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C
aenorhabditis elegans, nature's gift
to science,1 is a ubiquitous non-
parasitic free living nematode. Be-

cause of its relative ease of growth and
maintenance,2 short life cycle,3 and optical
transparency, C. elegans has become a
powerful tool to model complex biological
processes such as genetics,4,5 neurology,6

cell survival,7 and toxicology.8 More re-
cently, the C. elegans intestinal lumen has
been highlighted as a suitable model to
study digestion and metabolism to aid the
discovery of new targets and therapeutics
for acid suppression.9

C. elegans are typically cultured in the
presence of Escherichia coli for sustenance.
On ingestion, bacteria are rhythmically

pumped from the anterior to the posterior
pharynx where they are subjected to me-
chanical degradation by the pharyngeal
grinder.10 Pharyngeal pumping also permits
the opening and closing of the pharyngeal-
intestinal valve, approximately 300 times/
min.11 The opening of the pharyngeal-
intestinal valve allows the transfer of in-
gested material from the pharynx to the
intestinal lumen.10 In the intestinal lumen,
ingested matter is chemically metabolized
into smaller fragments for intestinal uptake
by digestive hydrolases.12 The activity of
C. elegans intestinal hydrolases is optimal in
mildly acidic conditions.13,14 This is impor-
tant because C. elegans periodically expel
undigested luminal contents approximately
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ABSTRACT Extended dynamic range pH-sensitive ratiometric nanosensors,

capable of accurately mapping the full physiological pH range, have been

developed and used to characterize the pH of the pharyngeal and intestinal

lumen of Caenorhabditis elegans in real-time. Nanosensors, 40 nm in diameter,

were prepared by conjugating pH-sensitive fluorophores, carboxyfluorescein (FAM)

and Oregon Green (OG) in a 1:1 ratio, and a reference fluorophore, 5-(and-6)-

carboxytetramethylrhodamine (TAMRA) to an inert polyacrylamide matrix. Accurate ratiometric pH measurements were calculated through determination

of the fluorescence ratio between the pH-sensitive and reference fluorophores. Nanosensors were calibrated with an automated image analysis system and

validated to demonstrate a pH measurement resolution of (0.17 pH units. The motility of C. elegans populations, as an indicator for viability, showed

nematodes treated with nanosensors, for concentrations ranging from 50.00 to 3.13 mg/mL, were not statistically different to nematodes not challenged

with nanosensors up to a period of 4 days (p< 0.05). The nanosensors were also found to remain in the C. elegans lumen >24 h after nanosensor challenge

was removed. The pH of viable C. elegans lumen was found to range from 5.96( 0.31 in the anterior pharynx to 3.59( 0.09 in the posterior intestine. The

pharyngeal pumping rate, which dictates the transfer of ingested material from the pharynx to the intestine, was found to be temperature dependent.

Imaging C. elegans at 4 �C reduced the pharyngeal pumping rate to 7 contractions/min and enabled the reconstruction of rhythmic pH oscillations in the
intestinal lumen in real-time with fluorescence microscopy.
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every 45 s.15 Therefore, the pH of the C. elegans

intestine must be carefully regulated so that the
digestive enzymes have an opportunity to breakdown
proteins and carbohydrates before they are rapidly
ejected from the lumen.12 The pH of the C. elegans

intestinal lumen is regulated by proton pumps,16 ex-
changers and transporters17 located on the apical
membrane of the intestinal lumen. The vacuolar type
adenosine triphosphatase (V-ATPase), in particular the
V-ATPase containing the VHA-6 protein subunit, has
been identified as the key proton pump responsible for
the acidification of the C. elegans intestinal lumen.18

The use of transgenic nematodes, expressing fluores-
cently labeled VHA-6,16 and immunostaining, with
fluorescently labeled anti-VHA-6 antibodies,19 has also
shown the V-ATPase containing VHA-6 subunit is
heavily expressed at the pharyngeal-intestinal junc-
tion, the site where ingested material first enters the
intestinal lumen and is exposed to digestive enzymes.
Accurate determination of the C. elegans luminal pH
would augment the understanding of the role proton
pumps play in the activity of key luminal hydrolases.
Dextran bound pH-sensitive fluorophores, which

demonstrate pH-dependent changes in fluorescence
intensity, have been used to image the average pH
across the C. elegans intestinal lumen.16,20 The use of
pH-sensitive dextran bound conjugates is however
limited by the range, accuracy and duration of pH
measurement. Typically, dextran bound pH-sensitive
probes which utilize a single fluorescein based fluoro-
phore are limited by the range of pH measurements
that can be made21 and are subject to concentration
related artifacts due to the absence of ratiometric
measurements.22 Furthermore, ingested dextran
bound fluorophores are rapidly excreted from the
C. elegans lumen during defecation20 and as a result
are restricted to short sample preparation times when
imaging using fluorescence microscopy and also lim-
ited by the duration of time pH measurement can be
made across the length of the nematode. Probeswhich
remain in the C. elegans lumen for an extended period
of time, such as nanoparticles,23 could be used to map
luminal pH and the acidification of ingestedmaterial in
real-time. An example of nanoparticles capable of
making pHmeasurements are fluorescent pH-sensitive
nanosensors.24

Fluorescent pH-sensitive nanosensors are spherical
probes typically composed of a pH-sensitive fluoro-
phore and a pH-insensitive reference fluorophore en-
capsulated or covalently linked to an inert porous
cross-linked matrix.25,26 The inert matrix shields the
fluorophores from cellular components, which could
hinder sensing capabilities, while safeguarding biolog-
ical components from free fluorophores.27 The com-
bination of pH-sensitive and pH-insensitive fluorophores
in a single nanoparticle enables accurate ratiometric
pHmeasurements.28Nanosensorscomposedoffluorescein

based pH-sensitive fluorophores, such as carboxy-
fluorescein (FAM) and Oregon Green (OG), when sus-
pended in aqueous media, exhibit high and low fluor-
escent responses at near neutral and acidic pH values,
respectively. This effect is due the pH-dependent ionic
equilibria of fluorescein based fluorophores, which
demonstrate high quantum yields when fully ionized,
e.g., in aqueous solutions greater than pH 8.0, and a
diminished fluorescent response and quantum yields
when protonated, e.g., in aqueous solutions with a pH
less than 3.0.29

Nanoparticles composed of a single pH-sensitive
fluorophore, either FAM or OG, have a limited range
of pHmeasurement, of pH∼ 5.00�7.50 and pH∼ 3.50�
6.00, respectively.30 In contrast, extended dynamic range
pH-sensitive nanosensors, which combine FAM and
OG in 1:1 ratio in a single nanosensor, are capable of
measuring the full physiological pH range, from pH 3.50
to 7.50.30�32

The present article describes the characterization,
validation and application of extended dynamic range
pH-sensitive nanosensors to themeasurement of phar-
yngeal and intestinal pH in C. elegans. The nanosensors
were used to convert pH dependent changes in fluo-
rescence intensity into quantifiable pHmeasurements,
using an automated image analysis system. The nano-
sensors were assessed for their effect on C. elegans

viability, in order to establish nanoparticle treatment
time and concentration to maintain C. elegans viability
during pH measurement. The nanosensors were suc-
cessfully delivered to nematodes and used to map pH
of the pharyngeal and intestinal lumen of C. elegans
in vivo. In addition, through control of the pharyngeal
pumping rate, the acidification of the intestinal lumen
was mapped in real-time.

RESULTS AND DISCUSSION

Characterization of Extended Dynamic Range pH-Sensitive
Nanosensors. Extended dynamic range pH-sensitive
nanosensors30were prepared by covalently linking pH-
sensitive (FAM and OG) and pH-insensitive (TAMRA)
fluorophores to N-(3-aminopropyl)methacrylamide
(APMA), which was then copolymerized with acryla-
mide andN,N0methylenebis(acrylamide) to produce an
inert polyacrylamide nanoparticle matrix, Figure 1A.
Nanosensors were sized using environmental scanning
electron microscopy (ESEM) and dynamic light scatter-
ing (DLS) and shown to have a diameter of∼40 nm (see
Supporting Information, FigureS3A, and3B, respectively).
FAM and OG are both excited at 488 nm for which they
demonstrate a pH-dependent overlapping emission
peak at ∼520 nm, whereas TAMRA, when excited at
540 nm, exhibits a pH-independent fluorescence re-
sponse at ∼577 nm, Figure 1B. A ratiometric pH calibra-
tion curve can be generated, Figure 1C, by taking a ratio
of the fluorescence response of pH-sensitive and
pH-insensitive channels (λem 520 nm/λem 577 nm) from
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nanosensors suspended in a range of pH buffer solu-
tions, Figure 1D. The calibration curve can then be used
to make accurate ratiometric pH measurements from
environments containing pH-sensitive nanosensors.

Synthesis of nanosensors with covalently linked
fluorophores overcomes measurement inaccuracies
associated with fluorophore leaching. Over time, nano-
sensors prepared through the encapsulation of
dextran bound pH-sensitive fluorophores have been
found to leach.33 Nanosensors which leach fluorophores
are subject to pH measurement artifacts, as the opera-
tor cannot be certain if pH measurements are being
made from the nanosensors or free fluorophore.34

Leached fluorophores could also initiate cellular toxi-
city due to photoexcitation and/or nonspecific protein
binding.27

Nanosensors prepared with covalently linked fluoro-
phores are also extremely bright when compared to
nanosensors composed of encapsulated fluorophores.35

Brighter nanosensors permit (1) a reduction in fluores-
cence excitation energy, preserving biological function
and reduced fluorophore photobleaching;36 (2) use of
lower nanosensor concentrations for measurement;
and (3) a reduction in the required exposure time of
fluorescence microscopy, permitting faster imaging of
dynamic process through increases in sampling rate.

Nanosensors and C. elegans Viability. Motility of C. elegans
can be used to predict aging,37,38 lifespan,39 survival
and/or viability.40 In general, nematode body move-
ment gradually declines and stops completely with
age.41 Through use of C. elegansmotility as an absolute
parameter, where motile and nonmotile nematodes

were classified as viable and nonviable, respectively,
the effect of suspending nematodes in range of con-
centrations of extended dynamic range pH-sensitive
nanosensors was explored. To ensure continual expo-
sure to nanosensors for the duration of study, synchro-
nized L1-L2 staged nematodes, supplemented with
E. coliOP50 for sustenance, were suspended in a liquid
culture of serially diluted nanosensor suspensions,
ranging from 50.00 to 3.13 mg/mL. C. elegans sus-
pended with E. coli alone were used as a negative
control. Motile (viable) and nonmotile (nonviable)
worms were counted daily, by acquiring an aspirated
sample from a nematode-nanosensor sensor suspen-
sion. Aspiration enabled agitation of nematodes so
that viable nematodes would demonstrate a motile
response when counted. Counted nematodes were
returned to the stock suspensions. The motile fraction
(Mf) was calculated by taking a ratio of the number of
motile nematodes (M) at a time point (t) by the total
number of nematodes counted (sum ofmotile (Mt) and
nonmotile nematodes (Nt)), as described in eq 1.

Mft ¼ Mt

Mt þNt
(1)

The Mf, as an indicator for C. elegans viability, showed
untreated populations of nematodes were motile for
approximately 20 ( 1 days, which is comparable to
previously reported survivorship data.42 Furthermore,
the Mf's of C. elegans, when comparing nematodes
treated with extended dynamic range pH-sensitive na-
nosensors with nontreated C. elegans, were not statisti-
cally different at all concentrations for up to 4 days

Figure 1. (A) Schematic diagram of extended dynamic range pH-sensitive nanosensors. (B) Emission curves and (C)
calibration curve for pH-sensitive nanosensors suspended in buffer solutions ranging from pH 3.00 to 8.00. FAM-APMA
and OG-APMA both excite and emit fluorescence at 488 nm and ∼520 nm, respectively, whereas TAMRA-APMA excites and
emits fluorescence at 540 nm and ∼577 nm, respectively. Data points for the calibration curve are fitted to a sigmoidal
expression, where error bars represent standard deviation (pKa = 5.44( 0.07). (D) Ultraviolet trans-illuminated pH-sensitive
nanosensors (λex 302 nm).
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(p<0.05), Figure 2. Todetermine theeffect of nanosensor
concentration onnematode viability, themotility fraction
half-life (Mft50), the time required to reduce themotility of
population of nematodes by 50%, was derived for each
concentration of nanoparticles (see Supporting Informa-
tion, Figure S4). TheMft50 indicatesC. elegans exhibit dose
dependent decrease in viability, such that nematodes
treated with greater concentrations of nanosensors were
viable for shorter periods of time.

For our experiments high nanosensor concentra-
tions are preferred, because they permit the mainte-
nance of optimal signal-to-noise ratios, so that exposure
times can be reduced and sampling rate increased when
making pH measurements. However, high nanosensor

concentrations have shown to reduce the viability of
C. elegans over extended time periods. A compromise
was established to maintain an optimal fluorescent
signal-to-noise ratio, by using relatively high nanosen-
sor concentrations, while preserving nematode viabi-
lity, through reduction in treatment time.

Figure 3 shows a representative population of
C. elegans with nanosensors distributed throughout
the C. elegans pharyngeal and intestinal lumen, when
imaged 24 h after treatment with nanosensors at a
concentration of 30 mg/mL for 3 h. When the time of
imaging and the relatively fast nematode defecation
cycle are considered,43 Figure 3 suggests the nanosen-
sors could be adsorbing to the pharyngeal and intest-
inal lumen of C. elegans. This property of extended
dynamic range pH-sensitive nanosensors is advanta-
geous when compared to dextran bound fluorophores
which are rapidly excreted from the C. elegans lumen.20

This allows observation of dynamic processes, such as
the transfer and acidification of intestinal contents,
over extended time periods, which would otherwise
not be possible with rapidly ejected fluorophores.

Development and Validation of Automated pH Image Anal-
ysis. Interpretation of data from imaging can be vari-
able and open to subjective input from the operator
especially when handing large volumes of data.44,45

To overcome these challenges, an automated image
processing system, independent of the operator, was
created. The system is programmed to analyze images
used for calibrating pH-sensitive nanosensors and then
use this information to transform images for analysis to
pH images for measurement.

Calibration images were analyzed, by taking a pixel-
wise ratio of green and red fluorescent channels to

Figure 2. Motile fraction (Mf) of C. eleganswhen exposed to
extended dynamic range pH-sensitive nanosensors at con-
centrations ranging from 50.00 to 0.00 mg/mL, where error
bars represent standard deviation. The experiment de-
scribed above was conducted in triplicate and approxi-
mately 300 nematodes were surveyed for each time point
and concentration.

Figure 3. Population of C. elegans imaged in (A) green, (B) red, and (C) transmitted light channels, to produce a (D) merged
channel image, after exposure to extended dynamic range pH-sensitive nanosensors (30 mg/mL) for 3 h. Nematodes were
imaged 24 h after nanosensor challenge was removed. Scale bar = 50 μm.
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obtain calibration points (I) from which a calibration
curve was generated, Figure 4A (see Supporting
Information). Calibration curves are fitted to a sigmoi-
dal function, as described in eq 2,

I(pH) ¼ Rmin þ Rmax � Rmin

1þ e[(pKa � pH)=b]
ð2Þ

where, Rmin and Rmax are the minimum and maximum
fluorescent ratio, pKa represents the pH at which the
fluorophore exhibits its greatest sensitivity to changes
in pH, and the slope factor b represents the sensitivity
of the nanosensor to changes in pH.30 Calibration
curves generated from analysis of data from spectro-
photometer and pH measurements made using a pH
meter were used to validate the automated the image
analysis system and used to determine the accuracy of
extended dynamic range pH-sensitive nanosensors to
make pH measurements.

Figure 4A inset shows normalized ratiometric cali-
bration curves from both peak fluorescence intensity
from fluorescence spectrophotometer and high
throughput methods using fluorescence microscope.
Statistical analysis of both curves indicates there are no
significant differences between the calibrations curves
(p < 0.05) and have comparable pKa values of 5.36 (
0.16. Furthermore, Figure 4B confirms pH measure-
mentsmade using the high-throughput image analysis
system are not statistically different to pH measure-
ments made with the pH meter (p < 0.05). The Bland-
Altman mean difference plot, Figure 4C, also demon-
strates concordance between the twomethods,46 such
that between pH 3.50 and 7.50 the 95% confidence
interval remains between(0.17 pH units, which could
be taken to be the pH measurement resolution.

Ratiometric analysis of motile C. elegans is challeng-
ing as the nematode under observation will on occa-
sionmove while being imaged, leading to nonregistra-
tion between the green and red fluorescent channels.
Therefore, prior to transformation of green and red
fluorescent channels to pH images, co-localization

analyses were performed to ensure co-registration of
fluorescent channels. Through visual inspection of
green, red, and merged channel images, Figure
5A�C, and co-localization analyses, Figure 5D, images
with a Pearson's Correlation Coefficient of greater
than 0.95 were taken forward for pH measurement.

Figure 4. (A) pH calibration for extended dynamic range pH-sensitive nanosensors and residual error, when imaged using
fluorescence microscopy. (Inset) Comparison of normalized calibration curves from peak fluorescent intensity from
fluorescence spectrophotometer and high-throughput analysis of pH calibration images. (B) Comparison of pH measure-
ments made with pH meter and image analysis of pH calibration images. (C) Bland-Altman mean difference plot used to
demonstrate agreement between pHmeasurements madewith image analysis and pHmeter where dashed lines and dotted
lines represent 95% confidence intervals and mean of plotted data, respectively.

Figure 5. (A) Green, (B) red, and (C) merged fluorescence
microscopy images of C. elegans with ingested extended
dynamic range pH-sensitive nanosensors. (D) Co-localiza-
tion analysis of green and red channels (Pearson's correla-
tion coefficient = 0.98). (E) Transformed false color pH heat
map image. Scale bar = 50 μm.
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A ratiometric image was generated by taking a pixel-
wise ratio of green and red fluorescent channels
(Figure 5A,B) to produce a gray scale image which
was transformed into a false color pH heat map,
Figure 5E (see Supporting Information for detailed
methodology).

Mapping the Pharyngeal and Intestinal pH of C. elegans.
Viable nematodes with ingested extended dynamic
range pH-sensitive nanosensors exhibit a pH gradient
from pharynx to tail. Figure 6A shows a representative
pH-image of a C. elegans nematode with ingested
nanosensors. The lumen of C. elegans has been seg-
mented into areaswhich visually appear to be similar in
pH. The calculated pH values, Figure 6B, show the
intestinal pH ranges frompH5.96( 0.31 in the pharynx
to 3.59( 0.09 in the intestine. The average pharyngeal
pH was found to be pH 5.35 ( 0.26, whereas the
average intestinal pH of C. elegans was found to be
pH 3.92( 0.22. Further analysis of Figure 6B highlights
that the pH of the lumen decreases from the upper
regions of the nematode, from Pharynx 1 to Intestine 2,
after which the intestinal regions, from Intestine 3 to
Intestine 6, exhibit an average of pH 3.77 ( 0.08.
V-ATPases found at the pharyngeal-intestinal junction,
located between Pharynx 2 and Intestine 1, are postu-
lated to be essential for the rapid acidification of
ingested material, Figure 6A.19

Conversely, nonviable nematodes do not maintain
a pH gradient from the anterior of the pharynx to the
posterior of the intestinal lumen Figure 7A. Figure 7B
shows the average luminal pH of nonviable C. elegans

was found to be 5.95 ( 0.12, which is comparable to
the pH of the surrounding media and the pharynx of
viable nematodes. Comparison of viable and nonvi-
able nematodes, through normalization of nema-
tode anatomy, highlights differences in luminal pH,
Figure 7B inset. The differences seen in the luminal
pH of viable and nonviable C. elegans could be due
the inability to regulate the opening and closing of
the pharyngeal-intestinal valve and/or the loss of
function of intestinal proton pumps in the nonviable
nematode.

The data presented above suggests that the capa-
city of the apical cells to acidify the anterior of the
intestinal lumen is large when the rapid expulsion
ingested contents and digestive enzymes are taken
into account. The peak activity of key intestinal

Figure 6. (A) Transformed pH-image of C. elegans, with ingested extended dynamic range pH-sensitive nanosensors, and (B)
corresponding pH values. For data containing standard deviation of measured pH see Supporting Information, Figure S5A.
Dotted lines at 0 and 582 μm represent start of head and end of tail of C. elegans. Scale bar = 50 μm.

Figure 7. (A) pH image of nonviable C. elegans alongside a
deteriorating nematode and a nonviable C. elegans, which
has not ingested nanosensors. (B) Luminal pH values for
nonviable nematodes and (inset) comparison of viable and
nonviable C. elegans luminal pH, through normalization of
worm anatomy. For data containing standard deviation of
measured pH see Supporting Information, Figure S5.
Dotted lines represent start of head and end of tail of
nematode. Dashed line represents location of pharyngeal-
intestinal junction. Scale bar = 100 μm.
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hydrolases, such as aspartyl-proteases and acid-phos-
phatases, has been found to be at pH 547 and 4,14

respectively, which could suggest optimal activity of
different hydrolases may occur at different regions of
C. elegans intestinal lumen. The region of the intestine
which has been thought to contain the majority of
proton pumps,19 Intestine 1, is also found at the center
of the region of the nematode with decreasing pH
(Figure 6A, regions a�d). This may imply C. elegans, like
mammals,48 could also be susceptible to acid reflux as
the pharyngeal regions are also subjected to acidic pH
during pharyngeal pumping.

Real-Time in Situ Mapping of Rhythmic pH Oscillations in the
C. elegans Lumen. Imaging the acidification of lumen
contents, at the pharyngeal-intestinal junction, in
real-time at 20 �C is challenging. The sampling theorem
states a sampling rate of least twice the signal/re-
sponse is required to reconstruct a signal.49 At 20 �C
the pharyngeal pumping rate of a larval staged
C. elegans is ∼300 contractions/min,11 whereas a high
speed automated fluorescent microscope can typically

Figure 8. Temperature dependent changes in C. elegans
pharyngeal pumping rate (contractions/minute). Error bars
represent standard deviation (n = 20).

Figure 9. (A) Cross section of C. elegans at a peak (10.42, 25.47, and 42.84 s) and trough (4.63, 20.84, and 37.05 s) pH oscillations.
(B)Measuredand (C) normalizedchanges inpHover time.Regionsaandbcorrespond toPharynx1andPharynx2,whereas regions
c to e correspond to Intestine 1 to Intestine 3. Error bars represent standard deviation of sampling area. Scale bar = 50 μm.
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acquire three channels (green, red, and transmitted
light) to generate a pH image at a rate of ∼60
images/min. This implies that to reconstruct a pH
oscillatory signal due to the opening and closing of
the pharyngeal-intestinal valve the minimum sam-
pling rate required at 20 �C is 600 images/min.
Therefore, the pharyngeal pumping rate was inves-
tigated to establish if it can be controlled by changes
in temperature.

Nematodes were equilibrated to range of different
temperatures, between 0 and 26 �C, and the number of
pharyngeal contractions at each temperature were
counted over a 60 s interval, Figure 8. C. elegans were
found to have a temperature dependent pumping rate,
such that the pumping rate is ∼50 times greater at
26 �Cwhen compared to nematodes at 4 �C. Therefore,
by imaging C. elegans at 4 �C, rather than 20 �C, the
sampling rate would be ∼8 times greater than the
pharyngeal pumping rate, which would permit the
real-time observation of the acidification of pharyngeal
contents in the intestinal lumen using our imaging
system.

Figure 9A shows a series of pH images of a
representative nematode, with ingested nanosen-
sors, imaged for a 60 s interval at 4 �C (see Supporting
Information for time-lapse video). Regions of interest
were selected, within the pharyngeal and intestinal
lumen, which visually appear to be a similar in pH.
The pH of these selected regions was mapped over
time, Figure 9B. The pH values of the pharynx,
Pharynx 1 and Pharynx 2, are constant at pH of
5.71( 0.18 and 4.95( 0.13, respectively. Periodic oscilla-
tions in pH were observed in the anterior regions of
the nematode intestinal lumen, Intestine 1, at the
pharyngeal-intestinal junction. The pH oscillates
from a trough of 4.63 ( 0.11 to a peak of 4.97 (
0.18 every 5.40 ( 0.67 s, whereas the change from
high to low pH, the acidification of pharyngeal con-
tents, takes place every 10.81 ( 0.67 s. The pH of
Intestine 1 does not rise above the pH of Pharynx 2,
which indicates pharyngeal contents are being acid-
ified in the anterior intestine due to the regular
rhythmic opening and closing of the pharyngeal-
intestinal valve.

The pH of Intestine 2 also oscillates with time from
low to high pH every 5.78 ( 1.15 s and from high to
low pH every 9.64 ( 0.67 s. However, the corre-
sponding peaks and troughs observed in Intestine

1 to 2 are lagged by 1.93 ( 0.67 and 1.73 ( 1.15 s,
respectively, Figure 9C. Therefore, when comparing
the oscillations observed in Intestine 1 and 2, a similar
period of time is required to acidify and raise the pH
of luminal contents in Intestine 2. However, the pH
cycle is delayed by ∼2 s which could be due to of
peristaltic movement of ingested material from the
anterior to the posterior regions of the C. elegans

intestinal lumen.

CONCLUSION

We have demonstrated how extended dynamic
range pH-sensitive nanosensors can be applied to
the model organism C. elegans and be used to map
the pH of the pharyngeal and intestinal lumen in real-
time. Nanosensors were characterized for size and pH
dependent changes in fluorescence intensity using
fluorescence spectroscopy and an automated image
analysis system. Validation of the automated image
analysis system demonstrates the measurements
madewith nanosensors are comparable to thosemade
with a pH meter and highlight the pH measurement
resolution to be (0.17 pH units. Assessment of the
toxicity of C. elegans treated with nanosensors are
not significantly different to untreated nematodes
for up to 4 days, after which nematodes demonstrate
a dose dependent decrease in viability. Maintenance
of C. elegans viability while obtaining optimal ima-
ging parameters was achieved through reduction in
nanosensor treatment time and the use of high
nanosensor concentrations, which permit the in-
creases in the sampling rate. Nanosensors were
found to remain in the C. elegans pharyngeal
and intestinal lumen after nanosensor challenge
was removed for >24 h. This enabled longer
sample preparation times and enhanced duration
of pH measurement such that the acidification of
the intestinal lumen could be mapped in real-time.
The pH of viable C. elegans was found to form a
gradient from the pharyngeal to the intestinal
lumen, where pH ranged from 5.96 ( 0.31 to
3.59 ( 0.09, respectively. Nonviable C. elegans were
not able to maintain a pharyngeal and intestinal
luminal pH gradient, such that the luminal pH re-
flected that of the surrounding media. This could be
due to the inability of nonviable nematodes to
control the opening and closing of the pharyngeal-
intestinal value and/or loss of function of the luminal
proton pumps.
To map the acidification of the pharyngeal con-

tents in the intestinal lumen, the rate of pharyngeal
pumping was reduced by lowering the temperature
surrounding the nematodes. While maintaining a
high sampling rate, the pH oscillations which indi-
cate the acidification of intestinal lumen were recon-
structed by imaging C.elegans at 4 �C. Oscillations in
pH at the anterior of the intestinal lumen, which
correspond to transfer of high pH pharyngeal
contents into the intestinal lumen and the acidifica-
tion of lumen contents by proton pumps, were found
to occur at regular rhythmic intervals. These oscilla-
tions were also observed in latter parts of the in-
testinal lumen at lagged time points which may
suggest peristaltic movement of ingested luminal
contents.
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We envisage extended dynamic range pH-sensi-
tive nanosensors could prove to be a powerful
tool to enhance our understanding of nematode

pharyngeal and intestinal lumen50 and the role
pH plays in disease progression and therapeutic
efficacy.

METHODS

Extended Dynamic Range pH-Sensitive Nanosensor Synthesis. Surfac-
tants Brij 30 (3.080 g, 8.508 mmol), dioctyl sodium sulfosucci-
nate salt (1.590 g, 3.577 mmol) and deoxygenated hexane
(42mL) were stirred under argon for 10min. Succinimidyl esters
forms of the fluorophores were conjugated to APMA, via a
nucleophilic addition reaction (see Supporting Information,
Figure S1). FAM-APMA (15 μL, 5 mg/mL), OG-APMA (15 μL,
5 mg/mL), TAMRA-APMA (60 μL, 5 mg/mL), acrylamide (0.540 g,
7.579 mmol), and N,N0methylenebis(acrylamide) (0.160 g, 1.307
mmol) were dissolved in deionized water made up to 2mL. This
monomer solution was added to the stirring hexane surfactant
solution and allowed to deoxygenate for a further 10 min.
Polymerization initiators ammonium persulfate (30 μL, 10% w/v)
and N,N,N0 ,N0-tetramethylethylenediamine (15 μL, 0.1 mmol)
were added to the stirring solution to initiate polymerization.
The mixture was left to stir for 2 h under argon. Hexane was
removed via rotary evaporation. Nanoparticles were precipi-
tated and washed with ethanol (30 mL) using centrifugation
(10 times, 6000 rpm, 10 min), with a Hermle centrifuge (Z300).
After the final wash, the pellet was resuspended in a small
amount of ethanol (10 mL) and rotary evaporated until dry.
Nanoparticles were stored in a light protected container at 4 �C.

C. elegans Growth, Maintenance, and Nanoparticle Challenged Viability.
Growth and Maintenance. C. elegans nematodes (Bristol N2)
were maintained on nematode growth medium (NGM) agar2

and E. coli (OP50) at 20 �C. Synchronized growth cycles of C.
elegans were prepared by harvesting eggs from gravid
females.2 Briefly, a large number of gravid nematodes were
collected by rinsing a NGM growth plate with sterile deionized
water (3.5 mL). Sodium hydroxide (5 M, 0.5 mL) and sodium
hypochlorite (5%, 1 mL) were added to the worm suspension
and vortexed (10 min) to separate nematodes from the eggs.
The eggswere initially collected using centrifugation (1500 rpm,
1 min), and subsequently washed once with 5 mL of sterile
deionized water and collected with centrifugation (1500 rpm,
1min). The centrifuged egg suspension was aspirated to 0.1 mL
and plated onto a fresh plate of NGM agar, seeded overnight
with an E. coli lawn. The generation time of C. elegans using
these conditions was 4 to 5 days.

Nanoparticles and Nematode Viability. NGM agar plates
containing synchronized cycles of C. elegans (L1-L2 larval stages)
were harvested using sterile M9 buffer solution.2 The nema-
todes were washed with sterile M9 buffer (1 mL, 3 times) and
collected using centrifugation (1500 rpm, 1min). The nematode
suspension was diluted with sterile M9 buffer, containing E. coli
OP50 (OD600nm = 1.042, ∼8 � 108 CFU) for sustenance, to a
concentration of ∼6000 nematodes/mL. Aliquots of this worm
stock solution (0.100 mL) were added to a microtiter plate
containing serially diluted pH-sensitive nanosensors, suspended
in sterile M9 buffer solution (0.100 mL). Concentrations of pH-
sensitive nanosensors used to dose C. elegans (∼300 nematodes/
0.200mL) were 50.00, 25.00, 12.50, 6.25, and 3.13mg/mL as well
as a 0.00 mg/mL negative control (n = 3). Microtiter plates were
continually oscillated (20 rpm, 20 �C) for duration of study.
Motile and nonmotile nematodes were counted, using a dis-
sectingmicroscope (Nikon Eclipse TS100, Nikon 4� 0.10 NA (air)
objective), using a 0.100 mL sample from each well and
returned once counting was complete. Motile nematodes were
classified as viable, whereas, nonmotile nematodes were classi-
fied as nonviable. Initially C. eleganswere counted at 0, 3, 6, and
9 and 24 h then every 24 h until the negative control nematodes
were no longer motile. One way analysis of variance (ANOVA),
followed byDunnett's multiple comparison test, was performed
for each time point and concentration of nanoparticles used to
determine if nematode survival was comparable to untreated
nematodes (R = 0.05).

Validation of pH Measurement. In plane focused images (n = 4)
of nanosensors suspended in buffer solutions (n = 31), ranging
from pH 2.92 to 8.25 were acquired for measurement validation
using an automated image analysis system (see Supporting
Information). Student's t test was used to identify significant
differences between measurements made with image analysis
system and fluorescence spectrophotometer, and image anal-
ysis and pH meter. Measurements made using the automated
image analysis system were compared to measurements made
from a pH meter (Jenway 3510) and used to determine a
method resolution using 95% confidence intervals on a Bland-
Altman mean difference plot (Sigma-Plot 12.0). Co-localization
analyses were performed using the Coloc 2 macro on FIJI open
source software, from which images with Pearson's correlation
coefficients, for green and red fluorescent channels, greater
than 0.95 were taken for pH measurement.

Imaging C. elegans Luminal pH with Extended Dynamic Range pH-
Sensitive Nanosensors. C. elegans nematodes were harvested from
synchronized NGM growth plates using M9 buffer solution
(1 mL, 3 times) and collected using centrifugation (1500 rpm,
1 min). The collected nematodes were suspended in M9 buffer
containing extended dynamic range pH-sensitive nanosensors
(0.5 mL, 30 mg/mL), seeded with E. coli OP50. C. elegans were
allowed to ingest the pH-sensitive nanosensors for a period of
3 h at 20 �C. Hereafter, they were again washed with sterile
deionized water, to remove any remaining noningested nano-
sensors and E. coli, and collected with centrifugation, as de-
scribed above. The pelleted C. elegans were suspended in a
small volume of sterile deionized water and transferred to poly-
L-lysine coated glass bottom dishes. The small volume of water
surrounding the nematodes was aspirated and the worms were
trapped with a thin layer of pregelled agarose hydrogel (2%, at
4 �C). The poly-L-lysine and agarose were used to restrict
C. elegans movement during imaging. Nematode movement
can hinder image acquisition as a result of shifting transmitted
light and fluorescent channels. Imaging acidification of
C. elegans was achieved by compressing nematodes with a
refrigerated agarose layer (4 �C). The temperature was continu-
ally monitored with a Digitron temperature gun (630�670 nm,
< 1 mW).

A DeltaVision Elite (Applied Precision) with Olympus IX71
stand inverted microscope coupled with an Olympus U-Plan
S-Apo 20� 0.85 NA (oil, Refractive index 1.520) and U-PlanFL N
10� 0.30 NA (air) objectives were used to image C. elegans and
ingested extended dynamic range pH-sensitive nanosensors. A
CoolSNAP HQ2 charged coupled device camera (6.45� 6.45 μm
pixel cell, 1000 kHz), interfaced Resolve3D softWoRx Acquire
(version 5.5.0) software was used to acquire images (1024 �
1024, pixel size 0.331 � 0.331 � 0.200 μm). An InsightSSI solid
state fluorescence light source was used to excite green fluo-
rescence and red fluorescence at 475/28 nm (54 mW) and 542/
27 nm (85 mW), respectively, while collecting emitted fluores-
cence, using a polychroic quadmirror in a sequential manner, at
523/36 and 594/45 nm, respectively. Transmission intensity and
exposure times for green, red, and transmitted light used were
10%, 10% ,and 32%, respectively, and 0.025, 0.010, and 0.010 s,
respectively. Acquired images were processed using MATLAB
software and FIJI open source software (see Supporting
Information). Regions of interest 9 μm wide which span the
differing lengths perpendicular to the C. elegans pharyngeal
and intestinal lumenwere used to obtain average pH values and
standard deviation across the length of the nematode lumen
(see Supporting Information, Figure S5).

Controlling C. elegans Temperature Dependent Pharyngeal Pumping
Rate. Populations of C. elegans, cultured on NGM plates, were
subjected to a range of temperatures between 0 and 26 �C. The
nematodes were allowed to equilibrate to the set temperatures
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(30 min), which were recorded using a Digitron temperature
gun (630�670 nm, <1 mW). Pharyngeal contractions were
observed, using a dissecting microscope (Nikon Eclipse TS100,
Nikon 20� 0.40 NA (air) objective) over a 60 s interval for each
nematode in the study (n = 20). The average and standard
deviation for pharyngeal contractions were determined for
each temperature.
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