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ABSTRACT: Reported herein is the immobilization of N-(1-
naphthyl)ethylenediamine (NED) on cellulose via an epichlorohy-
drin (ECH)-based covalent attachment and the implementation of
the functionalized cellulose into an ultrasensitive, paper-based
device for nitrite detection. The reported functionalization
procedure resulted in a 12.9-fold higher functionalization density
than the density that results from the previously reported
procedures, and the subsequent device allows for nitrite detection
limits in synthetic freshwater and real seawater of 0.26 and 0.22
μM, respectively. The sensor is efficient in a wide range of
temperature, humidity, turbidity, and salinity conditions and has
been successfully applied for nitrite detection in real water samples.
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Nitrite, a prevalent environmental contaminant1−4 that is
released into the environment by human activities such

as wastewater treatment, agricultural activities, and industrial
processes,5−7 can successfully be quantified at sub-micromolar
levels using techniques such as capillary electrophoresis,
spectrophotometry, electrochemical detection, and ion chro-
matography.8,9 While these techniques are useful in laboratory
settings, in most cases, they are not easily translocated for
onsite, real-time measurements, despite the need to detect
nitrite in the field. Many commercially available dipstick test
strips have been designed for onsite use, yet these cannot
detect sub-micromolar levels that are relevant for environ-
mental monitoring.
Attractive alternatives to both instrumental techniques and

dipstick test strips are paper-based devices.10,11 Paper-based
devices often rely on precisely patterned hydrophilic channels
through which the sample solutions flow, facilitated by
capillary action and controlled using hydrophobic barriers.
Sequentially timed delivery of reagents, and thus multistep
processes, can be mediated by this controlled flow.12 These
channels can be utilized to eliminate sample pretreatments,
such as purification, concentration, dilution, or reagent
addition, that are often required prior to instrumentation-
based techniques. Additional benefits of paper-based devices
include that they require only microliter quantities of sample,
as opposed to milliliter volumes required for instrumentation-
based quantification,12 and often can be analyzed by naked-eye
detection, smartphones,13,14 or flatbed scanners.15−18 Based on

these known advantages of paper-based devices and the
continued need for improved sensors for onsite nitrite
detection, we aimed to construct a nitrite-sensitive paper-
based device that improves upon the limitations of known
techniques and enables highly sensitive, robust, and practical
onsite detection.
Most commercially available test strips rely on the

inexpensive and user-friendly Griess method,19−21 a colori-
metric technique that allows simple naked-eye quantitation
through comparison on a color scale. The Griess reaction
typically utilizes two indicators, sulfanilamide and N-(1-
naphthyl)ethylenediamine (NED), which, in the presence of
nitrite, form a highly colored azo dye (Scheme 1).14

Sulfanilamide first reacts with nitrite to form a diazonium
salt intermediate, which rapidly undergoes a nucleophilic
aromatic substitution with N-(1-naphthyl)ethylenediamine to
produce the azo dye.22 While similar reagents can, and have
been, be used,22,23 these reagents are commonly regarded as
the optimal choices. N-(1-Naphthyl)ethylenediamine is the
most sensitive, rapid, and pH tolerant of the known potential
candidates,8 and sulfanilamide reacts rapidly with N-(1-
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naphthyl)ethylenediamine and nitrite to produce a stable
colored product within seconds.23 Therefore, these com-
pounds were used for this study.
Several paper-based devices using the Griess method for

nitrite detection have been reported in recent literature.13,15,18

While these have allowed for NO2
− detection limits as low as

1.0 μM (46 ppb),15 0.65 μM (30 ppb),13 and 0.86 μM,24 with
testing ranges of 10−150, 1.1−220, and 0.88−12 μM,
respectively, these concentrations are still too high for
environmental monitoring applications. In addition, most of
these devices suffer from poor stability, with the Griess
reagents degrading on the order of several days, which further
limits the long-term system performance.15,18 Furthermore,
these devices as well as commercially available devices utilize
free (i.e., unaffixed) Griess reagents, allowing both the reagents
and the colored azo product to be diluted by sample flow and
runoff.
Reported herein is the development and implementation of

a N-(1-naphthyl)ethylenediamine-cellulose material into a
paper-based nitrite sensor, shown in Figure 1. This device
was designed to improve the method sensitivity by affixing the
colored product to a defined location on the device and has
enabled the ultrasensitive (sub-micromolar) detection of nitrite
in aqueous media.

■ EXPERIMENTAL SECTION
Cellulose Functionalization. The Whatman 602h paper

substrate was patterned using a wax printer to create a 2.5 mm ×
10 mm2 hydrophilic lane with 3.75 mm × 10 mm2 hydrophobic
barriers on each side. The wax was melted in a 120 °C oven for 2.5
min. To an Erlenmeyer flask bearing a 24/40 ground glass joint and a
stirbar was added the paper substrate, N-(1-naphthyl)-
ethylenediamine·HCl (0.833 w/w% to cellulose), and acetonitrile
(to create a 0.022 M solution of N-(1-naphthyl)ethylenediamine).
This solution was sonicated for 30 min, then 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) (3.0 equiv relative to N-(1-naphthyl)-
ethylenediamine) was added and the solution was heated to 55 °C
for 30 min with gentle stirring at 100 rpm. Epichlorohydrin (ECH)
(3.3 equiv relative to N-(1-naphthyl)ethylenediamine) was then
added, a condenser was attached to the Erlenmeyer flask, and the
solution was heated to 55 °C for 72 h. The solution was then cooled
to room temperature. The supernatant was decanted, and the
functionalized paper was washed thoroughly with acetonitrile (2×),
distilled water (2×), 1.0 M HCl (2×, 1 min each), and distilled water
(4×). The functionalized paper was collected on a Buchner funnel
and vacuum was pulled for 30 min. The paper was further dried in an
oven at 50 °C for 30 min and then stored in a capped vial away from
direct light.

Fluorescence Calibration Curves. To each of the 84 wells of a
96-well plate was added a circular 6 mm piece of Whatman #1 (or
Whatman 602h) filter paper. A solution of 0.52 mg of N-(1-
naphthyl)ethylenediamine in 1.0 mL of ultrapure water was created
and then diluted by serial dilution to concentrations of 0.48, 0.44,
0.40, 0.36, 0.32, 0.28, 0.24, 0.20, 0.16, 0.12, 0.08, 0.064, 0.048, 0.032,
0.016, 0.008, 0.004, and 0.002 mg/mL. To the first four wells was
added 5 μL of the 0.52 mg/mL solution, to the second four wells was
added 5 μL of the 0.48 mg/mL solution, etc., until all wells were filled,
with 5 μL of ultrapure water added to the last four wells. The
solutions were allowed to dry for 2 h in the dark and then the
fluorescence of each well was analyzed using a BioTek Instruments
Synergy H1 microplate reader with the following parameters:
excitation of 300 nm, emission of 340−575 nm, gain of 45; data
interval of 1 nm, read height of 10.68 mm. The fluorescence
integration of each spectrum (fluorescence intensity by wavenumber)
was obtained using OriginPro2018 and the average and standard
deviation values were obtained. OriginPro2018 nonlinear curve fitting
was applied to the data and an exponential curve fitting was obtained.
The values for the degree of functionalization were obtained using
Excel Solver and the obtained equation.

Device Construction. All devices were printed in triplicate for an
easier comparison of identical measurements (dimensions are shown
in Figure S2) and melted in a 120 °C oven for 2.5 min. Self-adhesive
no-heat laminate cut to the dimensions shown in Figure S2 was placed
on the front of the device so that the sample loading zones and
wicking zones were left uncovered. The device was flipped over and 5
μL of a 50 mM sulfanilamide solution (8.6 mg sulfanilamide per 1.0
mL of 1.0 M hydrochloric acid) was deposited in the hydrophilic
channel at the location indicated in Figure 1. The solution was
allowed to dry for 30 min and then immobilized N-(1-naphthyl)-
ethylenediamine “bridge” was adhered to the location indicated by
yellow reference lines in Figure 1 using double-sided tape. An uncut
piece of self-adhering no-heat laminate and pressure lamination was
used to seal the device.

Nitrite Detection. Using Paper Sensors. Fifty microliters of
nitrite sample solution was applied to the paper-based sensors,
followed by a 10 min incubation time. Device images were collected
using an EPSON v19 Perfection flatbed scanner (with an interleaving
absorbent sheet of paper placed on top of the devices to avoid scanner
contamination) and analyzed using ImageJ to obtain Normalized
Green Values (NGV). Alternatively, naked-eye detection could be
achieved within 2 min.

Using Ion Chromatography. A Lachat QuikChem 8500 flow
injection analysis system was used for nitrite detection using

Scheme 1. Reaction of the Griess Reagents, N-(1-
Naphthyl)ethylenediamine and Sulfanilamide, with Nitrite
to Form an Azo Dye, Which Is Commonly Used for Nitrite
Detection

Figure 1. (a) Adobe Illustrator generated image of the paper-based
device. (b) Scanned image of the device with immobilized indicator
after exposure to 150 μM nitrite.
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QuikChem Method 31-107-05-1-A provided by Lachat Instruments.
The samples were filtered through 0.2 μm filters prior to testing.
Limits of Detection and Quantitation. Nitrite solutions with

concentrations of 100, 82.5, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20,
15, 10, 5, 3.5, 2.0, 1.5, 1.25, 1.0, 0.75, 0.50, 0.25, 0.10, and 0.05 μM
were created by serial dilution from a 14.5 mM sodium nitrite (1 mg/
mL) solution in the appropriate media (i.e., ultrapure water,
freshwater, or Sargasso seawater). OriginPro 2018 nonlinear or linear
curve-fitting model was applied to the data until the highest R2 value
was obtained. Excel Solver was used with the equation obtained from
the curve fitting to find the concentration of nitrite (x) corresponding
to the calculated signal responses (y) for the limit of detection (LOD)
and the limit of quantitation (LOQ). yLOD and yLOQ were calculated
using the equations: yLOD = y B + 3σB and yLOQ = y B + 10σB, where y B is
the average signal response of the blank measurement and σB is the
standard deviation of the blank measurement.25 Three replicates were
conducted for each measurement in ultrapure water and six replicates
were conducted for each measurement in synthetic freshwater or
Sargasso seawater.
Interference Studies. Salinity. Samples of nitrite in the solutions

of known salinity were created using Coral Pro Sea Salt.
Concentrations of 4.0, 3.5, 3.3, 3.0, 2.5, 1.5, and 0.5% salt were
then created by serial dilution from a solution with a salinity of 4.5%
(45 ppt), which was created by dissolving 0.491 g of salt mix in 10 mL
of a solution of 50 μM nitrite in ultrapure water. The samples of 15
and 7.5% were created by serial dilution from a solution with a salinity
of 30% (300 ppt) that was created by dissolving 3.71 g of salt mix in
10 mL of a solution of 50 μM nitrite in ultrapure water.
Temperature and Relative Humidity. The temperature was

controlled in a Boekel Scientific digital incubator and the relative
humidity (RH) was adjusted using desiccant and water as needed to
achieve the desired relative humidity. Temperature and relative
humidity were monitored using an AcuRite digital humidity and
temperature comfort monitor. The devices were prepared using the
optimal paper functionalization and device construction procedures.
The devices were then acclimated under the desired testing
conditions for 30 min and then 50 μL of sample solution (0, 10,
50, or 100 μM nitrite in ultrapure water) was added, and the devices
were allowed to further incubate in the testing conditions for 10 min
to allow the readout to develop.
Turbidity. Suspensions of 1, 5, and 10 mg/mL of Kaolin clay26 in

the nitrite sample solution (0, 10, 50, and 100 μM) were created and
then allowed to stir vigorously overnight.
Chemical. One hundred micromolar solutions of potential ion

interferents were created and then combined with equal amounts of
100 μM sodium nitrite solution in ultrapure water to create solutions
of 50 μM nitrite + 50 μM interferent.
Longevity Studies. The prepared devices were stored under one

of five conditions: (1) in the open air with ambient lighting and
temperature, (2) vacuum-sealed with ambient lighting and temper-
ature, (3) vacuum-sealed in darkness with ambient temperature, (4)
vacuum-sealed in darkness at ≤4 °C, and (5) vacuum-sealed in
darkness at ≤−20 °C. The devices stored under conditions 4 or 5
were allowed to acclimate for 2 h before they were removed from the
vacuum packaging and used. Vacuum sealing was achieved using a
White Dolphin automatic vacuum sealer model number 02G and
Nutri-Lock vacuum sealer bags.

■ RESULTS AND DISCUSSION

Paper-Based Device Design. To achieve a significant
increase in sensitivity toward nitrite detection using a paper-
based device, we envisioned a device that would allow a large
sample volume to interact with the detection zone without the
dilution of the indicators or colored product due to the
solution flow or runoff. This was accomplished by the
immobilization of a single indicator, and thus the colored
product, at the detection zone. The difference between mobile
and immobile indicators, shown in Figure 2, is the diffuse color

obtained via the transportation of the colored product
throughout the length of the device with the mobile
chromophore (Figure 2a) in contrast to the darker, localized
coloration of the detection zone with the immobile indicator
(Figure 2b). Of the two reactive components necessary for
nitrite detection, N-(1-naphthyl)ethylenediamine was chosen
as the molecule to graft to the cellulose because sulfanilamide
and nitrite react first to form a diazonium salt22 before the
reaction with N-(1-naphthyl)ethylenediamine can occur. While
immobilization of both indicators was considered, additional
difficulties would arise from such a design, including those
from the protection and deprotection of sulfanilamide required
for functionalization. Additionally, the distance between
potential functionalization sites and reduced flexibility of
species upon binding may lead to the inhibition of reaction
between the two bound indicators.
The optimized paper-based device, shown in expanded view

in Figure 3, was designed with a sulfanilamide/nitrite sample

mixing zone, followed by a N-(1-naphthyl)ethylenediamine-
functionalized cellulose bridge detection zone, and ending with
an extended wicking channel, which optimizes the sample flow
over and interaction with the functionalized detection zone.
Details of the device architecture optimization studies can be
found in the Supporting Information.

Functionalization of Cellulose. Immobilization of small
molecules to cellulose has been previously achieved using a
variety of methods,27−34 although only one example of
functionalized cellulose for nitrite detection has been reported,
using 1-naphthylamine rather than N-(1-naphthyl)-
ethylenediamine.35 Drawbacks to this published method
include that the functionalization procedures were chemically

Figure 2. Comparison of (a) mobile and (b) immobile N-(1-
naphthyl)ethylenediamine when treated with 150 μM nitrite.

Figure 3. Expanded view of the layers present in the optimized device
architecture.
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detrimental to cellulose, the indicator (1-naphthylamine) is
carcinogenic,8 and that the sub-micromolar detection was only
achieved via absorbance spectroscopy or by treating the paper
repeatedly with the sample solution. A more favorable
approach for the immobilization of N-(1-naphthyl)-
ethylenediamine is the use of the linker epichlorohydrin,
which has been reported in the grafting of small molecules36

and macrocycles37,38 to cellulose, typically using aqueous
sodium hydroxide conditions.37,38 However, under these
conditions, epichlorohydrin is known to undergo hydrol-
ysis39−42 or form other unfavorable side products43 due to the
presence of a strongly nucleophilic base and a nucleophilic
solvent, which limits the efficacy of functionalization. Addi-
tionally, N-(1-naphthyl)ethylenediamine is moisture sensitive
and poorly water-soluble. Thus, new, more mild conditions
were investigated using inert organic solvents and non-
nucleophilic bases.
Optimized conditions for the grafting of cellulose with N-(1-

naphthyl)ethylenediamine are shown in Scheme 2, using

epichlorohydrin as a linker in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and acetonitrile, with
a prefunctionalization sonication44,45 step designed to provide
more sites for grafting by minimally degrading the cellulose
substrate.46−48 These conditions were superior, in terms of N-
(1-naphthyl)ethylenediamine functionalization density, when
compared to aqueous sodium hydroxide conditions37,40 as
indicated by both colorimetric and fluorimetric analyses. While
the wax is minimally dissolved in the organic solvent, the
hydrophobic barriers were found to remain intact and
functional for use in the paper-based device. Detailed reaction
optimization studies and procedures for colorimetric and
fluorimetric analyses can be found in the Supporting
Information.
The functionalization densities of N-(1-naphthyl)-

ethylenediamine on cellulose under various conditions,
summarized in Table 1, were calculated using solid-state
fluorescence spectroscopy, for which a calibration curve can be
found in Figure 4. Conditions using DBU as a base and
acetonitrile as a solvent were 4.8-fold more effective, in terms
of functionalization density, than aqueous sodium hydroxide
conditions. Further optimization of the DBU/acetonitrile
conditions, including the use of sonication and Whatman
602h (condition 4, Table 1), increased the functionalization
density to 12.9 times that of the aqueous sodium hydroxide
conditions. The small pore size (<2 μm) of Whatman 602h
may contribute to the higher functionalization density
observed. Corroborating these results, a more intense color

change was produced when the optimally functionalized paper
was treated with sulfanilamide and nitrite in acidic conditions.

Detection and Quantitation Limits. Concentrations of
nitrite in ultrapure water from 0.5 to 50 μM were tested using
the sensor. From this, both a calibration curve (Figure 5), for
computer-based quantitative detection, and a color readout
scale (Figure 5 inset), for qualitative naked-eye detection, were
generated. From the former, the limits of detection and
quantitation for this method were calculated to be 0.087 and
0.29 μM, respectively.
Detection efficacy was next compared in synthetic fresh-

water49 and a real seawater sample from the Sargasso Sea,50

which differ in both salinity and trace ion content. Calibration
curves, using concentrations as low 0.05 μM, in both of these
media are shown in Figure 6, and it is clear from the changes in
the calibration curve slope that the increased salinity enhances
the device readout. Despite this, the limits of detection and
quantification are similar to that in ultrapure water (Table 2).
The calculated limits of detection and quantitation for the
freshwater and saltwater systems are likely more accurate than
those of the ultrapure water system, as the testing ranges of the
former encompass the calculated values.

Environmental Interference Studies. As the end goal of
this sensor development is an onsite application, the
robustness of these devices to typical environmental
conditions, including temperature, humidity, salinity, and

Scheme 2. Optimized Method for the Functionalization of
Cellulose with N-(1-Naphthyl)ethylenediamine for Nitrite
Detection

Table 1. Calculated Functionalization Densitiesa

condition functionalization density (ng/mm2)

1 6.93 (±2.8)
2 33.3 (±1.5)
3 65.0 (±4.7)

4* 89.1 (±7.6)
a(1) Whatman #1 (50 mg), N-(1-naphthyl)ethylenediamine (NED)
(215 mg), epichlorohydrin (ECH) (0.097 mL), 2.0 M NaOH (10
mL), 50 °C for 18 h. (2) Same as (1) but NaOH replaced with DBU
(0.25 mL), acetonitrile (10 mL). (3) Whatman #1 (50 mg), NED (42
mg), ECH (0.042 mL), DBU (72 mg), acetonitrile (7.3 mL), 55 °C
for 72 h. (4) Conditions shown in Scheme 2. *Calculated using the
fluorescence calibration curve for Whatman 602h (Figure S13).

Figure 4. Fluorescence calibration curve for the determination of the
functionalization density on Whatman #1. An exponential curve
model (red line) with an equation of y = A(−x/t) + y0 was fit to the data
where A = −1.788 × 107 (±8.314 × 105); t = 0.07176 (±0.00495); y0
= 1.790 × 107 (±8.351 × 105); and R2 = 0.9984.
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turbidity, were examined as these have the potential to
dramatically impact the device performance.10

As indicated by the differences in calibration curve slopes
between freshwater and seawater media (vide supra), salinity
has a significant influence on sensor readout, a result that has
previously been reported with Griess-based colorimetric
detection.51,52 As shown in Figure 7, the sensor readout for
50 μM nitrite in a 0% saline solution matches the readout from
the freshwater calibration curve, the upper and lower bounds
of which are indicated by the red bar in Figure 7. For 50 μM
nitrite solutions in 1.5−4.5%, the sensor readout falls within
the standard deviation of the saltwater calibration curve, as
shown by the blue bar in Figure 7. This indicates that the
saltwater calibration curve can be used to accurately predict the

nitrite concentrations for normal ocean saline (3.0−3.5%)53
and briny (3.5−7.5%)54 waters without requiring the measure-
ment of the salinity or additional calculations to account for
salinity. Higher salinities, up to 15%, also followed this trend;
however, extremely hypersaline water (30%), akin to Dead
Sea55 or Great Salt Lake56 waters, led to a near-complete
degradation of the sensor readout (Figure S32).
Salinity-based readout discrepancies may be explained by

two factors: the increase in surface tension and electrostatic
potential provided by NaCl leads to changes in the capillary
action and flow rate of the system,57 or the ionic strength of
the seawater media might directly affect the equilibrium of the
Griess reaction.51

The saturation of paper in high-humidity conditions effects
not only the amount of sample evaporation but also the speed
and rate at which the sample flows through the device
channels.58 Temperature has been previously found to have an
effect on the reaction kinetics of the Griess reaction at low (10
°C) and high (40 °C) temperatures.23 At nitrite concentrations
of 50 μM and below, the relative humidity did not affect the
device performance between a range of 14−91% (Figure 8a).
However, upon examination of 100 μM nitrite, increasing the
relative humidity led to an increased device performance (i.e., a
lower Normalized Green Value). Temperature had an opposite
effect on the device performance, with a temperature of 45 °C
leading to a decreased sensor readout at all nitrite
concentrations examined (Figure 8b). These interferences
are potentially due to changes in device flow rate, with
increased humidity leading to less sample evaporation, slower
flow rate, and darker sensor readout, while increased
temperatures lead to more sample evaporation, faster flow
rate, and lighter sensor readout. Thus, for nitrite concen-
trations of 50 μM or lower, these sensors can be reasonably
used at all relative humidities and between temperatures 15
and 35 °C.
Turbid water samples, i.e., those with suspended particulate

matter, often require filtration before analytical techniques can
be performed, especially when using optical methods,59 but
also when using certain paper-based devices,18 particularly
when highly colored particulate matter may interfere with the
sensor readout.20 However, the filtration ability of the paper

Figure 5. Calibration curve for nitrite response in ultrapure water.
The data were fit to an exponential decay curve y = A(−x/t) + y0, where
A = 1.519 (±0.2561); t = 88.94 (±18.64); y0 = −0.5144 (±0.2561);
and R2 = 0.9989. Inset shows a color scale that corresponds to each of
the points in the curve.

Figure 6. Nitrite calibration curves, in synthetic freshwater (gray) and
Sargasso seawater (red) fit to exponential decay curves. Inset shows
low nitrite concentrations calibration points (0.05−5 μM).

Table 2. Comparison of Limits of Detection (LODs) and
Limits of Quantification (LOQs) Using Different Media

media LOD (μM) LOQ (μM) testing range (μM)

ultrapure water 0.087 0.29 5.0−55
freshwater 0.26 0.69 0.05−50
seawater 0.22 0.89 0.05−85

Figure 7. Comparison of sensor readout for samples of 50 μM nitrite
(black dots) in various saline solutions. The bars indicate the upper
and lower bounds (from average and standard deviation values) for
the readout of 50 μM nitrite in Sargasso seawater (blue bars) and
synthetic freshwater (red bars).
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substrate used in these devices eliminates the need for
prefiltration procedures.10 This finding was supported by the
fact that sensor performance, shown in Figure S33, was
unaffected by low, moderate, and high turbidities, which were
mimicked using varying amounts of Kaolin clay.26

Chemical Interference Studies. A variety of cations and
anions were examined for sensor interference, including those
that are commonly found in seawater, such as Na+, K+, Mg2+,
Cl−, and SO4

2−,60 ions that may be found in trace amounts in
seawater, such as F−, Br−, NO3

−, PO4
3−, Co2+, and Zn2+,61,62 or

those that have been previously reported to be detrimental to
the Griess detection scheme, such as acetate15 Cu2+,63 S2−, and
I−.8 Upon examination of nitrite samples with equal
concentrations of potential anion interferents, I−, CO3

2−,
S2O3

2−, SO4
2−, and SO3

2− were found to moderately impact
the sensor readout (Figure S34). Additionally, the presence of
the cations Al3+ and Zn2+ led to the minimal readout
interference at the low concentrations examined (Figure S35).
Real-World Samples. Environmental samples from a

variety of locations and containing differing levels of organic
matter and suspended solids were successfully analyzed for the
presence of nitrite using these devices, and nitrite concen-
trations were calculated using the appropriate calibration curve.
The samples chosen were a home marine aquarium, which
many current commercially available nitrite test strips are
marketed towards, and the August 2017 Hurricane Harvey
floodwaters from Houston, Texas. Only minimal differences
between filtered (gray bar, Figure 9) and unfiltered water (red
bar, Figure 9) samples from the same source were observed,
further supporting the robustness of these devices toward
turbidity and large particulate contamination. Confirmation of
the quantification accuracy of these measurements was
conducted using Lachat ion chromatography (blue bar, Figure
9). While the Lachat quantification matched well with the
home marine aquarium, NW Houston, and downtown
Houston sensor measurements (all within 0.5 μM), the SE
Houston sensor measurements were lower than that of the
Lachat quantification by 1.4 μM. Potential sources of this error
could be either the paper sensors or the Lachat instrument and
may have arisen from the contamination of the water source
with the aforementioned interferents or other species during
the flooding.
Sensor Longevity. Crucial to the commercialization and

usability of such devices is their longevity. Of note, the stability
of N-(1-naphthyl)ethylenediamine increased upon its grafting
to cellulose because the readily oxidized primary amine was

transformed into a much more stable secondary amine
(Scheme 2). Fluorescence studies (Figure S37) showed
minimal changes in fluorescence over a 110 day period
where the functionalized paper was stored in a capped clear
vial under ambient temperature and lighting conditions. If N-
(1-naphthyl)ethylenediamine degradation or oxidation had
occurred, a decrease in fluorescence (Figure S38) and
discoloration of the functionalized paper would be evident.
Although the covalent linkage of N-(1-naphthyl)-

ethylenediamine to cellulose effectively stabilizes that compo-
nent of the Griess reaction (vide supra), the sulfanilamide
component remains susceptible to degradation. Under ambient
lighting and temperature conditions, the sulfanilamide was
stable for less than 24 h. Vacuum sealing of the device and the
storage in darkness did little to protect the sulfanilamide from
degradation. However, storage at ≤4 and ≤−20 °C extended
the device lifetime to 3 and 56 days, respectively (Figure S39).
These results are very similar to the component lifetimes
reported by Jayawardane et al.15 and Bhakta et al.18

■ CONCLUSIONS
The procedure reported herein allows for the epichlorohydrin-
based functionalization of cellulose with N-(1-naphthyl)-
ethylenediamine using new conditions that are 12.9-fold
more effective than when using typical aqueous sodium
hydroxide methods.37,38 The subsequent paper-based device

Figure 8. Comparison of sensor readouts, using 0, 10, 50, or 100 μM nitrite solutions, through ranges of (a) relative humidity (RH) and (b)
temperature. Bars indicate standard deviation.

Figure 9. Comparison of the sensor response for filtered (gray) and
unfiltered (red) real water samples to Lachat ion chromatography
(blue) measurements.
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implementing the functionalized cellulose allows for detection
limits of 0.22 and 0.26 μM for nitrite in Sargasso seawater and
synthetic freshwater, respectively, which, to the best of our
knowledge, are the lowest values that have been observed using
a colorimetric paper-based device for this analyte. The sensor
readout is robust in a variety of environmental conditions and
was successfully used to analyze several environmental samples
without the need for prior sample filtration. In addition,
grafting of N-(1-naphthyl)ethylenediamine to cellulose im-
proved the stability of N-(1-naphthyl)ethylenediamine in the
presence of moisture and light.
We are continuing to advance this technology in several

ways, including through the enhancement of sulfanilamide
stability and device lifetimes, the implementation of a highly
efficient nitrate detection scheme, and the application of a
smartphone-based color analysis system.
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(25) Belter, M.; Sajnoǵ, A.; Barałkiewicz, D. Over a Century of
Detection and Quantification Capabilities in Analytical Chemistry −
Historical Overview and Trends. Talanta 2014, 129, 606−616.
(26) Christy, S. S. J. E.; Balraj, A.; Ramalingam, A.; Jararaman, D.
Potential Applications of Ionic Liquids (IL) for the Treatment of
Synthetic Turbid Water (STW). J. Mol. Liq. 2018, 256, 121−126.
(27) Klemm, D.; Heublein, B.; Fink, H.-P.; Bohn, A. Cellulose:
Facinating Biopolymer and Sustainable Raw Material. Angew. Chem.,
Int. Ed. 2005, 44, 3358−3393.
(28) O’Connell, D. W.; Birkinshaw, C.; O’Dwyer, T. F. Heavy Metal
Adsorbents Prepared from the Modification of Cellulose: A Review.
Bioresour. Technol. 2008, 99, 6709−6724.
(29) Nyström, D.; Lindqvist, J.; Östmark, E.; Antoni, P.; Carlmark,
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