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A compact and portable LED array-based fluorescence sensor for rapid real-time monitoring is described.
The intensity-based sensing scheme is equipped with an array of LEDs to exploit the optical power
“fluorescence advantage”. This dynamic excitation control broadens the detection capacity and provides
tailored detection capabilities required for process manufacturing and field (environmental) applications.

Each sensor contains a specific energy LED array and a suitable emission filter for the target native fluo-
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rophore of interest. Excitation parameter effects on the emission signal behavior, fundamental response
functions, and standard analytical merits (sensitivity, detection limits, etc.) are discussed to highlight and
benchmark the unique capabilities of this new sensor technology. Integrated smart sensing capabilities
such as incident excitation source referencing and other complementary transducers (e.g., temperature
and position) are also discussed within the context of modern real-time intrinsic fluorometry applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There continues to be a significant need for sensitive and versa-
tile analytical techniques for in situ or in-line real-time monitoring
of industrial manufacturing and environmental processes [1-4].
Light induced fluorescence (LIF) is a well suited technique for
applications where traditional spectroscopies (NIR, IR, UV-Vis and
conventional Raman) fail to provide sufficient sensitivity, wide
dynamic range (DR) and low detection limits (DL) [5-7]. These tra-
ditional absorption spectroscopies are sensitivity limited as they
are based on the distinction between two large signals of nearly
equivalent magnitude. Fluorescence in contrast benefits from the
“fluorescence advantage” where the observed emission signal is
measured over a negligible background signal due to the Stokes
shift. This advantage is further defined by the direct relation-
ship between the emission signal strength and incident excitation
power.

Solid- and liquid-state intrinsic real-time LIF is of particular
interest within the pharmaceutical industry as there are a signifi-
cant number of fluorescent active pharmaceutical ingredients (API)
contained within low emissive formulations or matrices [8-10].
The continued emergence of high potency drug formulations

* Corresponding author. Tel.: +919 483 5267.
E-mail address: jason.e.dickens@gsk.com (J.E. Dickens).
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with less than 1% (w/w) API [7,9,11,12] also necessitates higher
sensitivity real-time spectroscopic techniques such as LIF. Final
dosage API content determination, blending kinetics assessment,
and content uniformity endpoint detection are a few examples
where real-time fluorescence has been demonstrated to improve
quality assurance during solid-dose final drug product manufac-
ture [9,10,13]. Numerous real-time intrinsic LIF applications also
exist within biopharmaceutical manufacture operations such as
biofluorophore(s) monitoring to optimize and control complex
fermentation processes [14-21]. Similar solid- and liquid-phase
intrinsic fluorescence applications also exist in other industries
(chemical, energy, bioenergy, petroleum, petrochemical, etc.) and
other fields such as environmental compliance and mitigation
[22-24].

While there are several commercial real-time LIF instruments
available for in situ intrinsic fluorometry, most of them are inad-
equate for industrial pharmaceutical applications and other field
problems [1]. First, current instruments are detector gain limited
due to the use of traditional fixed incident excitation intensity
light sources such as a xenon arc lamp or a single LED [25]. Thus
the fluorescence advantage has been left unexploited for dynamic
excitation control to optimize the analytical figures of merit
(i.e., signal-to-noise, response sensitivity, dynamic range, etc.) for
each monitoring application. These enhanced capabilities are also
important to reduce the measurement uncertainty associated with
immersion probes with small spot sizes (<10 mm)[11,12]. Further-

Please cite this article in press as: J.E. Dickens, et al., An LED array-based light induced fluorescence sensor for real-time process and field
monitoring. Sens. Actuators B: Chem. (2011), doi:10.1016/j.snb.2011.04.077



dx.doi.org/10.1016/j.snb.2011.04.077
dx.doi.org/10.1016/j.snb.2011.04.077
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:jason.e.dickens@gsk.com
dx.doi.org/10.1016/j.snb.2011.04.077

GModel
SNB-13093; No.of Pages8

2 J.E. Dickens et al. / Sensors and Actuators B xxx (2011) Xxx—xXx

more, control of the excitation source is also imperative to limit
photobleaching for fluorescent detection of photosensitive APIs or
analytes.

In spite of a host of unmet solid-phase applications, current
real-time LIF instruments on the market are exclusively tailored
for liquid-phase analysis such as water quality and hydrology (e.g.,
fluorescent dye tracer studies) [22-24,26], marine science [27-30],
and fermentation monitoring applications [14-21,31-33]. Cum-
bersome instrumental designs, external supporting utilities, and
the lack of “smart sensing” [34] capabilities are the remaining
limitations of most commercial real-time LIF instruments. These
restrictions impede the broader adoption of in-line real-time LIF
across modern manufacturing and field problems that require
portable instruments that are readily deployable, provide sufficient
detection capacity, and ensure measurement quality assurance.
While compact optical sensors have been viable for some time, they
have remained largely unavailable on a commercial basis.

The development of an innovative light induced fluorescence
(LIF) sensor was undertaken to realize a compact, self-contained,
portable and low-cost versatile solution to address a host of diverse
unmet real-time intrinsic LIF applications [35-37]. To this end, the
attributes of this envisioned sensor include: (i) broad analytical
capabilities via dynamic excitation control; (ii) rapid analysis; (iii)
robust solid-state optical sensor design; (iv); smart sensing fea-
tures for robust monitoring and process control; and (v) versatile
deployment capabilities.

The sensor described in this work is based on an array of light
emitting diodes (LED array) as a controllable excitation source (i.e.,
fast switching) to exploit the fluorescence advantage. This advance
leads to dynamic tailored signal response and broad detection capa-
bilities to address a wide range of analytical requirements across
real-time applications. While LED-based sensors have appeared
on the marketplace in recent years, such instruments contain a
single excitation LED [38,39]. The benefits of high-performance
UV-Vis LEDs for optical sensing include compact size, low power
consumption (e.g., battery operated), minimal heat generation,
high emission stability and long life spans [25]. They also provide
sufficient intensity at specific wavelengths for excitation of vari-
ous target fluorophores. While several articles have appeared in
recent years describing LED array based detection schemes, the
exploitation of the optical power fluorescence advantage has yet
to be reported [25,40-46]. In addition, a dynamic excitation source
with broad duty cycle pulsing capabilities to address the com-
plexities associated with solid-phase fluorescence analysis (e.g.,
photobleaching) has also not been reported, in particular within
the context of real-time solid-phase pharmaceutical manufacturing
applications [9,10,30,47].

This work describes this new LED array LIF sensor and its unique
analytical figures of merit where a front-surface reflectance based
sensors are evaluated for applications that necessitate real-time
solid-phase fluorometry. The effects of excitation parameters on
the raw emission signal, the fundamental response functions, and
the conventional analytical merits (sensitivity, detection limits,
etc.) are characterized. Furthermore, the implications of pho-
todegradation or photobleaching are also discussed within the
context of real-time LIF analysis of pharmaceutical solid-phase
matrices and processes.

2. Experimental
2.1. Sensor system description
Fig. 1 depicts the compact insertion type sensor designed for

in situ process and field real-time analysis. The self-contained sen-
sor includes a 12 x 2 x 5in. (L x W x H) enclosure housing along

with a standard 1in. diameter probe which can range from 3 to
12in. in length. The sensor is equipped with an internal NiMH
rechargeable battery (5 h lifespan), power over Ethernet (POE) and
WiFi communications, temperature sensors (RTDs), and an incli-
nometer. These features are discussed further in Section 3.3.

The optical scheme is based on a front-surface single channel
design (Fig. 1B) that does not employ optical fibers for intensity
reflectance emission detection. This single-channel filter photo-
metric design is suitable for fluorescence detection in condensed
phases where excitation and emission spectra are most often
broad and in general featureless. Moreover, the intensity sensor
is well suited for various solid-phase pharmaceutical formulations
and related applications that involve a single sufficient emitting
fluorophore, such as an active pharmaceutical ingredient (API),
contained within a negligible emissive sample matrix [9,10,30,47].
The scheme contains up to four specific energy high performance
light emitting diodes (LED) located at the distal tip of the probe
for suitable incident excitation of the target molecule. The recent
availability of ultraviolet LEDs that emit down to 270 nm has made
this sensor technology more applicable to numerous small organic
molecules or APIs that absorb in this region. Each LED excitation
source is equipped with integrated photodiodes (PD) for internal
referencing. The FWHM bandwidth of the LEDs utilized within the
various intensity sensors range from 10 to 20 nm. Emission detec-
tion is achieved by a transfer light pipe, a suitable emission filter,
and a Hamamatsu (Hamamatsu City, Japan) photomultiplier tube.

Fig. 1C depicts the ray trace of the probe terminus where
180° excitation-emission light management is employed. The
reflectance spot sizes available for this optic arrangement range
from 5 to 10 mm in diameter. This particular sensor scheme is tai-
lored for ambient temperature real-time analysis that is common
in many solid-phase final drug product manufacturing applications
such as tote tumble blending [7,9-13,48,49]. A split-fiber bundle
sensor design was also developed for above ambient tempera-
tures conditions, liquid matrices, and applications that necessitate
a reduced spot size.

2.2. Sensor measurement parameters and data acquisition

The novel sensor platform was designed to afford an abundance
of dynamic measurement parameters that are mostly associated
with the LED array excitation source. This array is operated in either
a continuous or pulsed mode. In the former mode the drive current
range is 7-18 mA, but expands to a maximum drive of ~50 mA in the
pulsed mode. Consequently, enhanced longevity, higher LED drive
currents (by a factor of 3) producing higher excitation intensities
and less heat generation are additional benefits of the pulsed mode.
Incident excitation intensity in this latter mode is determined by
the culmination of the pulse height or drive current, the pulse rate
(1-10 pulses/s), the pulse width (10-1000 ms) and the number of
activated LEDs (1-4). In continuous mode, the drive current and
number of activated LEDs determines the incident excitation inten-
sity. In either excitation mode the LED array is driven by either
a global drive current delivered across the LED array or normal-
ized currents to each LED. The remainder of the sensor parameters
include the acquisition rate and the PMT gain, where the former
is governed by the pulse rate or sample rate (1-10 samples/s) in
pulsed and continuous modes, respectively.

Bespoke data acquisition and instrument control (DAC) software
was also developed for this new sensor for real-time monitoring
applications. This software functions in either a standalone mode
or in a remote control mode in tandem with an external control
system via OLE for process control (OPC). This open communica-
tions approach affords integration with supervisory control and
data acquisition systems (SCADA) and other third party auxiliary
software platforms for advanced data signal processing. The soft-
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Fig. 1. LED Array LIF Sensor (A) associated general block diagram (B) and probe terminus for solid-phase reflectance based detection (C).

ware also includes smart sensing logic and diagnostics capabilities,
real-time charting, data achieving, and hot-swap communication
protocol management. Store forward data integrity for streaming
datainterrupt protectionis also a key software capability to address
problematic remote communication disruptions that can and often
do occur in real-life applications.

2.3. Equipment

Custom Sensors and Technology (Fenton, MO) designed, fabri-
cated and supplied the LIF sensors discussed in this work based on
conceptual requirements supplied by GlaxoSmithKline (Durham,
NC). Single-channel or intensity based sensors (denoted as types
A, B, C, etc.) were initially developed with the following max-
imum excitation and emission wavelength combinations: type
A (Aex=345nm and Aem=405nm), type B (Aex=275nm and
Aem=320nm), and type C (Aex=445nm and Aem=505nm). The
full width half maximum (FWHM) in both excitation and emission
channels range from 15 nm to 50 nm. The transmission properties
within each sensor are specified to isolate excitation and emission
radiation to ensure a dark background emission signal. Alternative
sensors varying in excitation and emission transmission charac-
teristics throughout the ultraviolet and visible regions are also
available to meet alternative application requirements. Moreover,
LEDs matching the excitation behavior of the target fluorophore
can also be selected for optimal absorption efficiency and emission
intensity. The results discussed herein involve type A and B sen-
sors equipped with a 12 in. immersion probe configured to a 10 mm
reflectance spot size. A POE connection between a LIF sensor, a POE
hub, and a remote laptop PC was used for DAC.

2.4. Materials

The common fluorophore DL-tryptophan (Fisher Scientific) was
purchased to assist in benchmarking the analytical merits (sen-
sitivity, detection limits, dynamic range, etc.) of this new sensor
technology. The type B sensor was characterized with handmade
powder blends of bL-tryptophan in lactose. Separate blends of dis-
parate APIsin lactose were also used in this work and were prepared

by conventional pharmaceutical blending manufacturing methods.
All powder blends were measured with the LIF sensor in the labo-
ratory via a Shimadzu (Columbia, MD) powder accessory kit (Cat.
N. 204-26836-01). The blend of interest was loaded to volume in
the Shimadzu accessory powder cup, contained with the associ-
ated quartz cover glass, and placed on the probe head. This method
proved useful in ensure consistent powder density for repeatable
LIF detection.

Fluorescent reflectance standards (CSTM-FFC-Vio) tailored for
the type A sensor were also purchased from Avian Technologies
(Sunapee, NH) with fluorophore concentrations ranging from 2 to
0.25% (w/w). These reflectance standards were used to assess the
effects of sensor measurement conditions on the sensor(s) ana-
lytical performance, in particular fundamental response functions,
signal-to-background ratios (SBR) and signal-to-noise ratios (SNR).

3. Results and discussion

The commercial appearance of compact LED-based optical
instruments has been anticipated for over three decades since
their first demonstrated utility for chemical analysis [42,50]. In
recent years absorbance and fluorescence based detection schemes
have become viable with the emergence of commercial LEDs
within the ultraviolet spectral region [25,51-53]. LEDs are compact,
energy-emission efficient and controllable sources that provide
high spectral quality, narrowband near monochromatic radiation
[25]. These attributes make them well suited for miniature analyt-
ical devices such as battery operated optical sensors.

The goal of this work was to develop a compact LIF sensor that
exploits the optical power fluorescence advantage via the dynamic
control capabilities of LEDs as described by:

IEmission =1l 2~3€bf7/¢ (1)

where Igmission 1S the emission signal intensity, Ip is the inci-
dent excitation intensity, b is the optical path length, y is the
instrument emission collection efficiency, ¢ is the fluorophore
emission quantum efficiency, ¢ is the solute extinction coeffi-
cient and c is the solute concentration. The term “fluorescence
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Fig. 2. Pulsed duty cycle (A) and pulse width (B) emission signal effects with type A sensor (18 mA drive current and 60% PMT gain) and a 1% CSTM-FFC-Vio fluorescent

reflectance standard.

advantage” is often used to describe the direct proportionality
between emission signal intensity and the intensity of the incident
radiation. Dynamic excitation capabilities extends the detection
capacity relative to detector gain-limited LIF instruments and
affords real-time tailored analytical response to address a wide
range of real-time analytical requirements as found in process
manufacturing applications. Manufacturing processes for example
can be dynamic systems where in certain situations a change in
measurement parameters on-the-fly may be required for suitable
response performance to detect the target process event of inter-
est. Moreover, the solute concentration dynamic range across a
given process can often span from percent to sub-percent levels.
A wide range of analytical requirements also exists for envi-
ronmental field problems such as petroleum contamination and
remediation monitoring [6,54-56]. Beyond the typical analytical
performance attributes (sensitivity, DL, etc.), versatile excitation
capabilities (pulse width, duty cycle, excitation intensity, etc.) are
also beneficial to minimize overexposure effects (i.e., photobleach-
ing or photodegradation) that are more common in solid-phase
fluorometry.

3.1. Signal response characteristics

In this work the performance characteristics of this new sen-
sor technology is discussed where sensor types A and B were
evaluated with suitable fluorescent reflectance standards and the
tryptophan-lactose blends, respectively. These purchased and pre-
pared standards were measured with the sensor probe under
static laboratory conditions (i.e., constant sample contact with
the LIF probe). While “static” performance characterization (i.e.,
non-agitated sample) of a real-time instrument within a labora-
tory environment is a standard approach, solid-phase fluorometry
presents unique challenges. That is, over exposure effects (pho-
tobleaching or photodegradation) is an important factor at long
sample residence times. While overexposure effects are negligible
for most real-time LIF applications, certain monitoring problems
can involve conditions where photodegradation is a risk. Fig. 2 illus-
trates the static emission responses of a 1% fluorescent reflectance
standard (CSTM-FFC-Vio) at various LED excitation conditions.
A non-steady state signal, indicative of photodegradation, was
observed at high excitation duty cycles. A steady-state response
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Fig. 3. Normalized signal decay from a type B sensor as a function of duty cycle for two compounds (18 mA drive current and 60% PMT gain).
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however was achieved at a sufficient lower pulsed duty cycles from
0.25 to 0.09. The maximum emission signal was also observed at
the lowest 10 ms excitation pulse width (i.e., a 0.1 duty cycle).

Overexposure effects were further characterized with two dis-
parate API fluorophores, denoted as compound 1 and 2, as a
function of excitation conditions. Separate blends of these AP were
prepared in lactose to a ~0.35% (w/w) concentration. Fig. 3 depicts
the normalized emission response for these two fluorophores at
various excitation parameters under static conditions. A steady-
state signal is observed for compound 1 at 0.1 and 0.01 duty cycles
whereas a steady-state signal for compound 2 was only observed at
the lowest excitation duty cycle (0.01). Consequently, the steady-
state responses were repeatable upon a 2nd static measurement
with the intact sample of either compound 1 or compound 2. The
emission decay responses in contrast were non-repeatable, again
consistent with photodegradation.

To confirm these photodegradation observations, 5 mg blend
samples were exposed to various LIF sensor excitation condi-
tions followed by impurity analysis via high performance liquid
chromatography (HPLC). For the LIF measurement conditions that
produce an emission decay signal, the average total related impuri-
ties was 1.4% 4 0.2 by area (95% confidence), whereas an average of
0.97% 4 0.2 by area (95% confidence) was observed for the control
(non-exposed blends) and for excitation conditions that resulted

in a steady-state emission signal. This work demonstrates that
excitation conditions are critically important to determine sam-
ple integrity, in particular at long sample residence times. That is,
while real-time LIF is often considered as a minimally invasive tech-
nique, it can become destructive under suitable conditions. In most
solid-phase manufacturing process applications, the powder flow is
sufficiently rapid where photodegradation is negligible. Neverthe-
less, photodegradation is a risk with UV excitation and long sample
residence times. Consequently, photodegradation effects were not
observed with static API blend samples with a type C sensor or
excitation in the visible range.

3.2. Signal response characterization and analytical figures of
merits

In this study fluorescent reflectance standards (CSTM-FFC-Vio or
“Vio” standards) tailored for Sensor A were specified and purchased
from Avian Technologies (Sunapee, NH) to facilitate the determi-
nation of the fundamental response functions (SBRs and SNRs). The
suitability of these standards was determined prior to conduct-
ing further sensor evaluations. A representative emission response
curve with these standards was constructed (r% =0.97) with 4 LEDs
activated, an 18 mA global drive current, a 60% PMT detector gain,
and the aforementioned default pulse conditions. The emission sig-
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Fig. 5. Integrated reference signals (PDs) versus the global drive current from a type
A sensor with pulse mode excitation (10 pps and 10 ms pulse width).

nal for each standard was measured in triplicate for 30 s each. The
95% confidence interval in all cases was <10 arbitrary units (a.u.)
or emission intensity. Further benchmarking the sensors emission
signal repeatability under varying LED array drive currents (18 mA
and 34 mA) was also accessed with the 0.25% (w/w) “Vio” standard
as it was used to evaluate the sensor’s fundamental response func-
tions. In both cases the emission signal at 95% confidence interval
was also <10 a.u.

Excitation-emission isolation was also accessed under intense
LED excitation by evaluating both the dark and background signals.
AFluorilon™ 99% reflectance standard was used as a suitable blank
for type A sensor. Negligible differences were observed between the
background and dark signals (130 and 125 a.u., respectively) at a
maximum excitation power (4 LEDs and 49 mA drive current) and
a 75% PMT gain. Analogues background and dark signals were also
observed with suitable blank standards for type B and C sensors.

The fundamental response functions for a type A sensor were
next assessed with the 0.25% Vio standard. Fig. 4 illustrates the
effects of excitation intensity on the SBRs and SNRs. An increase
in the SBR is observed with increasing excitation intensity (# of
Active LEDs and drive current) consistent with the aforementioned
first principles. The SNR also increases with excitation intensity up
to ~35mA drive current, thereafter the SNR decreases. The lower
SNR above 35 mA is a result of higher signal noise, most likely due
to the higher excitation intensity variance across the array and the
plateau in excitation intensity at the higher drive currents (see
Fig. 5). These results nevertheless demonstrate the dynamic sig-
nal response capabilities afforded by various LED array excitation
parameters.

It is also useful to assess the performance of each LED within
the array under global and normalized drive current excitation
conditions. Fig. 5 depicts the integrated reference signal (PD) for
each LED versus the global drive current applied across the array.
The PD signal intensities increase linearly and plateau at ~35 mA.
Variable excitation intensity (11% RSD) is also observed across the
LEDs when applying a global drive current. An array normaliza-
tion routine was developed to correct for these LED performance
differences. This routine derives correction factors for each LED by
normalizing the array against the intensity of one of the LEDs in
the array at a desired maximum input drive current (100% of scale).
Upon applying this normalization routine the variance among the
LEDs was reduced to ~2% RSD. Various other normalization type
algorithms with the integrated references should also prove useful
for quantitative applications such as long-term excitation intensity
drift correction.

Total Excitation Strength
(Active LEDs x Drive Current)

Fig. 6. Type B sensor response sensitivity sensitivities for DL-tryptophan and total
integrated reference signal as a function of total excitation strength at a 80% PMT
gain and pulsed mode excitation (10 pps and 10 ms pulse width).

The analytical figures of merit were next assessed with blends
of DL-tryptophan in lactose ranging from 1 to 0.01% (w/w).
Prepared blends were necessary as reliable commercial fluores-
cent reflectance standards are unavailable at the concentrations
required to determine the approximate detection limits. In addi-
tion, commercial standards across sensor types, in particular for
Sensor B with the deep UV excitation, are available on a very lim-
ited basis as solid-state fluorescence is less common in practice
to date as compared to solution phase applications. These blends
were measured with the sensor via the aid of the Shimadzu powder
accessory (sample cup with quartz cover plate) previously dis-
cussed. The accessory facilitated repeatable sample presentation
to the LIF sensor probe as direct probe insertion into static pow-
der blends or other alternative sample presentation approaches
proved too variable due to uncontrollable pressure induced sam-
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Fig.7. Type B sensor DL-tryptophan response curve at a 80% PMT gain and excitation
pulsed conditions at 10 pps, 10 ms pulse width, 18 mA drive current and 4 LEDs
active.
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ple density changes. Neat DL-tryptophan in the solid-phase excites
between 250 and 275 nm with emission between 315 and 400 nm,
consistent with previous intra- and extracellular biofluorophore
observations [19]. These fluorescent characteristics align with the
optical configuration of a type B sensor (see Section 2). Fig. 6 depicts
the observed linear increase in response sensitivity as a function of
excitation intensity (Active LEDs x Array drive current) again con-
sistent with first principles. Detection limit were determined with
blends of DL-tryptophan in lactose ranging from 1 to 0.01% (w/w)
were prepared and measured with the type B sensor (see Fig. 7). The
limits of detection and quantitation for tryptophan were estimated
at 0.001% (w/w) and 0.002% (w/w), respectively. These detection
limit were determined at a mid range total excitation strength (72)
and thus even lower limits are possible at higher excitation powers
for a suitable sample matrix. Nevertheless, these limits are more
than sufficient for most pharmaceutical applications. Moreover,
these results clearly demonstrate the benefits of a dynamic exci-
tation source to meet the dynamic range requirements for a given
process. While the above analytical merits were determined with
type A and B sensor, the assessments are considered representative
ingeneral across all sensor types as only the excitation and emission
transmission characteristics (LEDs and optical filters) vary among
the sensor types.

3.3. Smart sensing capabilities

While defining the analytical response characteristics is the
intended focus of this work, it is useful to briefly discuss the rel-
evant smart sensing capabilities of this new sensor technology as
they relate to real-time process or “field” applications. These smart
sensing features are required to address the complexities of modern
manufacturing problems where real-time in-line or in situ fluores-
cence can be applied. First, two RTDs are integral to the sensor, one
located in the electronics housing and the other within the probe
distil tip. Negligible thermal variance was observed during the
course of this study at these two locations where the average oper-
ating temperate was 27 and 36 °C, respectively. An onboard 3-axis
inclinometer was also integrated within the sensor for applications
that necessitate directional information. For example, the common
tumble blending process step used in many secondary pharmaceu-
tical manufacturing routes required real-time rotational coordinate
information to extract the useful data from a convoluted data
stream. The benefits of the on-board inclinometer will be discussed
further in future tumble blending case study publications. A full
range of sensor health and diagnostic (battery capacity, commu-
nication status, etc.) features are also contained within the sensor
platform to ensure operational monitoring robustness required for
rigorous process control applications.

4. Conclusions

The results presented herein highlight the capabilities of this
new sensor technology and demonstrate its analytical benchmarks.
The versatility of a LED array to exploit the fluorescence advantage
and address excitation overexposure has also been evaluated. For a
sensor configured for reflectance detection, the response sensitivity
ranged from 100 to 60,000 and an estimated tryptophan detection
limit was ~0.001% (w/w) in lactose. These merits greatly expand
the LIF sensing detection capacity relative to conventional detec-
tor gain-limited LIF process instruments. The combined analytical
attributes along with the sensor’s compact, portable and robust
solid-state optical design provides a versatility process sensor for
a wide range of real-time monitoring problems. This work forms
the underpinnings for future publications that will describe vari-
ous application case studies. Future publications will also describe

the characterization of a similar LED array sensor configured for
in situ liquid monitoring. While selectivity limited intensity based
LIF sensors were developed initially, alternative sensor modalities
(e.g., 2D-fluorescent sensor, chemical optodes, etc.) are in devel-
opment based on this core sensor platform technology to address
more complex real-time LIF applications [52,53,57-63].
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