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Abstract

We have studied the evolution of keratin intrinsic fluorescence as an indicator of its glycation. Steady-
state and time-resolved fluorescence of free keratin and keratin-glucose samples were detected in PBS
solutions in vitro. The changes in the fluorescence response demonstrate that the effect of glucose is
manifest in the accelerated formation of fluorescent cross-links with an emission peak at 460 nm and
formation of new cross-links with emission peaks at 525 nm and 575 nm. The fluorescence kinetics of
these structures is studied and their potential application for the detection of long-term complications

of diabetes discussed.

Introduction

Diabetes is characterised by hyperglycaemia. Over
time, the increased levels of glucose in the blood can
lead to various diabetic complications [1] such as
cardiovascular and vascular diseases, stroke, kidney
failure, amputation, retinopathy, and neuropathy
[2, 3]. Various studies have reported [3, 4] that these
complications are related to the presence of glycated
proteins. The amount of glycated collagen [5, 6],
human serum albumin [7, 8], and haemoglobin [9]
have all been found to be increased in patients with
diabetes.

Keratin, the protein abundant in hair and nails,
can also experience non-enzymatic glycation when
exposed to glucose [10—12]. The preferential target for
glycation is the e-amino group of a lysine residue or
the a-amino group of an N-terminal residue [13, 14],
and both sites can be found in keratin. Diabetic
patients showed increased levels of glycated keratin in
the stratum corneum in the sole of the foot [12], and in
hair [10], and in both cases this was detected using the
thiobarbituric acid technique. Increased levels of gly-
cated keratin have also been found in fingernails
[15-17], using techniques other than fluorescence
spectroscopy, which are discussed below. Moreover, a

higher concentration of glycated keratins was found in
patients exhibiting complications such as diabetic reti-
nopathy, nephropathy [16], and diabetic ulcers [12],
compared to those with diabetes who were not experi-
encing these complications. These findings therefore
suggest that glycated keratin could be a good bio-
marker for long-term glycaemic control.

Previous studies have used several methods to
determine the amount of glycated keratin in human
tissues. For example, colorimetric analysis has been
used to determine glycated keratin in the stratum cor-
neum of the skin in vitro [15], near-infrared reflec-
tance spectroscopy [17], ATR-FTIR spectroscopy [18]
and chemical analysis using techniques such as borate
affinity chromatography followed by gel electrophor-
esis [16] has been used to determine the levels of gly-
cated keratin in nail clippings.

In this work, we use fluorescence spectroscopy to
detect glycated keratin. Unlike the study in 2015, this
method does not require the extraction of nail pro-
teins from a clipping, making it non-destructive for
the samples. It also has the capacity to be a non-inva-
sive technique, as e aim to exploit the auto-fluores-
cence of keratin as a potential method for monitoring
its glycation. Being auto-fluorescent, keratin’s pre-
sence can be detected without the need for any
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extrinsic fluorophore. Its fluorescence originates from
two sources: amino acids [19] and cross-links within
the protein [20, 21].

Keratin contains the naturally fluorescent amino
acids phenylalanine (Phe), tyrosine (Tyr), and trypto-
phan (Trp) [22]. It is however unlikely that Phe will con-
tribute significantly to the intrinsic fluorescence of
keratin due to its low absorption and quantum yield [23]
and similarly Tyr emission is often reduced in protein by
its interaction with the peptide chain or via energy trans-
fer to Trp [24, 25]. Indeed, the amino acid derived fluor-
escence of keratin peaks at about 340-350 nm [20, 26],
which corresponds to Trp fluorescence [24].

The exact number of Trp and Tyr residues in kera-
tin is unknown and differs between specific keratin
types. Reports vary, however in a-keratin, which is the
type found in mammals, it is thought that Trp and Tyr
account for approximately 1% and 3% of the amino
acids respectively [22, 27].

Keratin cross-links are the second source of its
intrinsic fluorescence. These can be excited at 350-370
nm, and emit fluorescence peaking at ~460 nm
[20, 28]. These two distinct peaks (Trp and cross-links)
have been seen in various keratin-containing tissues
such as fingernails, hair, and the stratum corneum
[26]. In collagen, which is a similar protein to keratin,
glycation causes the formation of new cross-links [29],
and it is reasonable to suppose that changes in the
fluorescence of the keratin cross-links may offer the
most insight into keratin glycation.

If keratin’s intrinsic fluorescence changes as a
result of glycation, this could provide an alternative
method to monitor long-term diabetic control. Kera-
tin is found in human hair, nails, and in the skin, so its
fluorescence could in principle be used to monitor
diabetes by means, for example, the monitoring of gly-
cated keratin in nail clippings, rather than in blood
samples as commonly used at present. This would
offer obvious advantage due to the non-invasive nat-
ure of the technique. We present this work as a
method that is able to more fully investigate the pro-
cess of keratin glycation, and detect it non-invasively.
However, more comprehensive studies would be
required to further develop this technique for use in
patients, for example to develop a sensor for monitor-
ing long term diabetes control through detecting gly-
cated keratin from nails.

In this work we have studied keratin in vitro and
have used steady-state and time-resolved fluorescence
techniques to investigate the impact of glucose on its
intrinsic fluorescence.

Methodology

Sample preparation

The evolution of two samples, free keratin and
keratin-glucose, have been studied. Keratin from
human epidermis and phosphate buffered saline
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pH 7.4 (PBS) were purchased from Sigma-Aldrich and
used to prepare a free keratin sample of concentration
20 1M and the keratin-glucose sample by the addition
of glucose powder (also Sigma Aldrich) to create a
sample containing 20 ;M keratin and 20 mM glucose.
3.5 ml of each sample was then transferred to a 4x1x1
cm quartz cuvette, and sealed with a stopper and
parafilm, ready for measurements. The samples were
prepared while maintaining their spectroscopic purity,
but were not-sterile, and both samples were stored at
room temperature for the duration of the experiment.
In the glucose-containing sample, the glycated keratin
was not purified from the non-glycated one. To make
sure that the spectra measured are not affected by the
fluorescence caused by the bacteria growth in the
samples, the measurements of a reference sample of
glucose in PBS were carried out using the same
experimental settings as for the keratin samples. All
spectra show that the impact of potential bacteria
growth on the keratin and keratin-glucose samples’
fluorescence to be negligible (discussed later).

Measurements
Corrected fluorescence excitation and emission spec-
tra were obtained using a Fluorolog (Horiba Scienti-
fic). The excitation, emission and the excitation/
emission reference samples (discussed later) spectra
were collected in steps of 1 nm and the slit widths on
the excitation and emission monochromators were 5
nm. The fluorescence intensity decay measurements
were carried out on a DeltaFlex fluorescence lifetime
system (Horiba Jobin Yvon IBH Ltd, Glasgow), which
uses time-correlated single photon counting (TCSPC)
to record fluorescence decay. A NanoLED with repeti-
tion rate 1IMHz and peak excitation wavelength 370
nm (pulse duration <1 ns) was used for excitation.
The decays measured at each detection wave-
length A\ were then fitted to the experimental fluores-
cence curve lexp(t)

Iexp(t) = B + G\(t) + L(t) (1)

which is a combination of the experimental fluores-
cence intensity decay I)(t) represented by a multi-
exponential function

N
L) = > ai(V) eXP(—t) (@)
i=1 7i(A)

where «;(\) and 7;(\) are the i-th pre-exponential
component and its related fluorescence lifetime
respectively, B is the background signal, and G, () is
the scattered excitation light. Including the actual
scattered excitation light C\(¢) (the fraction of the
prompt function shifted in time due to the detecting
photomultiplier’s temporal dependence on wave-
length) into the model of the experimental curve
allows accurate fluorescence decay fitting, even when
there is a large contribution of scattered light to the
decay [30].
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Figure 1. Excitation-emission matrix of keratin and keratin-glucose. Parts A and B shows the spectra obtained for keratin and keratin-
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The steady state spectra and fluorescence intensity
decays were measured for the both samples on day 0
(within ~10 min of sample preparation) and on sub-
sequent days after preparation.

Results and discussion

Figure 1 shows the excitation-emission matrix for
keratin and keratin glucose at Day 0 and Day 44. The
results at Day 0 are very similar for both samples. The
greatest fluorescence intensity occurs for A, = 280
nm, resulting in emission between 300 and 340 nm,
corresponding to Tyr and Trp fluorescence in keratin.
From the literature [20, 26] there should also be a
fluorescence peak between 440 and 460 nm. Indeed,
by day 44 there is an increase in fluorescence intensity
at this wavelength in both samples, with the intensity
substantially greater in the sample with glucose. Hence
we have studied in more detail fluorescence of the
samples for two excitation wavelengths, 280 nm and
370 nm.

Figure 2 shows the excitation spectra of free kera-
tin and keratin-glucose for the fluorescence associated
with cross-links detected at 460 nm. At day 0, the spec-
tra for the two samples are very similar, and the

intensity is at a low level. Over time, the substantial
changes can be seen in the keratin-glucose sample
(figures 2(A) and (B)). After approximately 10 days, a
new broad band appears in the excitation spectra, with
a peak wavelength of ~370 nm. The fluorescence
intensity at this excitation wavelength grows con-
siderably as the keratin-glucose sample evolves, before
it stabilises after around 37 days. Absorption at 370 nm
is known from literature as a characteristic of keratin
cross-links [28]. Thus, we assume that glucose is caus-
ing the formation of new cross-links that can be exci-
ted directly at 370 nm and emit fluorescence at
460 nm.

Figure 2(B) also shows an increase over time in the
460 nm fluorescence intensity when the keratin-glu-
cose sample is excited at 280 nm. A possibility is that
this is fluorescence from kynurenine, which emits
weakly at ~480 nm when excited at 365 nm [31],
which is within the wavelength range considered.
Kynurenine is a metabolite of Trp, however its forma-
tion requires the presence of certain enzymes [32]
(Tryptophan 2,3-dioxygenase (TDO) or Indoleamine
2,3-dioxygenase (IDO)), which are not present in our
in vitro set up. We therefore hypothesise that the Trp
in keratin absorbs the energy at 280 nm, and then
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Figure 2. Fluorescence excitation spectra of keratin and keratin-glucose when emission was collected at 460 nm. Part A shows the
spectra obtained for keratin and keratin-glucose on various days after sample preparation. Part B shows how the excitation spectra of
each sample evolves over time. The units of all plots are the same.

transfers this energy to the keratin cross-links, result-
ing in increased emission at 460 nm. This transfer of
energy could be radiative (re-absorption) or non-
radiative (FRET) and intensifies over time as the cross-
links are being formed.

The fluorescence spectra in figure 3 show that
exciting keratin-glucose sample at 280 nm causes
increase in Trp fluorescence at ~340 nm when the
sample ages. Interestingly excitation at 280 nm also
results in fluorescence emission at 460 nm, which cor-
relates to the emission wavelength for keratin cross-
links. Again, this seems to suggest that the Trp in kera-
tin transfers its excitation energy to the cross-links,
causing emission at 460 nm.

The fact that both Trp and keratin cross-links
fluorescence increase suggests an increase in the Trp
quantum yield, possibly due to reduced quenching by
water as crosslinks shield the Tryp sites. Figure 3(C)
shows the fluorescence of a reference PBS-glucose
sample excited at 280 nm, 42 days after its preparation
and storing it in the same conditions as the free keratin
and keratin-glucose samples. Negligible emission
from this sample demonstrates that there is no detect-
able bacteria growth in the glucose/buffer environ-
ment used in keratin samples.

Using the wavelength 370 nm allowed direct excita-
tion of the cross-links (figure 4). Again, both spectra on
day 0 are very similar and contain the peak at 424 nm,

which is the Raman shift for excitation at 370 nm. This
was calculated using the Raman shift for water
(3400-3600 cm ') and the equation

1
1/ Aec-Raman shift/1 x 107

3

where A, is the excitation wavelength used. Both day
0 spectra also show the broad fluorescence band with
the peak at ~460 nm, associated with the cross-links.

Figure 4(B) shows that in the pure keratin sample
the intensity of this fluorescence increases only slightly
with time. In the keratin-glucose sample, however, the
fluorescence intensity grows substantially as the sam-
ple ages, and the dominating peak remains stationary
at 460 nm. We also observe the formation of two new
peaks at longer wavelengths. After 10 days a second
peak starts to appear at ~525 nm, and after 21 days, the
third peak can be seen at ~575 nm. These keratin-glu-
cose complexes form much slower than that respon-
sible for the 460 nm emission and are not observed at
allin the free keratin sample.

Similarly like figures 3(C), 4.C also shows that the
potential impact of bacteria growth on the keratin and
keratin-glucose samples’ fluorescence at 370 nm is
negligible, and thus any changes observed in the spec-
tra are solely the result of the interaction with glucose
and/or protein aggregation.
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To quantify the difference in the emission spectra
of the two keratin samples for excitation 370 nm, and
to illustrate how the sectra evolve over time in more
detail, a Gaussian model of fluorescence spectra was
fitted to these data.

M A _((V*Vi)z)
Iv)=>" —e \ 20

4 4
= oV (2m) @

In this model M is the number of spectral components,
A, is the contribution of each component to fluores-
cence, v; is the peak position, and ; is the half-width of
the distribution. For the pure keratin sample only one
component (M = 1) was required to describe the

spectra throughout the experiment. This was also
adequate for the first 9 days in the keratin-glucose
sample; however, 2 components (M = 2) were required
from day 10, and three components (M = 3) were
required from day 24. Switching to the more complex
model was based on the shape of the spectra and the x?
goodness of fit criterion. An additional component
represented the Raman scatter at ~424 nm. Examples
of the experimental fluorescence spectra plotted along-
side the model function for keratin and keratin-glucose
show relatively good agreement, as can be seen in
Supporting Information (SI), Figures S1 and S2.

The evolution of the recovered parameters of the
spectra are plotted in figure 5. The initial peak positions
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v1(0) for both samples are the same, approximately
22000 cm (figure 5(A)), which corresponds to the
peak for keratin cross-links. For the pure keratin sample
this stays consistent throughout the experiment, but in
the keratin-glucose sample, the v;(t) shows a steady
decrease through the first 9 days. This drop is likely due
to the need for a second component, and indeed when
the second component is added to the model, v;(¢)
increases back to 22000 cm ™!, where it remains for the
experiment duration. This component is the most
dominant contributor to the emission spectrum for
both samples, and its contribution A;(¢) increases

substantially in the keratin-glucose sample as the
experiment progresses, as illustrated in figure 5(C).

The second component for keratin-glucose also
follows the above trend relating to peak position. The
v,(t) shows a steady decrease from 18700 cm ™' to
18350 cm ™! between days 10 and 23, and then once
the 3rd component v;(t) is added to the model, v, (¢)
increases again and remains relatively constant at
~18700 cm™'. The peak wavenumber v;(t) for this
3rd component is also stable between day 23 and the
experiment end, only showing a slight drop from
~17400 cm ™" to ~17200 cm ™",




10P Publishing

Methods Appl. Fluoresc. 11 (2023) 015003

R Muir etal

2.3

2.2

|

Pl

v;(t) (x10* cm™)

r‘g

Time (Days)

1.9
1.8 |
dl>—‘)‘:)O4:’_°0'-<:t:v—oo'-'>cx>
1.7 :
0 10 20 30 40 50
C Time (Days)
18 ' '
3 i E
g 1 | z
o 14 ' H
S e |
g 32 | s
= 10 : i
= 8 i E
< ° i e
4 : :
2 i ——
0

0 10 20 30 40 50

Figure 5. Fitted Gaussian parameters for the fluorescence emission spectrum for keratin (closed symbols) and keratin-glucose (open
symbols). Plot A shows the time evolution of the peak position () of the emitting fluorophores, Plot B shows the half-width of the
distribution o(t) , and the contribution to the fluorescence intensity A(t) is shown in plot C.

2950

2450

1950

o; (t)

1450

950

:

450
0 10 20 30 40 50

Time (Days)

We note that the evolution of the peak wave-
numbers v;(t) is consistent with the evolution of the
half-width distributions ; () illustrated in figure 5(B).
For free keratin, and for keratin-glucose during the
first 10 days, the y(¢t) is large. Although it decreases
slightly for the keratin sample over time, there is not a
significant change. For keratin glucose, the addition of
a second component from day 10 causes the o;(t) to
drop significantly as one component splits into 2, and
this happens again at day 24, when the addition of a
third component causes o, (t) to drop as the second
component splits again.

This steady state analysis shows how the intrinsic
fluorescence of keratin changes in the presence of glu-
cose. The fluorescence of the dominating crosslinks
K¢ emit at 460 nm and the higher-order crosslinks,
K’ and K¢, formed at slower rates, emit at 525 nm
and 575 nm, respectively.

Time resolved measurements were also conducted
and analysed for the keratin and keratin-glucose sam-
ples. Firstly, the fluorescence intensity decays of both
samples at the detection wavelength 460 nm were
measured with using two excitation wavelengths 280
nm and 370 nm. The results shown in figure 6 were

carried out at the end of the experiment, on day 45, to
maximise the potential impact of glucose.

We note, that for the excitation at 370 nm, the
samples begin to decay immediately after excitation
(black and red curves). However, for the excitation at
280 nm (blue and green), the top sections of the decays
are much flatter, indicating that the detected fluores-
cence is likely to come from the fluorophore which
was not excited directly. Again, these results suggest
the transfer of the excitation energy from tryptophan
to the cross-links. Moreover, as we observe a sub-
stantial spectral overlap between the emission spec-
trum of the amino acids and the absorption of the
cross-links (300-400 nm, seen on the excitation spec-
tra, figure 2), the likely mechanism involved is FRET.

Fluorescence intensity decays at the excitation wave-
length of 370 nm and collected at 460 nm at various days
following sample preparation are shown in figure 7.

Up to day 8, the raw decays for both samples, with
and without glucose, are almost identical (figure 7(A)),
however, by day 16, the decays of the glucose-contain-
ing sample become slower as compared to those of the
pure keratin sample. Figure 7(B) shows the lifetimes
and percentage contributions of each component for
the data fitted to 3-exponential model decay (see SI for

7
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Figure 7. Part A shows fluorescence decay at 460 nm of keratin (black) and keratin-glucose (red) alongside the instrument response
function (grey) at various days after sample preparation. Part B shows the 3 lifetimes obtained when the decays are fitted to the
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triangles, and 75 is shown by circles. The percentage contribution of each component to the decay for each sample is also shown. The
contribution of the scattered light to each decay has been left out for clarity.

details). All three lifetimes and their corresponding
pre-exponential factors are quite stable and similar
between samples during the first ~10 days. Between
days 10 and 14 the lifetime components show an
increase in both samples, and then stabilise for the
remainder of the experiment.

Although the three lifetimes appear similar in glu-
cose and glucose-free samples, the impact of glucose
manifests itself in changes of the lifetime contributions
to the decay. Indeed, the increases in contributions of
the two longer lifetime components are much more
pronounced in the sample with glucose.
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Our fitted values do not however seem to be simi-
lar to what has been observed in literature. Studies
have considered the fluorescence decay of hair, which
also contains keratin protein. A 2007 study found a
2-exponential model was sufficient to fit the fluores-
cence decay of hair, and attributed the long lifetime
component of 1.4 ns to keratin [33]. A further study in
2012 found the fluorescence decay of hair to have a
more complex multi-exponential decay, and thus used
phasor plots to represent it [34]. Our results in vitro
also appear to show keratin as having a complex multi-
exponential decay.

Further information has been gathered from the
time-resolved emission spectra (TRES) constructed
from the fluorescence intensity decays recorded at a
range of wavelengths (440-550 nm) for both samples.
Figure 8 shows the normalised TRES for both samples
at different times.

The curves for the pure keratin sample (black) do
not change shape throughout the decay, indicating

simple fluorescence kinetics. They also do not change
substantially during 44 days of the experiment.

Conversely, the shape of the TRES for the keratin-
glucose sample does change as the experiment pro-
gresses. Initially, at day 0, the TRES resembles the
spectrum seen for free keratin, demonstrating no
immediate impact of glucose on keratin fluorescence.

By day 13 there seems to be one peak in the TRES,
and thus one fluorescent residue, which is consistent
with the steady state data. However, after day 13 a sec-
ond peak can be seen in the TRES, which becomes
more pronounced as the experiment progresses. This
occurs at 19000 cm ™', and so would correspond to the
keratin-glucose complex that forms at approximately
525nm.

The shape of the spectra also changes in the 10 ns
following excitation in the keratin-glucose sample,
with the red curves in figure 8 indicating that the fluor-
escent residue with peak at 525 nm decays faster than
the residue at 21500 cm ™' (~460 nm). We speculate
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that the fluorescence at 525 nm originates from a kera-
tin-glucose complex, which requires a longer time to
form, thus it is likely to be a bigger structure than the
one emitting at 460 nm, for example one formed by an
agglomeration of aggregates rather than by unim-
olecular addition. The other emission maximum
observed at 575 nm may come from even larger kera-
tin-glucose structures. In future studies that the
hypothesis of glucose causing the formation of larger
complexes, could be confirmed using fluorescence
anisotropy measurements.

Conclusion

The data presented have shown that glucose has a big
impact on the intrinsic fluorescence of keratin in vitro.
In pure keratin, fluorescence shows peak at 340 nm
due to Trp, and at 460 nm due to cross-links in the
protein. These cross-links can be excited directly at
370 nm, or at 280 nm via FRET from the Trp residues.
When glucose is added to a keratin sample, the
fluorescence intensity at 460 nm increases greatly due
to faster formation of new cross-links. Glucose also
causes the formation of two new fluorescent com-
plexes with peak fluorescence at ~525 nm (which
appears after ~10 days) and 575 nm (~21 days). A
schematic diagram illustrating the likely kinetics is
shown in figure 9.We anticipate that the contributions
of the three compounds detected in this experiment
may be different in different conditions of keratin
glycation, e.g. in the nail or hair tissues. As keratin
intrinsic fluorescence is sensitive to the extent of
glucose in its local environment, studying the fluores-
cence of nail or hair, where keratin is an abundant
protein, may offer a complementary method for
monitoring long-term complications of diabetes. We
are currently exploring further possibilities in this area
and the findings will be published in due course.
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