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Abstract: This article presents our most recent advances in synchronous fluorescence (SF)
methodology for biomedical diagnostics. The SF method is characterized by simultaneously
scanning both the excitation and emission wavelengths while keeping a constant wavelength
interval between them. Compared to conventional fluorescence spectroscopy, the SF method
simplifies the emission spectrum while enabling greater selectivity, and has been
successfully used to detect subtle differences in the fluorescence emission signatures of
biochemical species in cells and tissues. The SF method can be used in imaging to analyze
dysplastic cells in vitro and tissue in vivo. Based on the SF method, here we demonstrate the
feasibility of a time-resolved synchronous fluorescence (TRSF) method, which incorporates
the intrinsic fluorescent decay characteristics of the fluorophores. Our prototype TRSF
system has clearly shown its advantage in spectro-temporal separation of the fluorophores
that were otherwise difficult to spectrally separate in SF spectroscopy. We envision that our
previously-tested SF imaging and the newly-developed TRSF methods will combine their
proven diagnostic potentials in cancer diagnosis to further improve the efficacy of SF-based
biomedical diagnostics.
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1. Introduction
1.1. Synchronous Fluorescence

Optical technologies for rapid diagnosis of cancer and dysplasia are highly beneficial in early
detection and timely treatment. In conventional diagnostics, a biopsy sample typically represents only a
very limited area of the suspected tissue; and laboratory results using histopathology examinations are
generally time-consuming. Fluorescence spectroscopy is a powerful technique that can be used to
noninvasively analyze the fluorescent signatures of tissue. Autofluorescence of neoplastic and normal
tissues using fixed-wavelength laser-induced fluorescence (LIF) have been investigated and used for
cancer diagnosis in our laboratory as well as other laboratories [1-7]. Although studies have
demonstrated reasonably good specificity and sensitivity in sample classification, fixed-wavelength
excitation typically produces fluorescence spectra exhibiting featureless profiles or broad-band peaks,
which do not fully exploit the diagnostic potentials of fluorescence spectroscopy. We have previously
developed the theoretical foundations of the synchronous fluorescence (SF) method, which was
characterized by simultaneously scanning both the excitation and emission wavelengths, while
maintaining a constant wavelength interval [8,9]. The SF method has been coupled with multi-component
analysis algorithms to obtain spectral signatures of environmental samples and to enhance selectivity in
analyzing complex chemical and biological samples [9—14].

The SF method not only simplifies the emission spectrum, but is also less affected by Rayleigh and
Raman scattering, compared to the conventional excitation-emission matrix fluorescence (EEMF) [15].
The SF methodology provides a simple way to rapidly measure fluorescence signals and spectral signatures
of complex biological samples. Conventional fluorescence spectroscopy uses either a fixed-wavelength
excitation (dex) to produce an emission spectrum or a fixed-wavelength emission (4em) to record an
excitation spectrum. With synchronous spectroscopy, the fluorescence signal is recorded while both Aem
and Aex are scanned simultaneously. A constant wavelength interval AA is maintained between the
excitation and emission wavelengths throughout the spectrum, as expressed by:

Aem = Aoy + A (1)
As aresult, the intensity of synchronous signal s, can be written as the product of three functions [8,9]:

Ig (lex' Aem) =kc Ey (Aex)Fe (lex' Aem)Em (Aem) (2)

where £ is a constant dependent on the measurement geometry; c is the fluorophore concentration; Ex is
the excitation absorption spectrum; Ey is the fluorescence emission spectrum; and Fe is the fluorescence
efficiency describing the ratio of excitation light converted to fluorescence. If the wavelength interval
A/ is chosen properly, the resulting SF spectrum will show one or a few features that are much more
resolvable than those in the conventional fluorescence emission spectrum.

For a single molecular species, the observed SF signal intensity /s is simplified (often to a single peak)
and the bandwidth is narrower than in a conventional fluorescence emission spectrum. This feature
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significantly reduces spectral overlapping in multicomponent samples. This advantage can be
well-demonstrated by the SF spectrum of a sample consisting of structurally-similar compounds:
naphthalene, phenanthrene, anthracene, perylene, and tetracene, (Figure 1) [8], in which each compound
gives practically only one “peak”, similar to a chromatogram (i.e., a spectrogram).
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Figure 1. Conventional fixed-excitation fluorescence of a five-component mixture (upper
curve, 258 nm excitation) and the SF spectrum of the same mixture showing improved
spectral component separation (lower curve, 3 nm wavelength interval). Adapted from [8].

The SF method has found numerous applications in spectral analysis of complex samples, e.g., in
environmental protection [16-18], food science [19-21], biological assays [22-28], and medical
diagnosis [29-31]. In our laboratory, the SF method has been the basis for development of various
instruments, including a portable field monitor [10] and an acousto-optic tunable filter (AOTF) system [11].
Most of the early applications of the SF method were focused on examining in vitro samples, e.g.,
analyzing air particulates [32], screening metabolites of a carcinogenic compound, benzo[a]pyrene,
characterizing animal and human urine [12], determining carcinogen-macromolecular adducts [33,34],
measuring cellular mitochondrial uptake of Rhodamine 123 [35], differentiating normal and neoplastic
cells [36], investigating lysozyme-chitobioside interactions [37], studying non-calcium interactions of
Fura-2 sensing dye [38], and detecting multiple fluorescent probes in DNA-sequencing [39]. Recently,
the SF method has received increased interest in optical diagnosis of cancer. Several other research
groups have carried out SF spectroscopy on ex vivo tissue samples, such as the cornea [40]. SF has been
used to analyze normal and abnormal cervical tissues [41], and three-dimensional, total synchronous

luminescence spectroscopy criteria for discrimination between normal and malignant breast tissue [42].
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Moreover, the SF method has been used to characterize DMBA-TPA-induced squamous cell carcinoma in
mice in vivo [43]. Data from total synchronous fluorescence spectroscopy measurements of normal and
malignant breast tissue samples were introduced in supervised self-organizing maps, a type of artificial
neural network, to obtain diagnosis [30]. Synchronous fluorescence spectroscopy was used for the
detection and characterization of cervical cancers in vitro [31]. The SF technique has been applied on a
variety types of skin tissue to show its narrow-band features and selectivity for in vivo analysis [44], and
has been applied to both in vitro and in vivo imaging for cancer detection and diagnostics [30,31,41,45-47].
The recent surge of applications has highlighted the unique advantages of the SF method that offers a
simple, yet effective, way to capture the fluorescent signatures of complex biochemical compounds in
tissue for medical diagnostics.

1.2. Synchronous Fluorescence Imaging

We have previously developed a synchronous fluorescence imaging (SFI) system to combine the great
diagnostic potentials of the SF method and the large field-of-view of imaging in cancer diagnosis [45,46].
The SFI system can be incorporated into an endoscope for gastrointestinal cancer detection, as
schematically shown in Figure 2.
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Figure 2. Schematic of the synchronous fluorescence imaging system. Adapted from [45].

A discriminant analysis and a multivariate statistical method were developed to differentiate pixels
containing malignant and normal tissue. MATLAB (MathWorks, Natick, Massachusetts) programs were
implemented to allow manual selection of the training pixels for a chosen classifier. The trained classifier
would subsequently generate a diagnostic image indicating the condition of each pixel. Both the SF
images and the whole set of fluorescence images were analyzed using these two methods. The specificity
and sensitivity of the diagnostic image derived from the synchronous data were calculated, using the
diagnostic image computed from the full spectral data as the gold standard. Classification results based
on the SF data achieved good accuracy compared to the results based on the full spectra when the
wavelength interval was chosen appropriately. We emphasize that an attractive advantage of SFI is that
a much smaller data set is acquired without losing analytical specificity. Furthermore, the contrast
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between fluorescence peaks and background in the spectrum is significantly enhanced, which will
benefit classification that relies on the subtle spectral differences between malignant and normal tissues.
The SFI method, thus, dramatically reduces data acquisition time while maintaining a high classification
accuracy, with diagnostic sensitivity from 82% to 97%, depending on the experimental conditions [45,46].

2. Methods
2.1. Time-Resolved Synchronous Fluorescence

Despite its proven success in comparison to conventional fluorescent methods, the SF method still
encounters difficulties in analyzing highly-complex fluorescent samples, where spectral overlapping of
multiple fluorophores is severe. This limitation is especially detrimental when both absorption and
emission spectra of the fluorophores are closely located. We propose to solve this problem by adding an
additional dimension of measurement to the SF method: i.e., using the time-domain information to
further separate spectrally-similar fluorophores. The time-domain information of fluorophores is
obtained by measuring time-resolved fluorescence decay, which is characteristic to the fluorophores,
and, more importantly, is practically uncoupled to the spectral domain information. In our previous work,
using an analog time-gating device, we showed improved spectral separation of complex samples [48].
The proposed method significantly improves spectral separation by obtaining the complete time-domain
data in just one acquisition cycle.

Time-resolved photo-detection can be achieved using either analog or photon-counting methods. The
analog method uses a photo-sensitive device to convert the photon flux to an electric current or voltage,
which is subsequently quantized by an analog-digital convertor. Representative analog photodetectors
are alkaline-metal photomultiplier tubes and semiconductor photodiodes. The analog method is easy to
implement and has been widely used in many applications. However, it has notable limitations in
detection sensitivity, response time, output linearity, and device aging. The photon-counting method is
established on a completely different principle: it detects the arrival time of individual photons, also
known as photon-tagging, and builds the temporal response curve by repeating the photon-tagging
operation for a large number of times to create a histogram of the accumulated events of single-photon
detection. In this method, the gain of the photosensor is set to a very high level disregarding the linearity
range of the device. By doing so, it achieves single-photon sensitivity. The photon-tagging module
determines the arrival time of photons with respect to the reference signal fed directly from the pulsed
laser source. Compared to the analog method, the photon-counting method dramatically mitigates the
limitations on detection sensitivity, response time, output linearity, and device aging.

In the present work, we used the photon-counting method with the single-photon avalanche diodes
(SPADs) as the photosensors. With single-photon sensitivity, this configuration was well suited for low-light
photodetection. Another important advantage of the photon-counting method is that its temporal
resolution is no longer limited by the response time of the photosensor because the temporal response
curve is the statistic of the arrival time of the photons, i.e., the electric signal pulses generated by the
photosensor in response to the incoming photons. Therefore, the delay due to response time of the
photosensor is constant and can be subtracted from the final result collectively with other sources of
delay, e.g., optical and electric transmission. Since the significant event is the arrival of photons, it is the
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timing and number of pulses, rather than the amplitude, that determine the output in photon-counting.
Therefore, the linearity range of the photosensor is no longer a concern. In addition, the output linearity
is highly stable compared to the analog method and do not require any calibration by the users. Finally,
device aging would have virtually no impact on the performance of the photon-counting method because
the photosensor produces binary signals whose amplitude is insignificant for the downstream photon-counter.
It should be noted that a common limitation of the photon-counting method is the so-called “photon pile-up”
effect, which is negligible under the low-light condition.

2.2. System Configuration

Here we report the first prototype system for a TRSF spectroscopy study. The system is schematically
shown in Figure 3. A pulsed supercontinuum laser (SC400-2, Fianium, Southampton, UK) was used as
a broadband light source: Laser emission between 400 and 2400 nm with an average power density of
~1 mW/nm with a beam diameter of ~1.5 mm in the visible range of 400—700 nm, at a repetition rate of
20 MHz and a typical pulse width of 10 ps. For fluorescence excitation, a short-pass filter (cutoff at
850 nm) was inserted to prevent infrared sample heating. A monochromator (DMC1-03, Optometrics,
Littleton, MA, USA) was used to adjust the excitation wavelength. On the emission side, a liquid-crystal
tunable filter (LCTF, VariSpec VIS-20, PerkinElmer, Waltham, MA, USA) was used as a band-pass filter
tunable between 400 and 720 nm. Time-resolved photodetection was achieved using a time-correlated
single-photon counting (TCSPC) module (SPC-150, Becker and Hickl, Berlin, Germany) coupled with
an SPAD (Micro Photon Devices, Bolzano, Italy).

Emission
TCSPC LCTF Sample
Sync signal Excitation
Laser Monochromator Splitter

Power meter

Figure 3. Schematic of the time-resolved synchronous fluorescence (TRSF) system.

It is noteworthy that the proposed TRSF methodology can be easily translated to imaging
applications, for example, by coupling the photodetector to a wide-field imaging lens and performing
raster scans in the imaging plane of the lens.

3. Results and Discussion

To demonstrate the proposed TRSF system, we used a sample consisting of methylene blue and
oxazine 170 (both 10 uM) in deionized water. Methylene blue is frequently used as a dye to stain certain
types of tissue during surgery, and can be used as an injectable to treat methemoglobinemia [49].
Oxazine 170 is an important laser dye and has recently been demonstrated in a feasibility study as a
nerve-specific marker for neurosurgery [50]. These two fluorophores have substantially overlapping
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absorption and emission spectra that render SF spectral separation ineffective, shown in Figure 4, which
were acquired using a commercially available spectrometer (Jobin Yvon FluoroMax 3, Horiba Scientific,
Edison, NJ) with both excitation and emission slit widths set to 1 nm. The spectral sweeping step size
was 5 nm for fluorescence (Figure 4a,c) and 1 nm for SF (Figure 4b,d). The wavelength interval of the

SF scans was 20 nm.
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Figure 4. Fluorescence and standard SF spectra of methylene blue, oxazine 170, and their
mixture. (a) conventional fluorescence emission spectra of methylene blue (blue solid line)
and oxazine 170 (red broken line); (b) standard SF spectra of methylene blue (blue solid
line) and oxazine 170 (red broken line); (¢) conventional fluorescence spectra of the mixture
of methylene blue and oxazine 170, excited at 614 nm (blue solid line) and 655 nm (red
broken line); and (d) standard SF spectrum of the mixture of methylene blue and oxazine

170 (wavelength interval of 20 nm).

It is apparent in Figure 4c,d that spectral separation of methylene blue and oxazine 170 in the SF
spectrum is significantly better than in conventional fluorescence spectrum. Nonetheless, we emphasize
that the SF spectrum was acquired with a slit width of 1 nm and a sweeping step of 1 nm, which may be
impractical in many applications, e.g., multispectral imaging or fast acquisition, when the spectral
pass-band widths and sweeping step are significantly broader (typically 10 nm or higher). Under these
circumstances, spectral separation may become unsatisfactory, which is shown below.

Using our newly-developed prototype system, we obtained both SF and TRSF spectra of the same set
of samples consisting of methylene blue and oxazine 170 (freshly prepared). The excitation and emission
wavelengths were adjusted by tuning the monochromator and the LCTF simultaneously between
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consecutive data acquisitions with a wavelength interval of 40 nm. We chose this wavelength interval
because the optical density of this particular LCTF is the smallest at 40 nm within the range of typical
interval values (20—60 nm). Note that the bandwidths of the LCTF and monochromator were 20 and 10 nm,
respectively, limiting the smallest allowable wavelength interval for this configuration to 15 nm.
Considering the transition bandwidth of the devices, the minimal practical value of the wavelength
interval would be ~20 nm.

The TRSF and SF spectra acquired by the new system are shown in Figure 5. The TRSF spectra
(Figure 5a—c) were acquired by plotting the photon count with respect to the photodetection/emission
wavelength (the x-axis) and the photon time-tag (the y-axis). The SF spectra (Figure 5d—f) were obtained
by disregarding the photon time-tag (i.e., collapsing the y-axis). The spectral range (excitation) was
400-680 nm, which was jointly defined by the laser spectrum (400-850 nm) and the tuning range of
LCTF (400-720 nm). The corresponding spectral range of the TRSF and SF scans was 440—720 nm.
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Figure 5. SF and TRSF spectra acquired using the TRSF system: linear contour plots of the
TRSF spectra of (a) methylene blue (MB); (b) oxazine 170 (O170); (¢) their mixture
(MB + 0170); and (d—f) SF spectra derived from the same data sets, respectively.
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It was apparent that, using the SF method, methylene blue and oxazine 170 could not be spectrally
resolved with the given excitation/emission configuration, Figure 5f. This was mainly because of
peak-broadening due to differences in system configuration and device specifications, comparing
Figures 4d and 5f. The difference in fluorescence quantum efficiency is another complicating factor,
referring to the spectra obtained by the same instrument shown in Figure Sd—f. Both of these factors have
made effective spectral separation of the two fluorophores impractical. With the time-resolved data
shown in Figure 5c, however, clear distinction between the two fluorescent species is evident, comparing
Figure 5c to Figure 5a,b. Specifically, single-component samples exhibit highly symmetric patterns
(Figure 5a,b) because of the symmetric fluorescent emission peaks of the individual fluorophores. In
contrast, the two-component sample produced a highly asymmetric pattern (Figure 5c) because
fluorescence lifetime constants of the constituent fluorophores are different. In other words, one observes
a shifting fluorescent emission peak at different time points of fluorescence decay, which can be better
illustrated by plotting the SF spectra of the set of samples at different time points, Figure 6.
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Figure 6. Time-delayed SF (“Delayed SF”) plots derived from the TRSF data set of
(a) methylene blue (MB); (b) oxazine 170 (O170); and (c¢) the mixture of the two
fluorophores (MB + O170).

The existence of shifting peak wavelength in the “delayed SF” spectra can be used as a quantitative
indicator in automatic multi-component fluorophore identification. With the additional time-resolved
information, the lifetime constants of the fluorophores can be used in spectro-temporal analysis. Similar
to the extension of the SF method to SFI, the concept of TRSF can also potentially be extended to
biomedical imaging. Note that the TCSPC acquisition method is based on photon-counting and that it
does not perform additional scans (e.g., time-binning) in the time-domain. For this reason, TRSF imaging
will not increase acquisition time except for the intrinsic signal-to-noise limit. Furthermore, in analyzing
complex biomedical specimens, high-dimensional analysis that involves spectral, temporal, and spatial
information will likely give more robust classification results than low-dimensional analysis does.
We are currently working toward TRSF imaging instrumentation and multi-dimensional data analysis
algorithms for biomedical applications.

4. Conclusions

Synchronous fluorescence (SF) is a fast and information-rich spectroscopy method. It has unique
advantages compared to the conventional fixed-excitation fluorescence spectroscopy. Based on the SF
method, we demonstrated the feasibility of a new time-resolved SF (TRSF) method and instrument. This
method is a significant advancement from our previous work that revealed differences in spectral data
with different acquisition time-delay. In the present work, a complete dimension in the time-domain is
added to the spectral data, which is conveniently obtained in one acquisition cycle. Compared to the
standard SF method and the previous method, the proposed TRSF method better captures the full
characteristics of fluorophores in complex samples. Using a two-fluorophore liquid sample as an
example, our prototype TRSF system clearly showed its advantage in spectro-temporal separation of the
fluorophores that were otherwise difficult to resolve with conventional SF spectroscopy. Although
application of the proposed method on actual biological samples is beyond the scope of the present work,
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we envision that our previously-tested SFI and the newly-developed TRSF methods can combine the
impressive diagnostic potentials of the SF spectroscopy, wide-field imaging, and the new ultrafast
time-resolved acquisition, and that the new technologies will further improve the selectivity of
fluorescence-based analysis and diagnostics. Lastly, we would like to emphasize that SF is a
methodology for rapid data acquisition, which can be potentially applied to a number of analytical and
imaging technologies to achieve superior performance that were previously unattainable.

Acknowledgments
This work was sponsored by the Duke Faculty Exploratory Fund.
Author Contributions

Xiaofeng Zhang and Tuan Vo-Dinh jointly conceived the idea of time-resolved synchronous
fluorescence and authored the manuscript. Xiaofeng Zhang implemented the instrumentation and
performed the experiments. Tuan Vo-Dinh provided critical intellectual and logistic supports for the
work. Andrew Fales was a PhD student who assisted with sample preparation and initial testing of samples.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Georgakoudi, I.; Feld, M.S. The combined use of fluorescence, reflectance, and light-scattering
spectroscopy for evaluating dysplasia in Barrett’s esophagus. Gastrointest. Endosc. Clin. North Am.
2004, /4, 519-537.

2. Ramanujam, N. Fluorescence spectroscopy of neoplastic and non-neoplastic tissues. Neoplasia
2000, 2, 89-117.

3. Richards-Kortum, R.; Mitchell, M.F.; Ramanujam, N.; Mahadevan, A.; Thomsen, S. In vivo
fluorescence spectroscopy: Potential for non-invasive, automated diagnosis of cervical
intraepithelial neoplasia and use as a surrogate endpoint biomarker. J. Cell. Biochem. Suppl. 1994,
19, 111-119.

4. Harris, D.M.; Werkhaven, J. Endogenous porphyrin fluorescence in tumors. Lasers Surg. Med.
1987, 7, 467-472.

5. Vo-Dinh, T.; Panjehpour, M.; Overholt, B.F.; Farris, C.; Buckley, F.P., IlI; Sneed, R. /n vivo cancer
diagnosis of the esophagus using differential normalized fluorescence (DNF) indices. Lasers Surg.
Med. 1995, 16, 41-47.

6. Alfano, R.R. Advances in Optical Biopsy and Optical Mammography; Wiley: Hoboken, NJ, USA,
1997; pp. 1-203.

7. Lam, S.; Palcic, B.; McLean, D.; Hung, J.; Korbelik, M.; Profio, A.E. Detection of early lung cancer
using low dose Photoftrin II. Chest 1990, 97, 333-337.

8.  Vo-Dinh, T. Multicomponent analysis by synchronous luminescence spectrometry. Anal. Chem.
1978, 50, 396-401.



Sensors 2015, 15 21757

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Vo-Dinh, T. Synchronous Iluminescence spectroscopy: Methodology and applicability.
Appl. Spectrosc. 1982, 36, 576-581.

Alarie, J.P.; Vo-Dinh, T.; Miller, G.; Ericson, M.N.; Eastwood, D.; Lidberg, R.; Dominguez, M.
Development of a battery-operated portable synchronous luminescence spectrofluorometer.
Rev. Sci. Instrum. 1993, 64, 2541-2546.

Hueber, D.M.; Stevenson, C.L.; Vo-Dinh, T. Fast scanning synchronous luminescence spectrometer
based on acousto-optic tunable filters. Appl. Spectrosc. 1995, 49, 1624-1631.

Vo-Dinh, T.; Uziel, M. Laser-induced room-temperature phosphorescence detection of
benzo[a]pyrene-DNA adducts. Anal. Chem. 1987, 59, 1093-1095.

Uziel, M.; Ward, R.J.; Vodinh, T. Synchronous fluorescence measurement of bap metabolites in
human and animal urine. Anal. Lett. 1987, 20, 761-776.

Vo-Dinh, T.; Gammage, R.B. Singlet-Triplet energy difference as a parameter of selectivity in
synchronous phosphorimetry. Anal. Chem. 1978, 50, 2054-2058.

Kumar, K.; Mishra, A.K. Analysis of dilute aqueous multifluorophoric mixtures using
excitation-emission matrix fluorescence (EEMF) and total synchronous fluorescence (TSF)
spectroscopy: A comparative evaluation. Talanta 2013, 117, 209-220.

Chen, W.; Habibul, N.; Liu, X.Y.; Sheng, G.P.; Yu, H.Q. FTIR and synchronous fluorescence
heterospectral two-dimensional correlation analyses on the binding characteristics of copper onto
sissolved organic matter. Environ. Sci. Technol. 2015, 49, 2052-2058.

Bauer, A.E.; Frank, R.A.; Headley, J.V.; Peru, K.M.; Hewitt, L.M.; Dixon, D.G. Enhanced
characterization of oil sands acid-extractable organics fractions using electrospray ionization-high
resolution mass spectrometry and synchronous fluorescence spectroscopy. Environ. Toxicol. Chem.
2015, 34, 1001-1008.

Hur, J.; Lee, B.M.; Lee, T.H.; Park, D.H. Estimation of biological oxygen demand and chemical
oxygen demand for combined sewer systems using synchronous fluorescence spectra. Sensors
2010, 70, 2460-2471.

Ziak, L.; Majek, P.; Hrobonova, K.; Cacho, F.; Sadecka, J. Simultaneous determination of caffeine,
caramel and riboflavin in cola-type and energy drinks by synchronous fluorescence technique
coupled with partial least squares. Food Chem. 2014, 159, 282-286.

Sergiel, 1.; Pohl, P.; Biesaga, M.; Mironczyk, A. Suitability of three-dimensional synchronous
fluorescence spectroscopy for fingerprint analysis of honey samples with reference to their phenolic
profiles. Food Chem. 2014, 145, 319-326.

Lenhardt, L.; Zekovic, I.; Dramicanin, T.; Dramicanin, M.D.; Bro, R. Determination of the botanical
origin of honey by front-face synchronous fluorescence spectroscopy. Appl. Spectrosc. 2014, 68,
557-563.

Ye, T.; Liu, Y.; Luo, M.; Xiang, X.; Ji, X.; Zhou, G.; He, Z. Metal-organic framework-based
molecular beacons for multiplexed DNA detection by synchronous fluorescence analysis. Analyst
2014, 139, 1721-1725.

Pagani, A.P.; Ibanez, G.A. Second-order multivariate models for the processing of
standard-addition synchronous fluorescence-pH data. Application to the analysis of salicylic acid
and its major metabolite in human urine. Talanta 2014, 122, 1-7.



Sensors 2015, 15 21758

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Madrakian, T.; Bagheri, H.; Afkhami, A. Determination of human albumin in serum and urine
samples by constant-energy synchronous fluorescence method. Luminescence 20185, 30, 576-582.
Schenone, A.V.; Culzoni, M.J.; Campiglia, A.D.; Goicoechea, H.C. Total synchronous fluorescence
spectroscopic data modeled with first- and second-order algorithms for the determination of
doxorubicin in human plasma. 4nal. Bioanal. Chem. 2013, 405, 8515-8523.

Kaur, K.; Saini, S.; Singh, B.; Malik, A.K. Highly sensitive synchronous fluorescence measurement
of danofloxacin in pharmaceutical and milk samples using aluminium (IIT) enhanced fluorescence.
J. Fluoresc. 2012, 22, 1407-1413.

Teixeira, A.P.; Duarte, T.M.; Carrondo, M.J.; Alves, P.M. Synchronous fluorescence spectroscopy
as a novel tool to enable PAT applications in bioprocesses. Biotechnol. Bioeng. 2011, 108, 1852—-1861.
Pulgarin, J.A.M.; Molina, A.A.; Robles, [.S.-F. Rapid simultaneous determination of four
non-steroidal anti-inflammatory drugs by means of derivative nonlinear variable-angle synchronous
fluorescence spectrometry. Appl. Spectrosc. 2010, 64, 949-955.

Huang, L.; Guo, L.; Wan, Y.; Pan, P.; Feng, L. Simultaneous determination of three potential cancer
biomarkers in rat urine by synchronous fluorescence spectroscopy. Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 2014, 120, 595-601.

Dramicanin, T.; Dimitrijevic, B.; Dramicanin, M.D. Application of supervised self-organizing maps
in breast cancer diagnosis by total synchronous fluorescence spectroscopy. Appl. Spectrosc. 2011,
65,293-297.

Ebenezar, J.; Aruna, P.; Ganesan, S. Synchronous fluorescence spectroscopy for the detection and
characterization of cervical cancers in vitro. Photochem. Photobiol. 2010, 86, 77-86.

Vo-Dinh, T.; Gammage, R.B.; Martinez, P.R. Analysis of a workplace air particulate sample by
synchronous luminescence and room-temperature phosphorescence. Anal. Chem. 1981, 53, 253-258.
Vahakangas, K.; Trivers, G.; Rowe, M.; Harris, C.C. Benzo(a)pyrene diolepoxide-DNA adducts
detected by synchronous fluorescence spectrophotometry. Environ. Health Perspect. 1985, 62,
101-104.

Shields, P.G.; Kato, S.; Bowman, E.D.; Petruzzelli, S.; Cooper, D.P.; Povey, A.C.; Weston, A.
Combined micropreparative techniques with synchronous fluorescence spectroscopy or
32P-postlabelling assay for carcinogen-DNA adduct determination. /ARC Sci. Publ. 1993, 124,
243-254.

Askari, M.D.; Vo-Dinh, T. Implication of mitochondrial involvement in apoptotic activity of fragile
histidine triad gene: Application of synchronous luminescence spectroscopy. Biopolymers 2004,
73,510-523.

Watts, W.E.; Isola, N.R.; Frazier, D.; Vo-Dinh, T. Differentiation of normal and neoplastic cells by
synchronous fluorescence: Rat liver epithelial and rat hepatoma cell models. Anal. Lett. 1999, 32,
2583-2594.

Viallet, P.M.; Vo-Dinh, T.; Vigo, J.; Salmon, J.M. Investigation of lysozyme-chitobioside
interactions using synchronous luminescence and lifetime measurements. J. Fluoresc. 2002, 12,
57-63.

Baucel, F.; Salmon, J.M.; Vigo, J.; Vo-Dinh, T.; Viallet, F. Investigation of noncalcium interactions
of fura-2 by classical and synchronous fluorescence spectroscopy. Anal. Biochem. 1992, 204, 231-238.



Sensors 2015, 15 21759

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Stevenson, C.L.; Johnson, R.W.; Vo-Dinh, T. Synchronous luminescence: A new detection
technique for multiple fluorescent-probes used for DNA-sequencing. Biotechniques. 1994, 16,
1104-1111.

Uma, L.; Sharma, Y.; Balasubramanian, D. Fluorescence properties of isolated intact normal human
corneas. Photochem. Photobiol. 1996, 63, 213-216.

Vengadesan, N.; Anbupalam, T.; Hemamalini, S.; Ebenezar, J.; Muthuvelu, K.; Koteeswaran, D.;
Aruna, P.R.; Ganesan, S. Characterization of cervical normal and abnormal tissues by synchronous
luminescence spectroscopy. Opt. Biopsy IV 2002, 4613, 13—17.

Dramicanin, T.; Dramicanin, M.D.; Jokanovic, V.; Nikolic-Vukosavljevic, D.; Dimitrijevic, B.
Three-dimensional total synchronous luminescence spectroscopy criteria for discrimination
between normal and malignant breast tissues. Photochem. Photobiol. 2005, 81, 1554—1558.
Diagaradjane, P.; Yaseen, M.A.; Yu, J.; Wong, M.S.; Anvari, B. Synchronous fluorescence
spectroscopic characterization of DMBA-TPA-induced squamous cell carcinoma in mice.
J. Biomed. Opt. 2006, 11, doi:10.1117/1.2167933.

Vo-Dinh, T. Principle of synchronous luminescence (SL) technique for biomedical diagnostics. In
Proceedings of the Biomedical Diagnostic, Guidance, and Surgical-Assist Systems I, San Jose, CA,
USA, 3 May 2000; pp.42-49.

Liu, Q.; Chen, K.; Martin, M.; Wintenberg, A.; Lenarduzzi, R.; Panjehpour, M.; Overholt, B.F.;
Vo-Dinh, T. Development of a synchronous fluorescence imaging system and data analysis
methods. Opt. Express 2007, 15, 12583—12594.

Liu, Q.; Grant, G.; Vo-Dinh, T. Investigation of synchronous fluorescence method in
multi-component analysis in tissue. [EEE J. Sel. Top. Quantum Electron. 2010, 16, 927-940.
Patra, D.; Mishra, A.K. Recent developments in multi-component synchronous fluorescence scan
analysis. TrAC Trends Anal. Chem. 2002, 21, 787-798.

Stevenson, C.L.; Vo-Dinh, T. Analysis of polynuclear aromatic compounds using laser-excited
synchronous fluorescence. Anal. Chim. Acta 1995, 303, 247-253.

Wendel, W.B. The control of methemoglobinemia with methylene blue. J. Clin. Investig. 1939, 18,
179-185.

Park, M.H.; Hyun, H.; Ashitate, Y.; Wada, H.; Park, G.; Lee, J.H.; Njiojob, C.; Henary, M.;
Frangioni, J.V.; Choi, H.S. Prototype nerve-specific near-infrared fluorophores. Theranostics 2014,
4, 823-833.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



