
13.3. However, the basal tear glucose concentration of the diabetic subject is ~10-
fold higher than for the non-diabetic subject! This clearly continues to demonstrate
a complex relationship between tear and blood glucose concentrations.

Tear Glucose During Oral Glucose Load
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FIGURE 13.4: Tear and blood glucose concentrations in a diabetic, female sub-
ject. Blood glucose concentration peaks at ~ 80 minutes after glucose ingestion with
a ~ 60% increase.

The extraordinary ~5 fold increase in tear glucose concentration after glucose in-
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gestion in the left eye differs completely from the change in the right eye, where
(excepting for the single point at ~95 minutes) a ~60% increase in tear glucose
concentration occurs which is roughly proportional to the increase in blood glucose
concentration. Except for that point the lag time is similar to that for the non-diabetic
subject. [t is possible that the dramatic increase in the left eye tear glucose concen-
trations results from unrecognized conjunctival irritation, causing interstitial glucose
to leak into the tear fluid.

A replicate of the glucose tolerance test shown in Fig. 13.3, with the same non-
diabetic subject, demonstrates the challenges of determining a correlation between
tear and blood glucose concentrations (Fig. 13.5). Identical sampling and tear glu-
cose determination procedures were followed, and the same glucose load was given.
Prior to glucose ingestion the blood glucose concentrations were similar for both
measurements (~105 mg/dL). Basal tear glucose concentrations at the earliest times
were also similar (~20 ptmol/L). In contrast to the first study. we see an abrupt ex-
traordinary increase in the tear glucose concentration before glucose intake. The
right eye tear glucose concentration increases by ~100 fold, while the left eye tear
glucose concentration increases by ~50 fold, suggesting non-physiologic transport
of glucose into the tear fluid. The timing and magnitude of this spike in tear glu-
cose concentration suggests that the increase may be due to a perturbation during
sampling. While we attempted to exclude this possibility, the increased glucose con-
centration in both eyes might suggest that the subject may have rubbed their eyes
after slight conjunctival irritation.

The tear glucose concentrations appear to return to baseline after about 60 min.
This timescale agrees with that of Daum and Hill measured for tear glucose to return
to baseline after the conjunctiva was stimulated by a cotton applicator [73]. When
the results of the replicate study are plotted on the same scale as Fig. 13.3, we see
that the tear glucose concentrations at latter times (after 60 min) appear to track
changes in the blood glucose concentration. However, the relative tear glucose ele-
vation (~5-fold) in the left eye is much less than observed in the previous study of
Fig. 13.3, whereas the relative increase in tear glucose concentration in the right eye
is comparable.

To summarize, considering the large number of studies we have carried out we
conclude that tear glucose concentrations generally correlate with an increase in hy-
perglycemic blood glucose concentrations. Repeat measurements of tear glucose
concentrations in the presence of a constant blood glucose concentrations appear
to show a constant ratio between the tear and blood glucose concentrations. After
glucose ingestion, the blood and tear glucose concentrations generally increase to-
gether, with an apparent 20-30 min delay between increases in blood glucose and in
tear glucose concentrations.

In our other studies of tear glucose concentrations in subjects undergoing glucose
tolerance test, we see only a few instances of the 50-100-fold spikes in tear glucose
concentration seen in Fig. 13.5. In general, these abrupt changes do not seem to
correlate between the different eyes of the same subject.

Our preliminary results suggest that tear glucose may differ between the left and
right eye of a single subject. While we previously showed a general correlation be-
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FIGURE 13.5:  Tear and blood glucose concentrations in a replicate of the study

shown in Fig. 13.2. a) The tear glucose concentration scale must be expanded to
show the large and abrupt increase in tear glucose before glucose intake. Blood glu-
cose concentration peaks at ~ 40 min after glucose ingestion with a ~ 80% increase.
b) Plotting the tear glucose on the same scale as in Fig. 13.2 highlights that the tear
glucose concentration appears to track the blood glucose concentration except for
the early spike in tear glucose concentrations.

tween the tear glucose in the right and left eyes of fasting subjects [46], we occasion-
ally observe significant differences in glucose concentration between eyes. While
we do not yet have enough data to specify the precise relationship between tear and
blood glucose concentrations over time and the variation of this correlation between
subjects, we believe that our tear collection method. which specifically attempts to
avoid mechanical stimulation of the conjunctiva, could definitively answer some of
the outstanding questions regarding the utility of tear glucose sensing for monitoring
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or detecting diabetes, if enough subjects were studied to deconvolve the deviations
due to sampling perturbations of the eye.

Itis important to note that tear fluid glucose concentration studies represent among
the most challenging bioanalytical chemistry sample collection challenges: it is es-
sential to note that reflex tearing can also be elicited for psychological reasons. Nev-
ertheless, the large body of tear fluid studies. including our recent studies, clearly
indicate that blood and tear glucose concentrations are correlated for probably most
individuals.

13.6 In Situ Tear Glucose Measurements

There are limited reports of in situ tear glucose determinations using contact lens-
based devices. March et al. developed and reported the first clinical trial of a contact
lens tear glucose sensor [26]. This sensor uses fluorescence to report on the tear glu-
cose concentration using a competitive binding mechanism. They showed that as the
glucose concentration increases in the modified contact lens, quenching groups were
displaced resulting in an increase in the fluorescence intensity. Unfortunately, in this
study. the absolute fluorescent signal was not calibrated which prevented determina-
tion of absolute glucose concentrations. Rather, the fluorescence intensity changes
demonstrated relative changes in the tear glucose concentrations. This group also
developed a hand held fluorometer to monitor the fluorescent signal. March et al.
reported a glucose tolerance test for five diabetic subjects wearing these in situ sen-
sors. The fluorescent signal appears to track blood glucose concentrations. However,
the response had to be individually scaled for each subject in order for the fluores-
cence signal to fit the blood glucose concentration profile. This study clearly shows,
however, that changes in tear and blood glucose concentration correlate.

Domschke et al. developed a holographic, glucose-sensitive contact lens and
tested it in a single subject [27]. The wavelength of light diffracted from the con-
tact lens changed as the holographic spacing changed in response to glucose binding
in a manner similar to our photonic crystal sensors discussed below. A red-shift in
the diffracted wavelength resulted from an increase in glucose concentration. This
sensor motif eliminates the challenge of measuring absolute fluorescence intensities.
This sensor also detected relative changes in tear glucose concentrations. Domschke
et al. did not show a calibration curve for the diffracted wavelength dependence on
glucose concentration, but only reported changes in the peak diffraction wavelength
as a function of time. The peak diffraction wavelength monitoring tear glucose con-
centrations appeared to track the increasing blood glucose concentrations with little
or no delay.

These important in situ results clearly demonstrate correlations between blood and
tear glucose concentrations. What is not clear is whether these anecdotal studies are
reproducible within individuals over different days and weeks. Also it is still un-
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known whether the blood and tear glucose correlations are identical between normal
people or between diabetic subjects.

The results to date suggest that the worst case scenario is that a reliable and useful
correlations between blood and tear glucose occur for only a subset of the population
and that the correlations between tear fluid and blood glucose differ between individ-
uals. Thus, the use of a contact lens glucose sensor in the future may require fitting
by a physician who would determine the correlation and sensor sensitivity required
for the glucose sensing contact lens.

The value of using a glucose sensing contact lens to achieve a noninvasive method
to easily and continuously monitor the glucose concentrations would revolutionize
life for people with diabetes mellitus. We believe that there is clearly enough evi-
dence of a correlation between tear and blood glucose to justify continued efforts to
develop contact lens glucose sensors such as the contact lens photonic crystal glucose
sensor described below.

13.7 Photonic Crystal Glucose Sensors

Our program [20-22, 24] to develop a tear fluid glucose sensing device envisions a
photonic crystal sensing disc encased within either a contact lens or an ocular insert,
as shown in Fig. 13.1. The ocular insert would be used by subjects who do not
tolerate contact lenses well. The ocular insert, which consists of the photonic crystal
sensor sandwiched between thin dialysis membranes, would be placed beneath the
lower eyelid.

FIGURE 13.6: Prototype of [PCCA photonic crystal glucose sensor in commer-
cial contact lens on glass eye.
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Diabetic subjects would use a mirror to examine the color of the photonic crystal
sensor in the contact lens or the ocular insert, For the ocular insert, the lower eyelid
would be lowered to view the photonic crystal color. The color reflected (diffracted).
which will vary with the tear fluid glucose concentration, would be viewed with a
mirror and compared to that of a color wheel whose colors are calibrated in terms of
the blood glucose concentrations. For those people who find it difficult to do color
matching we will instrument this measurement by using a simple spectrometer which
utilizes a color camera.

CCA Self-Assembly
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FIGURE 13.7: A dispersion of monodisperse colloidal particles with strong acid
groups on their surfaces self-assemble into fec or bee crystalline colloidal arrays
in low ionic strength solution. lons can be removed from colloidal dispersions by
techniques such as dialysis, for example.

Fig 13.6 shows our first prototype of the photonic crystal sensor embedded within
a commercial contact lens placed on a glass eye. The contact lens contours to the eye
allowing the embedded photonic crystal sensor to contact the tear fluid. The sensor
changes diffraction wavelength in response to changing glucose concentrations.

We fabricate the glucose sensing photonic crystals by using crystalline colloidal
self-assembly [78] to form the photonic crystal template (Fig. 13.7). In this approach
highly charged monodisperse spherical polystyrene colloidal particles are synthe-
sized, for example, by using emulsion polymerization [79]. These particles are then
cleaned by dialysis and ion exchange and then dispersed in pure water.

The synthesized spherical particles are also functionalized with thousands of strong
acid groups which ionize in water to result in a high surface charge (Fig. 13.7). Be-
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FIGURE 13.8: The potential energy of repulsion between two charged colloidal
particles separated by distance r, U(r) is given by the DLVO potential which depends
upon the number of charges, Z, the electron charge, e, the dielectric constant, g, the
radius, a, the Boltzmann constant, kg, the temperature, 7', and the particle concentra-
tion, n,. K is the inverse of the Debye length which depends on the concentration of
ionic impurities, n;. U(r) can be much larger than kg T resulting in the self-assembly
of the colloidal particles into a robust fcc CCA.

cause these highly charged spheres repel each other over macroscopic distances (Fig.
13.8). the system finds a well defined minimum energy state where the particles self-
assemble into an fce lattice [80].

Diffraction from the CCA photonic crystals is extraordinarily efficient. For exam-
ple, Fig. 13.9 shows transmission measurements through an fcc colloidal crystal [81]
made from ~120 nm diameter polystyrene spheres in water which is oriented with
the normal to the fce (111) planes parallel to the incident light propagation direction.
The diffraction of ~500 nm light gives rise to a symmetric bandshape as shown in
the Fig. 13.9 extinction spectra whose ordinate is scaled as -log of the transmission.

We fabricated more robust photonic crystal materials (Fig. 13.10) by polymerizing
acrylamide hydrogels around the CCA lattice of colloidal particles [82]. These poly-
merized CCA (PCCA) possess the responsive properties of hydrogels. These PCCA
can also be chemically functionalized to make them responsive to changes in their
chemical environment. This enables the fabrication of novel chemical sensing pho-
tonic crystals [83]. The resulting volume changes in response to changes in chemical
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FIGURE 13.9:  Extinction spectra of CCA of ~120 nm polystyrene particles.
The ~500 nm diffraction band shows a top-hat profile since all incident light within
a 5 nm bandwidth is diffracted. The diffraction blue-shifts as the crystal is tilted to
80” off normal, as expected from Bragg’s law.

environment alter the diffraction wavelength which results in an optical readout of
the presence and concentration of analytes.

A crosslinked hydrogel is a responsive soft material whose volume is controlled
by three competing phenomena [83] (Fig. 13.11), the free energy of mixing of the
hydrogel polymer with the medium, electrostatic interactions of charges bound to the
hydrogel, and the restoring forces due to the hydrogel crosslinks.

The free energy of mixing of the hydrogel with the medium involves the entropic
propensity of the hydrogel to fill all space (analogous to the entropy increase asso-
ciated with the expansion of an ideal gas), and an enthalpic term which accounts
for dissolution of the hydrogel polymer into the medium. The electrostatic free en-
ergy gives rise to osmotic pressures associated with electrostatic interactions between
bound charges and the changes in the water chemical potential associated with the
immobilization of counterions within the hydrogel system.

Each charge immobilizes at least one counterion, to give rise to a hydrogel Donnan
potential in low ionic strength solution, which causes water to flow into or out of the
hydrogel. Finally, the crosslinks act to determine the lengths of the hydrogel chains
whose configurational entropy constrains the hydrogel volume to prevent hydrogel
volume expansion.

We functionalized [83] the PCCA with molecular recognition agents to create in-
telligent PCCA (TIPCCA) which can be used for chemical sensing applications. These
molecular recognition agents are designed to actuate hydrogel volume changes as
they interact with their target analytes. These volume changes alter the embedded
CCA lattice constant, which results in diffraction wavelength shifts which report on
the analyte concentrations.
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FIGURE 13.10:  Synthesis of polymerized colloidal array (PCCA) by adding
polymerizable monomers of acrylamide and bisacrylamide and a UV initiator to a
CCA. UV polymerization forms a hydrogel network around the CCA (~90 % wa-
ter). The CCA crystal structure is maintained during polymerization and also upon
hydrogel volume changes.

The selectivity of these TPCCA sensing materials are determined by the selec-
tivities of their molecular recognition agents. Our first glucose sensor was highly
selective for glucose since we used the enzyme glucose oxidase (GOD) [83]. GOD
converts glucose to gluconic acid. During this reaction a flavin is reduced on the
enzyme. This anionic flavin acts as an anion immobilized onto the hydrogel, which
gives rise to a Donnan potential which swells the PCCA in proportion to the glucose
concentration. This GOD PCCA operates as a steady-state glucose sensor since oxy-
gen in solution reoxidizes the flavin. When oxygen is excluded, concentrations of
glucose as low as 1072 M are easily determined [83].

We recently developed another glucose IPCCA sensor that also utilizes a Donnan
potential by attaching boronic acid recognition groups to the PCCA [20-22, 24].
Boronic acid derivatives are known to bind to the cis diols of carbohydrates such as
glucose. The binding of glucose to neutral boronic acid derivatives shifts the boronic
acid equilibrium towards the anionic boronate form. This charged boronate attached
to the hydrogel results in a Donnnan potential which results in an osmotic pressure
which swells the IPCCA. As shown in Fig. 13.12, this IPCCA is an excellent glucose
sensor for low ionic strength aqueous solutions [22].

We also developed a glucose sensor for high ionic strength bodily fluids such as in
our target tear fluid [20-22, 24]. This sensor motif utilizes changes in the hydrogel
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FIGURE 13.11:  Dependence of hydrogel volume on the free energy of mixing,
the free energy of ionic interactions, and the free energy associated with the elastic
constraints of the hydrogel crosslinks. The hydrogel volume in equilibrium with bulk
water is determined by the balance of osmotic pressures induced by these phenom-
ena.

crosslinking induced by glucose binding. This sensor, which also utilizes boronic
acids, additionally incorporates polyethylene glycols in order to bind Na* to screen
the charge repulsion between the two boronate anions which bind to the two cis
diols of glucose. Glucose is one of the few natural sugars that has two appropriately
oriented cis diols that can form cross links as shown in Fig. 13.13.

The formation of these crosslinks shrinks the hydrogel as shown in Fig. 13.14 and
blue shift the diffraction for glucose concentrations between 0 and 10 mM (which
spans the physiological ranges of glucose in tear fluids and blood). Higher glucose
concentrations break the crosslinks because the higher concentrations of glucose al-
low glucose molecules to singly bind to each boronic acid groups. The visually
evident IPCCA diffraction color shifting is clearly seen in the photographs of the
IPCCA seen in Fig. 13.14.

Although the diffraction wavelength is angularly dependent as evident from Bragg's
law, the possible variation about normal incidence is negligibly small, when viewed
by reflection in the compact mirror assembly shown in Fig. 13.1 above.

The sensitivity of the glucose sensors is presently within a factor of four of that
needed to function as a hyperglycemic sensor in tear fluid. We also now understand
the equilibrium sensing mechanism in sufficient detail such that we can fully model
this sensor response using our fundamental understanding of the hydrogel volume
phase transitions.
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We find similar responses of these IPCCA glucose sensors to glucose in synthetic
tear fluid solutions as compared to that in buffered saline (2 mM gly-gly, pH=7.4,
150 mM NaCl). The fact that we do not observe any interference from the additional
species present in the tear fluid indicates the viability of our sensing approach for
determining glucose in tear fluid.

The acrylamide TPCCA glucose sensors originally responded rather slowly to
changes in glucose concentrations (~30 min). We worked to modify the hydrogel
composition to increase the response rate such that it could sense changes in glu-
cose concentrations at rates comparable to the expected rates of change of glucose
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FIGURE 13.15: Response kinetics of hexylacrylate [IPCCA glucose sensors upon
exposure to multiple additions of a freshly prepared 0.2 mM D-glucose solution in
5 mM gly-gly buffer, 150 mM NaCl, pH=7.4 at 37°C. A repeatable rapid blue shift
of diffraction is observed which saturates within ~5 min.

concentrations in blood.

After examining diffusion constants of molecules in the IPCCA hydrogel we hy-
pothesized that the response speed limit was determined by the friction experienced
by the water and hydrogel polymer that limit the water and hydrogel polymer ter-
minal flow velocity in response to the osmotic pressure. We recently incorporated
hydrophobic monomers into the hydrogel to decrease the extent of hydrogen bond-
ing of water to the hydrogel polymer. This successfully increased the response rate,
making it adequate for physiological sensing [21] (Fig. 13.15).

We are still working to increase the sensor glucose sensitivity to make it useful
for the visual determination of the normal ~30 uM tear fluid glucose concentra-
tions. The remaining challenges are to demonstrate that these sensors successfully
determine glucose in situ and that variations in the basal tear glucose concentration
are not large enough to confound correlations between tear fluid and blood glucose
concentrations. We are presently investigating these issues.

13.8 Summary

It is clear that the glucose concentrations in tear fluid track that of blood for a sig-
nificant number of individuals. This indicates that a glucose sensor within a contact
lens has the potential to revolutionize glycemic determination and glycemic control
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in subjects with diabetes mellitus. We have developed a new photonic crystal glu-
cose sensor that we are incorporating into a contact lens. While there is significant
risk in this endeavor, it also has the possibility to dramatically aid human health.
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