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Usingmicrofluidic systems to address the optical properties of Colored and Fluorescent DissolvedOrganicMatter
(CDOM/FDOM) offers newways for researching its interactions with the environment, and its response to rapid,
as well as extreme, changes of abiotic conditions. Here we present a microfluidic device with an Ultraviolet (UV)
component. Themanufacturedmicrofluidic device consists of passing a dissolved organicmatter sample through
a microchannel applying a combination of treatments using different UVwavelengths and exposure times. Here
we test the workability of themicrodevice by analyzing the effect of UV light on CDOM and FDOM, using as irra-
diations UVA and UVB to incite photodegradation, over different times. We then compare the absorbance and
fluorescence, measured from both treated and non-treated samples. The analysis of the measurements is done
by the calculation of the slope ratio, as indicative of molecular weight and dissolved organic carbon, besides
the fluorescence humification index (HIX) as an overview of the difference between treated and non-treated
of the excitation-emissionmatrices (EEMs). Our results show the efficiency of themicrodevice by demonstrating
a direct relation of degradation degree with exposure time. FDOM exposure to UVB shows a possible relation to
humic-like fluorophores intensity, shown in HIX and the overview difference. Furthermore, the changes showed
in the slope ratio demonstrate photodegradation in all treatments, with UVB exhibiting an increased influence.
The combination of microfluidic sample treatment within in situ applications of optical sensors will enhance
our capacities in addressing biogeochemical processes in the marine environment, which were not accessible
with conventional bulk methods.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Microfluidics is a technology and a study of fluids in the microscale
or smaller. The presented system uses miniaturized fluidics for the cre-
ation of controlled highly reproducible conditions under strict laminar
flow. Regarding its size, it is with 1 mm channel width at the edge of
the definition of microfluidics, but we have guaranteed that the typical
microfluidics conditions apply. Therefore, and due to the lack of clear a
definition of the next bigger size scale in fluidics, we named our system
microfluidics [1–4]. This technology has gained some ground in many
areas, such as chemistry, biochemistry, biomedical devices and applica-
tions, for its characteristics, such as high resolution and sensitivity, low
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costs, small sample volume and analysis time [3,5]. Because of these ad-
vantages, microfluidics is already being adapted to marine science re-
search. Shen et al. [50] developed a microfluidic-chip-based capillary
gel electrophoresis with laser-induced fluorescence detectors, to char-
acterize dissolved organic carbon in environmental water. Gassmann
et al. [47] created a microfluidic system with the intent of treating nat-
ural samples with temperature gradients, using two temperature zones
with a range from 4 °C to 20 °C for the cold zone, and 20 °C to 90 °C for
the hot zone so that the sample would cycle between zones in a user-
determined time and cycles. Hereinwe utilized this system and adapted
it to integrate a UV LED illumination as an additional treatment.

This adaptationwas representative of the sun's ultraviolet (UV) radi-
ation, which directly interacts with the water column, influencing the
carbon cycle of the sea. However, the UV radiation needs to pass
through the ozone layer, which reduces the availability of the band-
width of UV reaching the ocean. With this in mind, only 50% of UVA
(315 nm to 400 nm) and 10% of UVB (280 nm to 315 nm) can interact
with the water column. UV radiation and temperature are two factors
affecting dissolved organic matter (DOM). Colored dissolved organic
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matter (CDOM) is a substantial part of DOM, both in fresh- and seawa-
ter, having a strong influence on the subsea optical conditions [6,7].
Through selected absorption of lower wavelengths, it limits light avail-
ability for photosynthesis, at the same time protecting it from harmful
UV irradiation [8,9]. This process also causes an effect known as
photobleaching, which involves CDOM decomposition and production
of carbon dioxide, as well as several small organic molecules, the later
as a potential carbon source formicrobes [10]. Thenwe have fluorescent
dissolved organic matter (FDOM), a fraction of CDOM that emits pho-
tons of different wavelengths that is used as a tracer of DOM changes
[11,12]. FDOM fluorescence intensity decreases with the increase of
temperature as a result of quenching[13,14]. DOM typical composition
includes lignin, humic and fulvic substances, proteins and amino acids
residues. However, molecular weight and composition can differ ac-
cording to the geographical location, local development of human activ-
ities and industries [13,15].

Two tools to characterize CDOM and FDOM optical properties,
used in the laboratory, are the ultraviolet-visible absorption spectra
and excitation-emission matrix spectroscopy (EEMS). The UV–
visible absorption spectra of CDOM exhibits an exponentially in-
crease when reaching the lower wavelengths, which, by analyzing
the ratio of absorption at 250 nm to 365 nm and 465 nm to
665 nm, serves as an indicator for molecular weight, molecular
size, O:C and C:N atom ratios, carboxyl content and total acidity
[16,17]. Besides, the investigation of its slope of two distinct regions,
275–295 nm and 350–400 nm, and its slope ratio can be used as a
proxy for dissolved organic carbon (DOC) and CDOM molecular
weight [16]. Furthermore, the fluorescence-based EEMS also gives
valuable information, such as organic matter dynamics, composition,
concentration, and distribution [8,18]. This technique measures the
three-dimensional fluorescent spectra of FDOM compounds over a
pre-defined wavelength range [19,20]. According to the location of
specific peaks in excitation-emission matrices (EEMs), it is possible
to describe the main composition, source and transformations of
DOM in the samples [8]. In the FDOM characterization, three indices
can be valuable, the humification index (HIX), the biological index
(BIX) and the relative contribution of recently produced DOM
(REPIX) [11,21]. HIX gives the relative degree of humification,
where the C/H ratio can also provide the DOM maturation [22,23].
BIX is used to determine the biological origin of the components
and REPIX uses protein-like, humic-like and marine humic-like
fluorophores to indicate the manifestation of freshly formed DOM
[11,24,25]. Apart from laboratory instrumentation, in situ sensors
for ship-based applications and autonomous operations are rapidly
developing [20,26,27]. Spectral absorption and therefore CDOM can
be derived utilizing reflective tubes or spheres [20,28,29]. Multi-
wavelengths FDOM sensors are commercially available, even though
they are, strictly speaking, sampling the particulate and dissolved
fraction of DOM [30,31]. Recently, a submersible full EEMS sensor
was presented by Zielinski et al. [51].

The designed microfluidic system creates a controlled and highly
reproducible conditions while reducing the time needed for the
transformation caused by UV radiation on DOM; helping to under-
stand the CDOM/FDOM changes induced by the exposition to a
combination of temperature and UV irradiation. We aim to under-
stand the difference between the individual treatments and the
combined effect of UVA and UVB on the sample while controlling
temperature to avoid heating from the LEDs. The overall aim of
this research is to show the feasibility of such a novel approach
and to showcase the changes caused by UV radiation on CDOM
and FDOM, using a microfluidic device and water from natural sam-
ples. Specifically, our objectives are i) to present the design of a
novel UV irradiation extension to the microfluidic treatment sys-
tem. ii) prove the UV microfluidic systems efficiency. iii) examine
the dependence of photodegradation on different treatment times
and UV irradiations.
2. Materials and methods

2.1. Chip development

Gassmann et al. [47] produced amicrodevice design to heat and cool
a sample using a printed circuit board as a base (PCB). The designed PCB
has two squared sides,whichwere named as cold and hot zone, and un-
derneath each of them, a pocket was milled to have a good thermal
transmittance between the channel and the Peltier Elements. The
micro-milled polymer channel was also planned to keep the sample
on top of the PCB squares and is glued with acrylic glue to the PCB.
After the results of the microdevice prototype were tested in the chan-
nel was adapted to the current state. Some issues had to be improved
due to the contamination of the sample by the materials. In this study,
they detected that the polymer and the acrylic glue were big factors in
the leaching, whichwould increasewith a DOM sample; for that reason,
themicrochannel is nowmilledwith Polymethylmethacrylate (PMMA)
also known as PLEXIGLAS ®. To avoid contact of the sample with the
acrylic glue, a solvent bonding technique was used to unite two pieces
of PMMA, with different thicknesses (PLEXIGLASS ® XT Clear 2 mm
and PLEXIGLASS ® Film 99,524 0.5mm from Evonik PerformanceMate-
rials GmbH). Allowing the usage of the acrylic glue to link the PCB to the
PMMA channel [32,33]. Thematerial was then tested in Lopes et al. [32],
using the same treatments as Miranda et al. [15] and no leaching was
detected. In addition to the material of the channel, the sample volume
was changed to undertake at least 100 μL volume from the used cu-
vettes. This was accomplished by increasing the depth to 1 mm,
allowing the treatment of 120 μL sample volume. Due to the changed
size, the channel is now in between definitions, however, since themax-
imum used flow rate is 500 μL/min, the flow behavior is laminar with a
Reynolds number b 10, and we consider that it is still within the
microfluidic definition. Another addition was the UV LEDs (DUV-
HL5NR, Roithner LaserTechink GmbH) to the chip, so the “LED board”
was produced, which can be added or removed from the chip, thus it
is supported and connected to the PCB with pinheads, which also give
the adequate height for the LEDs to be focused (Fig. 1). This change
showed the necessity ofmodifying the PMMAand the temperature pro-
gram used, allowing both sides to warm or cool as needed. We used
PLEXIGLAS® XT Clear 0A770 UV transmitting from Evonik Performance
Materials GmbH to enable the UV light to come through. This PMMAhas
a different transmittance for the selected wavelengths of the LEDs, with
57% for the 280 ± 5 nm, UVB zone, and 87% for the 340 ± 5 nm, UVA
zone. The LED's higher incidence focus has a 5 mm diameter, which ir-
radiated about 11% of the sample volume. For that reason, on either
side, the sample is programmed to be in constant movement, to allow
the irradiation of the entire sample.

A self-made C# program for the syringe pump ensures the move-
ment of the sample inside each side of the channel, by controlling the
flow rate and direction of the liquid, therefore defining the type, amount
and time of cycles, i.e., the treatment. For temperatures, however, an
outside controller with an LCD is used: here the temperatures are
displayed and defined, this component shows a real-time reading of
the current temperature inside the channel (Fig. 2).

2.2. Sample collection, handling, treatments and procedures

Sampleswere taken from the Jade Bay (53.4500°N 8.2000°E) located
in the southern North Sea. Its composition includes different terrestrial
and marine sources. On the 7th of May 2018, around 10 am, with low
tide, a sample was collected on Jade Bay and filtered, with a nominal
pore size of 0.2 μm with a Nucleopore® membrane, later stored in a
glass container covered in aluminum at 4 °C.

The sample was tested in the microfluidic device, using three main
treatments setups UVB, UVA or a combination of UVA followed by
UVB (combined). In each of the main treatments, we tested four differ-
ent times, keeping the temperature at 20 °C for all the treatments. The



Fig. 1. - Close up of themicrochips and channel. On top, it is shown the two LED's (340 nmon the left and 280 nmon the right) centered on top of each side of the channel. One of the three
pinheads (center of the picture) that are used as support and connection of the LED board to the PCB. The PCB drawing where the two squares that delimitate the different zones of
temperature and the milled channel on top. In the bottom another set of connectors, where the link between the PCB and the supporting electronics is. The screws connect the PCB
and channel to the Peltier Elements. On both sides, the channel is centered on top of both square cooper zones of the PCB, which is warmed or cooled with the Peltier Element, as the
connections to the mainboard.
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times used were 15, 30, 60 and 90 min. For the combined, we would
have 15 min in the UVA followed by 15 min in the UVB, and the same
for the other times.

To prepare the setup of each treatment, after washing the channel,
we rinsed it with a small amount of sample, to avoid dilution by the
Fig. 2. - System schematic. From left to right, we have the syringe pump controlled by a self-pro
The channel is glued to a PCB,which is pinned to the LED board, the connector and screwed to th
potentiometers to regulate/fix the temperature, and it is linked to the temperature controller. T
has buttons to regulate it. Two different power supplies provide current to Both Peltier elemen
purified water leftovers from the washing, followed by air. Both syringe
and the tubewerefilledwith the sample to function as propelling liquid,
leaving about 0.2 mL of space to later collect the sample. The UV LED
system is turned ON (Fig. 2), and the temperature is defined to verify
the system stability. In the created program, we set the option of “Fill
duced software, which is responsible for the movement of the sample inside the channel.
e Peltier Elements. The connector has two jumpers that allow turning on/off the LEDs, two
he temperature controller has an LCDwhere we can see in real-time the temperature and
ts and the temperature controller.
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Sample”, to predefine the amount of sample taken by the syringe pump.
According to this setup, the propelling liquid is first pushed in to assure
it is on the tip of the tube, then a cushion of air is withdrawn to separate
the sample from the propelling liquid. The program informs the user to
place the tube to recoil the sample after the user authorization the sam-
ple is collected, followed by another withdrawn cushion of air, to pre-
vent the sample to be on the tip of the tube. Then the time and type of
treatment are defined, the tube is inserted in the input of the channel,
which by default is always in the UVA side, the “Run” button must be
pressed to initiate the treatment. The time, zone and constant move-
ment of the sample in the channel is controlled by the syringe pump, en-
suring the complete irradiation of the sample.

Since the default setup sample always initiates in the UVA zone, the
combined treatment always starts by passing through this zone for the
designated time with a constant movement, followed by the sample
transference into the UVB zone and the application of the same testing
condition but with the complementary UVB source. To avoid cross-
contamination, the channel cleanliness was verified each time by
obtaining treated blanks. These blanks were obtained by using only pu-
rified water as transport liquid and sample, the fluorescence was mea-
sured with LS55 Spectrofluorometer (PerkinElmer, USA).

The collected sample is subjected either to one of the treatments or
directly measured, attaining two sets of measured samples, treated and
non-treated samples. Samples absorptions were first measured with a
UV-VIS spectrophotometer (UV-2700, Shimadzu, Japan) within a
range from 200 to 600 nm, followed by themeasurement of the fluores-
cence spectra with an LS55 Spectrofluorometer (PerkinElmer, USA).
EEMS were recorded using the following setup: Energy high gain
(900 V), emission range from 200 to 600 nm, and an applied excitation
wavelength ranged from 200 to 400 nm, with 5 nm step. Samples were
analyzed by triplicates, except for the combined 60 min and combined
90 min, which were limited to two repetitions each.

2.3. Data calculation and processing

Data was transferred from the user interface into Excel sheets man-
ually. Obtained data was processed with a self-made MATLAB script,
which analyzes, calculates and plots different parameters, using the ac-
quired data from the spectrometer and spectrofluorometer. All calcula-
tions, plots and statistical were done in MATLAB 2017a (The
MathWorks, USA).

2.3.1. Slope ratio
Absorption spectrum was measured in a 10 mm quartz cuvette

(16.100-Q-10/Z15 from Starna, England). Slope calculations were
done according to Green & Blough [34] and, Eq. (1).

aCDOM λð Þ ¼ 2;303� A λð Þ=l ð1Þ

where aCDOM(λ)=Napierian absorption coefficient (m−1),A(λ)=absor-
bance, l= cuvette path length (m), λ=wavelength (nm) [34]. Data is
smoothed, by the smooth function fromMATLAB using an average filter.
We obtain the spectral slopes (S, nm−1) values, by applying Eq. (2), ac-
cordingly with, here the reference wavelength (nm) is represented by
λ0.

S ¼
− log

aCDOM λð Þ
aCDOM λ0ð Þ

� �

λ0−λð Þ ð2Þ

To obtain the slope ratio two S were calculated after dividing the
spectra into two distinct regions, S275–295 for the shorter wavelength re-
gion and S350–400 for the longer wavelength region using the Napierian
absorption coefficient fromwavelengths 275, 295, 350 and 400 nm and
respective wavelengths, to obtain the S values of each region. Here the
275 nm and 350 nm are used as the reference wavelength (λ0), while
295 nm and 400 nm are used as λ, respectively. From both slopes, we
then calculated the slope ratio bydividing the slope of the shorterwave-
lengths by the slope of the longer wavelengths region. Using its aver-
ages, we then analyze the different treatments over time, this can
show a DOM and a photochemical shift in the molecular weight
[16,21]. Helms et al. [16], Li and Hur [17] and Hansen et al. [36] use
the linear fitting to understand the trending of the results over time
and correlate it with photo and/or biodegradation.

2.3.2. Treated and non-treated EEMS subtraction
EEMS spectra were used to follow up changes in the FDOM finger-

print due to the UV irradiation for both treated and non-treated sam-
ples. Using EEMS data, we calculated the averages of the treated and
non-treated samples, the background was corrected by subtracting
blanks in each treatment. This operation removes Rayleigh and Raman
scattering lines Fig. 3 a,b. The result of this operation is two newmatri-
ces, subtracted from each other, represented as surface plots, Fig. 3.
However, this procedure would give a general idea of the EEMS compo-
sition, but it will not show the main differences between treated and
non-treated samples. Therefore, non-treated samples were subtracted
from the treated and vice versa. The results were two images in which
is clearly depicted the fundamental differences between treated and
non-treated samples, Fig. 3 c,d. As can be seen in Fig. 3c, the subtraction
of the non-treated from the treated samples fluorescent intensity (FI)
shows a missing peak, after the UV treatment; while Fig. 3d shows a
newly produced peak, after applying the UV treatment. This subtracting
process helps to understand and visualize the dynamics of the DOM
reprocessing and transformations under UV irradiation.

In Fig. 3b, the non-treated sample EEMS shows a peak located in a
specific position defined by the pair of emission/excitationwavelengths
(EM/EX) = 350/225 nm. This peak is isolated after the subtraction pro-
cess, Fig. 3d. On the other hand, the treated sample EEMS (Fig. 3a),
shows a slightly different composition compared to the non treated
sample (Fig. 3b), but once the subtraction is performed, a peak located
at (EM/EX) = 500/220 nm is isolated, Fig. 3c. This method does not
completely remove scattering lines, but still produces results that
show main changes in EEMS composition due to the UV treatments.

2.3.3. HIX
The humification index is calculated from the H/L ratio, first pre-

sented by Zsolnay et al. [35]. Consisting of two zones of the emission
spectra at excitation of 254 nm, zone H is obtained by the sum of fluo-
rescence intensity between 435 nm and 480 nm, while zone L is ac-
quired by the sum of fluorescence intensity between 300 nm and
345 nm, shown in Eq. (3).

HIX254 ¼
P

435−480nmð ÞP
300−345nmð Þ ¼

H
L

ð3Þ

The increase of HIX is directly related to a high aromaticity degree in
DOM. Values of HIX higher than 10 indicate a terrigenous contribution
with a strong humic character. Between 6 and 10, the components
have an important humic character with weak recent autochthonous
components. From 4 to 6 the humic character is weak while there is
an important recent autochthonous component, whereas values infe-
rior to 4 can show aquatic bacterial or biological origin [25,35].

3. Results

3.1. Slopes, slope ratio

Based on the absorption data, we calculated the high molecular
slope (S350–400), and the lowmolecular slope (S275–295) to be able to ob-
tain the slope ratio (S275–295/S350–400). Our results indicate that changes
in the slope ratio are related to the UV source and the irradiation time.



Fig. 3. - Results of the treatment with UVA for 60 min. a) Average of treated samples with the background removed; b) the average of non-treated samples with background removed
followed by the color bar [0 to 800] representing the first two images; c) represents subtraction of the fluorescent intensity of non-treated from treated samples, negatives values are
removed; d) represents the subtraction of the fluorescent intensity of treated samples from non- treated samples, negative values are removed. The color bar in arbitrary units (A.U.).
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This feature has previously been correlated to the concentration of dis-
solved organic carbon [16].

As it is shown in Fig. 4, by applying selected setups, our device can
induce an increase of the slope ratio in the treated samples, proving
the efficiency of the microfluidic device as a vehicle to modify the
CDOM/FDOM samples characteristics. Simultaneously, we confirmed
that even the shortest treatment setups exert a unique influence on
Fig. 4. - Spectral slope ratio. For each treatment there is a NT sample, in the irradiation time at 0
linear fitting is presented concerning time. UVB is represented by red, UVA by green and combin
referred to the web version of this article.)
CDOM/FDOM profiles when compared with the non-treated samples.
As referred to previously, the data analysis were accomplished by a
trending line over time using linear fitting [16,36]. To analyze the
changes in the slope ratio values, we fitted a curve using the slope
ratio as a function of time. A linear fitting of the curve for all treatments
is presented, each point represents the average value of each type of
treatment data point, and we note that non-treated (NT) slope values
min, measured on the same days the respective treatments occurred. For each treatment, a
ed by blue. (For interpretation of the references to color in this figure legend, the reader is
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were chosen as treatment time zero (t = 0 min), Fig. 4. The linear fit-
tings of each treatment over time showed an R2 higher than 0.9 for
UVA and UVB, with the lower R2 equal to 0.86 for the combined treat-
ment. This R2 value in the combined treatment is explained by the
higher variability in its behavior, which is influenced by the use of
both UVA and UVB irradiation sources, resulting in a similar profile as
the UVA treatment. We used the NT slope ratio average of each treat-
ment as a treatment time zero (t = 0), with the overall average being
1.15. The slope ratio values of NTused tofit the curves tend to be slightly
higher than the 15 min mark on all treatments, however, in all cases,
there is an increase in the linear fitting from 15 until 90 min; UVA and
combined treatment show similar behaviors with a difference of
0.0001 in the slope of the linear equation and the equation interception
in y coordinate.

The increase in the slope ratio when applying the UVB setup sug-
gests that photodegradation is happening in the sample, correlating it
directly to irradiation time. This agrees with previous reports indicating
an accentuated effect of UVB on DOMmineralization [16]. Thus, indicat-
ing that the molecular weight of DOM decreases over time, i.e., a shift
from high to low molecular weight.

3.2. Treated and not treated EEMS subtraction

EEMS for all treatments and exposure times were analyzed, by
subtracting the NT from the treated samples (Fig. 5). Representing all
treatments in thisway, allowus to have an overview of the effect caused
by each UV treatment on the FDOM fingerprint. Therefore, applying this
approach, it was possible to analyze individually the peaks affected by
the treatments. Thus, we aim to address the practicality and efficiency
of the UV microfluidic device, since within the short irradiation time
we recorded specific FDOM/CDOM responses.

In general, this approach showed that specific peaks are predomi-
nant, specifically humic-like fluorophores, A (400–500 nm emission
and 237–260 nm excitation), C (400–500 nm emission and
Fig. 5. - Overall viewof subtraction of FI fromnon-treated to the treated of all treatmentswith a c
representing treatment time and theY-axis showing the type of treatment used,with each squar
300–370 nm excitation) and protein-like fluorophore or fluorophore T
(340–381 nm emission, 225–237 nm and 275 nm excitation). We ob-
served that UVB treatment mainly modified the fluorophores A and C
fingerprints. The greatest effect was recorded when applying the UVB
for 60 min. This setup is characterized by showing the presence of a
peak located in (EM/EX) = 500/250 nm, the main difference between
treated and non-treated samples (Fig. 5 c). EEMS analysis of samples
treated under the UVB for 30 and 90 min shows the presence of the A
fluorophore, but with a low FI, Fig. 5 (b, d). Interestingly, fluorophore
T shows an increase in its FI after UV treatment. This peak was detect-
able in the region according to an (EM/EX) range between 320 and
380/225–237 nm. Same peak intensities were recorded when UVB at
15 and 30 min were applied, but disappearing at 60 min, and
reappearing with a change intensity (close to 200 A.U.) in the peak
position.

Exposing the samples to UVA also exerts modifications on both
fluorophores, namely peaks A and T. Fluorophore A shows a similar FI
through all setups, Fig. 5 (e, f, g). We must notice that, after applying
the UVA for 90 min treatment, the peak A signal was lost. Despite the
small FI differences between the first three-time setups, a slight increase
in the FI was recorded between UVA at 15 and 30 min, afterward a de-
crease in FI was recorded between UVA at 60 and 90 min, Fig. 5 (g, h).
Furthermore, fluorophore T is detected in its two excitation positions,
with an increasing intensity from UVA at 15 to 30 min, Fig. 5 (e, f).
After applying longer irradiation times the peak T fades out, and a
very low FI is detected for the irradiated samples under the UVA at 60
and 90 min treatments, Fig. 5 (g, h).

In general, the combined treatment shows a decrease in the FI in the
regionmatchingwith peak A, this was observed in all treatments, espe-
cially in the combined at 90 min (Fig. 5 l). Fluorophore T appears at the
15 minmark, and then signal matching this peak is lost at 30 min, Fig. 5
(i, j). However, the peak is recorded once more in the combined at 60
and 90 min treatment, showing fluorophore T with its characteristic
two excitation peaks, Fig. 5 (k, l).
olor bar in arbitrary units (A.U.). In the larger image, the rows and columnshave theX-axis
e then having its X-axis (excitation) andY-axis (emission), individually entitled froma to l.



Fig. 6. –Humification Index from all treatments and respective NT. All values are above the 10mark, indicating a strong humic character with an important terrigenous contribution. The
black dot (•) represents the average, the red line (−) is themedian, the top, and the bottom indicate the 25th and75th quartile, the end of eachwhisker representing themaximumand the
minimum value, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.3. HIX

In general, all recorded values were above 10, indicating an impor-
tant humic character with a terrigenous contribution in the samples,
and since the values are below16, there is also aweak recent in situ pro-
duction shown in Fig. 6 [25,35].

Considering the average HIX values in Fig. 6, at UVB 15 min (12.4)
the sample shows a decrease in the humic compounds compared to
NT (13.2), which then increases over irradiation time, with the highest
point at 60 min (15.7). Though at UVB 90 min (14.4) there is a regres-
sion, it is still above the NT average.

Samples exposed to the UVA treatment, including NT, show average
values between 12 and 13, except for UVA at 60 min with an 11.6 aver-
age. UVA at 15min has the highest average value (12.5), followed by the
NT (12.4), UVA 30 min (12.3) and 90 min (12.1). UVA treatment com-
pared to UVB and combined shows a higher variation between replicas
HIX values, with the NT being the most predominant.

In the combined treatment, all the average values are smaller than
the corresponding NT. In this case, combined at 15 min (12.9) caused
a dropped of 1.6 compared to the NT average value of 14.5, after
which there is a recovery, almost reaching the same value as the NT, be-
fore decreasing again. Combined at 90 min (10.8) has the lowest aver-
age value of all treatments in the HIX.

4. Discussion

This research investigated the novelty of the UV irradiation exten-
sion, by presenting its design, uses and feasibility. Furthermore, we ex-
amined the CDOM/FDOM photodegradation dependence with a set of
two UV irradiation sources and selected treatment times, applied with
the developed device.

The efficiency of the developed UVmicrofluidic device was tested
by applying selected setups combining temperature and UV radia-
tion. We presented a working system, nevertheless the results ob-
tained show a higher standard variation. This variation is more
accentuated in the NT samples, which can be attributed to the
variation of the spectrophotometer and the spectrofluorometer for
each measurement and by the presence of air as well as changes in
the NT sample through the days.

In order to test the capabilities of the microfluidic device, we per-
formed specific tests with fresh filtered seawater samples. Absorp-
tion coefficients were calculated, and specific patterns were
recorded in the slope coefficient occurring after 15 min of treatment.
Calculated values tend to be smaller than those for respective NT
samples, Fig. 4. The decrease in the slope ratio can be considered as
caused by biodegradation of the sample in the first 15 min, followed
by an increase, represented by photodegradation where the inten-
sity depends on the type of radiation [17]. Thus, changes in the
slope ratio, suggest an increase in dissolved organic carbon concen-
tration, a shift from high to low molecular weight induced by
photo- and biodegradation [17,36].

Moreover, the application of selected UV LED irradiation sources
shows different outcomes. Samples exposed to UVB showed an increase
in the slope ratio over time, while the combined and the UVA treat-
ments both showed lower values. These similarities are explained by
the influence of UVA in the combined treatment as the first irradiation
applied, where the y-intercept is the distinguishing parameter between
both treatments. This observation agrees with the energetic content of
the radiation sources applied and its ability to induce photolysis of
DOM compounds [37]. We could assume this similarity can also prove
the reproducibility of the microdevice and that the influence of UVB
after applying UVA is not significant in CDOM which is also confirmed
by the EEMS subtraction.

In the present study FDOM response is specifically related to the
UV radiation applied, as it was recorded for HIX and the EMMS sub-
traction, Figs. 5 and 6. As is shown in Fig. 5, the application of UVB
treatment seemed to induce a release of humic-like compounds,
which was confirmed by the increase in the FI values in the first
steps of this treatment. Interestingly, the FI of this released
fluorophore decreased until its intensity is lost after 90 min of treat-
ment (UVB at 90 min). This agrees with the observed values for HIX
previously discussed. Application of complementary treatments,
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namely UVA and the combined one, showed a similar trend in FI
values for the humic-like and protein-like fluorophores. The results
showed that the FI values in both treatments were lower when com-
pared with UVB treatment. Higher FI values for NT samples were ex-
pected when compared with the treated samples since the effect of
photodegradation is a known fact for FDOM [14,38,39], however
Fig. 5c showed the opposite trend. This pattern suggests that the re-
lease of a fluorophore happened while the UVB treatment was ap-
plied. An increase in FI was also reported by Kouassi and Zika [48],
when samples were irradiated by a mercury line of 265.2, 280.4,
296.7 and 313 nm. Patel-Sorrentino et al. [49] showed similar results
to the UVB treatment where the peak of intensity happened at
around 50 min of irradiation in the air environment, suggesting
60 min will not be the peak of intensity. This result was commented
as not understandable in since they considered a non-existent con-
nection between the two. Allard et al. [46] concluded that UV irradi-
ation decomposes humic substances, where a 254 nm wavelength
was used for irradiation. In two previous researches, UVA has been
reported as the main responsible for these transformations [40,41].
These reports converge in a common factor, the amount of energy
contained by UVA and UVB induces specific FDOM responses,
which agrees in general terms with our observations.

Simultaneously, by applying UV radiation in a controlled setup with
our microdevice, we recorded unique changes in HIX values due to the
selection of time setups, Fig. 6. UVB treatment showed a specific feature
when UVB 60 min was applied, showing an apparent release of humic-
like compounds in the sample. This feature agrees with the previously
reported production of sunscreen-like compounds by microorganisms
exposed to luminic stress [42]. Application of UVA treatment to fresh
DOM samples showed a relatively weaker effect on HIX values, which
is consistent with the amount of energy contained by this radiation.
Nevertheless, a decreasing tendency was observed for this treatment,
when compared to HIX values against the respective values for NT sam-
ples. Furthermore, these changes in HIX values suggest a change in the
composition of the samples after treatment, where radiation type is
considered as the main cause of this alteration in the origin of those
compounds.

5. Conclusion

The presented microdevice with its novel UV structure showed its
feasibility. By applying it to a DOM sample, wewere able to induce pho-
tochemical changes in CDOM/FDOM. Treatment results exhibited be-
haviors comparable to previous studies, where time and type of
radiation are directly related to the degree of degradation. Furthermore,
UVB demonstrated a higher effect in the photodegradation, plus we ob-
served a possible connection between UVB and humic-like compounds.
By applying strictly controlled variables in selected setups, our experi-
mental device enhances capacities in addressing biogeochemical pro-
cesses in the marine environment, which were not accessible with
conventional bulk methods. Thus, the new device allows for the
U
T

investigation of photodegradation and the isolation of CDOM/FDOM re-
sponses contained in filtered seawater samples.

Enhancing of methodological capabilities of established (here opti-
cal) instrumentation can be achieved by different treatments prior to
the original sampling. This can go from simple filtration to ultrasonic
or heat exposures or, like in this study, the exposure to different UV ir-
radiations. The volume that needs to be treated is a critical component,
as typically one likes to expose quickly and with high energies, in all
cases under controlled conditions. Here, we successfully utilized a
microfluidic device for sample treatment, as it provides very good con-
trol overexposure of the sample. For future application, it makes sense
a) to miniaturize the surrounding infrastructure to operate the
microfluidic device and b) to transform it into a submersible, in situ ap-
plicable sample treatment. In combinationwith commercial optical sen-
sors and autonomous platforms, microfluidic sample (pre-) treatment
can enlarge the areas of application for aquatic DOM processes, marine
hazard detections [43], or even be transformed into affordable mobile
sensory instrumentation [26,44,45] encouraging citizens participation
in science.

Acknowledgments

This study was carried out in the framework of the Ph.D. research
training group “The Ecology of Molecules” (EcoMol) supported by the
Lower Saxony Ministry for Science and Culture.

DFKI acknowledges financial support by theMWK through “Nieder-
sachsen Vorab” (ZN3480).

M. L. Miranda acknowledges DAAD for the research scholarship
(Forschungsstipendien für DoktorandenundNachwuchswissenschaftler
für mehr als 6 Monate, 2014/15, Number 57076385) and SENACYT-
IFARHU for the research scholarship (for Doctoral and Postdoctoral stud-
ies 2017/18, Program BIPD-2016).

Authorship statement

Raquel Lopes: Conceptualization, Methodology, Validation, Formal
analysis, Investigation, Data Curation, Writing - Original Draft, Writing
- Review & Editing, Project administration. M. L. Miranda: Writing -
Original Draft, Writing - Review & Editing, Validation, Supervision, Pro-
ject administration. H. Schütte: Methodology, Resources. S. Gassmann:
Conceptualization, Methodology, Resources, Writing - Original Draft,
Writing - Review & Editing, Supervision, Project administration,
Funding acquisition. O. Zielinski: Conceptualization, Resources, Writing
- Original Draft,Writing - Review&Editing, Validation, Supervision, Pro-
ject administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Appendix A
Table 1

- Treatments setups for UV treatment.
Treatment Combined
 UVA
 UVB
V LED wavelength (nm)
 340
 280
 340
 280

ime (minutes)
 15
 15
 15
 15
30
 30
 30
 30

60
 60
 60
 60

90
 90
 90
 90



Fig. Apx 1. – Variation of the slope ratio from all treatments and respective NT. The black dot (•) represents the average, the red line (−) is themedian, the top, and the bottom indicate the
25th and 75th quartile, the end of each whisker representing the maximum and the minimum value, respectively.
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