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Received: 13 October 2015 . Small, flying insects continue to pose great risks to both human health and agricultural production
Accepted: 13 January 2016 throughout the world, so there remains a compelling need to develop new vector and pest control
Published: 18 February 2016 : approaches. Here, we examined the use of short (<25 ms) laser pulses to kill or disable anesthetized
: female Anopheles stephensi mosquitoes, which were chosen as a representative species. The mortality
of mosquitoes exposed to laser pulses of various wavelength, power, pulse duration, and spot size
combinations was assessed 24 hours after exposure. For otherwise comparable conditions, green and
far-infrared wavelengths were found to be more effective than near- and mid-infrared wavelengths.
Pulses with larger laser spot sizes required lower lethal energy densities, or fluence, but more pulse
energy than for smaller spot sizes with greater fluence. Pulse duration had to be reduced by several
orders of magnitude to significantly lower the lethal pulse energy or fluence required. These results
identified the most promising candidates for the lethal laser component in a system being designed to
identify, track, and shoot down flying insects in the wild.

Worldwide, mosquitoes are responsible for nearly 1 million deaths each year by transmitting approximately 100
different diseases'. Chief among them is malaria, which infects about 200 million and kills 200,000 people annu-
ally, mostly children under age five*™*. Mosquitoes are also vectors of yellow fever, which is fatal in 30,000 to
80,000 of the roughly 200,000 annual cases®~; of dengue fever, whose incidence is rapidly on the rise and infects
50 to 100 million people per year, with around 20,000 deaths®%; and for numerous other diseases like chikun-
gunya'®!!, West Nile!>!3, and various other encephalitic conditions!*'>.
Besides the toll on humans, mosquitoes and other similarly sized insects are major agricultural pests. Livestock
can be infected by the same or closely related pathogens as infect humans, leading to heavy losses®!¢. Dairy pro-
duction is negatively impacted by nuisance insects'”'%, which may cost the US dairy industry upwards of $350
million per year!”. Fruit infestations by pests such as the Queensland!'*?° and Mediterranean® fruit flies (Qfly and
medfly, respectively), spotted wing Drosophila®?, and Asian citrus psyllid®* can wreak havoc on a region’s produce
industry. For example, the Qfly costs Australian growers up to $50 million each year in produce lost both to
Qfly-induced damage and to restrictions on exports from Qfly-endemic regions'*%.
Recent large-scale vector control efforts have been met with mixed success. In particular, the work by African
governments and international organizations to distribute insecticide-treated nets (ITNs) and to promote indoor
residual spraying (IRS) have reduced malaria deaths to approximately 1/2 to 1/3 the peak number of 1.8 million
in 2004* The benefits of these efforts appear to have leveled off, however, as ITN’s only work indoors and often
get damaged or repurposed, leading to modest overall usage in some endemic regions?®. Further hindering these
efforts is the trend for mosquitoes to become increasingly resistant to the insecticides used?**. Although new
insecticides are under development, their long-term safety and efficacy are unclear®. The use of chemical pesti-
cides for commercial agricultural applications is a controversial topic among consumers as well.
There is thus a need for new, innovative methods in pest and vector control to complement existing core
techniques. Optical approaches have been gaining popularity for identifying insects and studying their behav-
ior?”~*2, providing information not readily available from conventional monitoring approaches like traps and
human-landing catches. A recent report also demonstrated that exposure to low power blue light for several hours
to days could disable insects such as fruit flies and mosquitoes®. At Intellectual Ventures Laboratory (IV Lab), the
: Photonic Fence (PF) has been proposed as a device that could both detect and disable flying insects using optical
. technology. At a high level, the system would work by first using a camera system with near-infrared illumination
© to identify target insects in an active region. It would discriminate targets from non-targets based on size and,

if needed, wingbeat frequency* and/or contextual information like time of day. Once a target is identified, the
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system would then direct a brief (no more than tens of milliseconds) pulse of laser light to kill or otherwise disable
the insect. As currently envisioned, a single active region would be approximately 3 meters tall, less than a meter
wide, and 30 to 100 meters long. By placing a single unit between known insect breeding grounds or nesting loca-
tions and the desired area of protection, or by using multiple units to create an enclosure, the PF could prevent
or minimize crop damage or disease spread in local areas. It could do so without compromising the eye safety of
people nearby through the use of a backstop to absorb any laser pulses not hitting a target, and with a separate
object-detecting system that ensures no people or other large animals can be exposed to potentially dangerous
lateral reflections; the size of this lateral “no-fire zone” varies according to the exact laser pulse parameters, which
are discussed below.

We have preliminary evidence that the various sub-systems of the proposed PF can work as envisioned. The
work presented here was focused on testing the lethal laser component in isolation from the rest of the system
components by targeting immobilized subjects under CO, anesthesia. This was done for several reasons: targeting
immobilized subjects is a much simpler endeavor than for flying subjects, which allows mortality testing earlier
in the development process and permits higher throughput testing; it establishes a baseline for the feasibility of
killing or disabling insects with optical energy separately from the performance of the rest of the system; and it
helps lead to the identification of the best candidate lasers for the full system to greatly reduce the testing burden
for future in-flight studies. The goal of this study was thus to determine the lethality of multiple lasers at various
wavelengths, spot sizes, powers, and pulse durations on anesthetized female Anopheles stephensi mosquitoes.
This species was chosen as a representative organism due to its size, its robustness in a laboratory setting, and its
importance as a malaria vector. Multiple parameters were explored for each laser, with the parameter (and laser)
selection guided by potential requirements and practical considerations for the future deployable system (e.g.
relatively inexpensive, robust, good beam quality, etc.). Even with these guidelines, there were numerous poten-
tial values to investigate for each parameter; in general, we chose to investigate a coarse sample of these values to
obtain a broad baseline performance. The results obtained from this study provided clear indications of which
optical parameters had the most significant influence on mosquito mortality, and therefore which lasers would
be most practically deployed.

Results

Dosing with millisecond-scale pulses at 532nm. Dosing experiments were first carried out at 532 nm
using the setup shown in Fig. 1 (see Supplementary Video S1 for a demonstration and Supplementary Methods
for complete laser and optics details). The optical beam was roughly centered on the mosquitoes’ thoraces
(Fig. 1c-f), as this allowed the beam to hit many key mosquito structures; it also coincides with the approximate
location of the body centroid during flight, which will come into play in future in-flight studies. For each laser
condition in a given test (full list below in Table 1), the primary outcome was the mortality rate of a sample of
84 female An. stephensi subjects 24 hours after exposure. As defined by the World Health Organization (WHO),
mortality rate included mosquitoes that were dead and those that were moribund - i.e. could not stand or fly
properly** (see Supplementary Video S2 for a demonstration of determining health status). From a functional
perspective, creating moribund mosquitoes in the wild is equivalent to killing them. Dose-response curves were
then created by performing a logistic regression fit for mortality rate as a function of optical fluence (J/cm?). As
the optical pulse energy per unit area, fluence can be varied by changing either the beam spot size or the pulse
energy, which is the product of optical power and pulse duration. Since fluence can capture changes in any one of
the experimentally controlled values (power, pulse duration, spot size), it was deemed the best parameter to plot
mortality against throughout the experiments.

Figure 2a shows the dose-response curve for 532 nm wavelength, 2.3 mm Gaussian beam diameter, and 25 ms
pulse length. Pulse energy, and therefore fluence, was altered by adjusting the laser power from 0.5 to 4 W. The
data points produced a prototypical sigmoidal curve, as the logistic regression procedure fit the data with an ordi-
nary R>=0.99 and the commonly used log-likelihood ratio (LLR) pseudo R*>= 0.96. This tight curve fit, along
with a negative (un-dosed) control mortality of only 1.5%, indicated that the dosing system and procedure were
highly repeatable and robust to any variability besides the fluence delivered to the mosquito. The lethal dose 90%
(LD90) value of 1.78 J/cm? corresponded to just under 3W of optical power at the 25 ms pulse duration, which is
easily achieved by several laser technologies in the blue to green wavelength spectrum.

Other tests at 532 nm examined the effects of higher power, shorter pulses, and of a larger beam diameter that
encompassed nearly the entire mosquito. Figure 2b shows these other dose-response curves relative to the fit
from Fig. 2a. Reducing pulse durations from 25 ms (Fig. 2a) to 2 to 8 ms and using a higher constant power setting
of 8.5W (instead of 0.5 to 4 W) did not substantially reduce the fluence value required to obtain high mosquito
mortality (green, long-dash line in Fig. 2b). With the power still at 8.5 W, the beam was expanded to 5.8 mm to
examine whether it is advantageous to hit the whole subject versus only a portion of it (Fig. 1d). As seen in the
short-dash, orange line in Fig. 2b, this condition had an LD90 of 0.64J/cm?, which corresponded to a 20 ms pulse.
Comparing this result to both other curves in Fig. 2b, the large spot LD90 was ~3 x lower fluence, but over a ~6x
larger spot, meaning that the net pulse energy requirement was greater than that for the smaller spot sizes.

To investigate how quickly mosquitoes were disabled, a time course study of mortality was also performed
with single cages of 84 subjects at the LD90 levels for the 25ms, 0.5-4 W and 8.5 W, 2-8 ms conditions from above.
Figure 3 shows the breakdown among healthy, moribund, and dead subjects at 4, 6, 8, 24, and 48 hours following
exposure. At times less than four hours, lasting effects of the anesthesia could be mistaken for moribundity. In
general, if a subject appeared healthy at four hours, it remained that way through 24 and even 48 hours. In the
higher power condition (8.5W for 5.7 ms; Fig. 3b), the non-surviving mosquitoes largely died immediately or
over the first several hours following exposure. In the lower power condition (3 W for 25 ms; Fig. 3a), few mos-
quitoes died right away, and the largest fraction (75%) emerged from the anesthesia in a moribund state. These
moribund mosquitoes then proceeded to die off over the remainder of the 24 hour period. The likely explanation
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Figure 1. Dosing system setup and mosquito targeting. (a) The current dosing laser (here, Coherent Verdi
V10) was axially co-aligned with an imaging camera (Blackmagic Cinema Camera EF) using a dichroic
beamsplitter that reflected the laser light down to the test subject stand and passed other visible light (provided
by LED strips on bottom of optical platform) from the subject stand up through a telescopic macro lens (Canon
EF 180mm £/3.5 Macro) and into the camera. Live images from the camera were displayed on a monitor above
the setup. The two optical paths projected through an opening in the optical platform onto the (b) floor of a test
cage, where anesthetized mosquitoes were arranged in a 12 by 7 grid. The distance from the laser to the subject
was approximately two meters. (c) The view from the camera with a crosshair noting the location and extent of
the co-aligned laser was used to accurately target the mid-thorax of one subject at a time. (d) Circles indicate
which areas of the mosquito were hit by the two typical beam diameters. (e,f) Images from CCD beam profiler
of 2.3 mm diameter, 532 nm wavelength spot (e) without and (f) with a subject present validated targeting
accuracy and showed that the most intense portions of the Gaussian beam impacted the mosquito. Note that the
interference fringes in (e) are from the presence of a glass slide near the sensor to facilitate mosquito placement.

Laser experimental parameters LD90 Conditions
Wavelength | Beam Diameter | Pulse duration | Power Fluence | Pulse duration | Pulse energy | Power
(nm) (mm) (ms) (W) (J/em?®) (ms) (m)) (W)
532 23 25 (0.5-4) 1.8 25 74 3.0
532 2.0 (2-8) 8.5 1.7 57 48 8.5
532 5.8 (2-45) 8.5 0.6 20 170 8.5
532 25 le-5 (O.e5-—_16.0) 03 le-5 10 1.0e+6
1064 25 le-5 (1::46.0) 0.5 le-5 26 2.6e+6
1064 25 0.09 (O'Z;lél) 18 0.09 90 1.0e+ 3
976 2.5 25 (4-14) 5.6 25 273 10.9
10,600 25 25 (1.1-3.3) 1.1 25 52 2.1
10,600 2.5 (2-5) 10.2 0.9 4.3 44 10.2
10,600 5.8 25 (2-10) 0.8 25 211 8.4
1470 2.5 25 (4-10) 4.0 25 197 7.9

Table 1. Summary of dosing experimental parameters and LD90 conditions.
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Figure 2. Mortality data and dose-response curves for 532 nm millisecond scale dosing. (a) Data points each
represent mortality outcomes from dosing 84 female An. stephensi with 532 nm wavelength, 2.3 mm Gaussian
beam diameter, and 25 ms pulses, with variable power 0.5 to 4 W. Error bars are plus and minus exact binomial
95% confidence intervals. Curve fit achieved via logistic regression with ordinary R?=0.99 and LLR pseudo
R?=0.96. (b) Solid blue line is fit from (a) for comparison. Green diamonds and long-dashed line are data and
logistic regression fit (ordinary R?= 0.92 and LLR pseudo R?= 0.82) for 532 nm, 2.0 mm Gaussian beam, 8.5 W
power, and variable 2 to 8 ms pulses. Orange squares and short-dashed line are data and logistic regression fit
(ordinary R*=0.99 and LLR pseudo R?= 0.98) for 532nm, 5.8 mm Gaussian beam, 8.5 W power, and variable 2
to 45 ms pulses. For both, error bars are exact 95% binomial confidence intervals.

for these differing trends is demonstrated in Supplementary Videos S3 and S4. In videos recorded at 2000 frames
per second, the lower power condition (Supplementary Video S3) caused relatively little reaction by the mosquito
or obvious outward signs of physical damage. In Supplementary Video S4, however, the higher power condition
created a small plume of smoke. Thus, the higher power condition appeared to create a more severe thermal
injury that led to immediate death, while the lower power condition wounded them such that they could not sur-
vive for any significant amount of time. From a functional perspective, these outcomes were largely equivalent in
quickly eliminating the presence of healthy insects that could theoretically spread disease or cause crop damage;
for both conditions, the total dead/moribund counts increased by less than 5% from the initial four hour count to
the official 24 hour count. Formal time-course studies were not carried out for the additional lasers below, but the
trends identified here appeared to persist with little variation.

Dosing with Q-switched lasers.  For a deployable insect killing system as described above, using optical
pulses longer than tens of milliseconds is not practical, so that regime was not investigated here. In theory, pulses
much shorter than tens of milliseconds could be advantageous if they were to lead to much lower lethal energy
requirements, or if they eliminated the need to track the mosquito while dosing it (i.e. if the mosquito cannot
move any appreciable distance relative to the beam diameter, the laser can simply be fired rather than steered to
stay on the target during dosing). To investigate this possibility, a Q-switched neodymium-doped yttrium alu-
minum garnet (Nd:YAG) laser that provided 10 ns pulses with varying energy at both 532 nm and 1064 nm was
used. In both cases, the beam diameters were 2.5 mm, with a profile in between uniform and Gaussian (Fig. 4a),
as is typical for this type of laser. Figure 4b shows a full dose-response curve at 1064 nm and a limited data set for
532 nm,; the data set was limited to two points due to difficulties achieving a stable output at low enough energies.
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Figure 3. Time course of mortality following 532 nm dosing. Percentages of dosed subjects that were

alive (green diagonal hatching), moribund (orange horizontal hatching), and dead (red cross hatching) at set
intervals following the dose. Note the discontinuity in the x axis between 8 and 24 hours. There were 84 subjects
each for (a) LD90 condition from the 2.3 mm, 25 ms curve and (b) LD90 condition from the 2.0 mm, 2-8 ms
curve. Negative control showed greater than 95% healthy mosquitoes at all time points.

At 532 nm, the LD90 was around 10 mJ, or 0.25J/cm?. Although this was a ~7x reduction in lethal fluence com-
pared with the millisecond-scale dosing, the peak power for these pulses was dramatically larger at 1 MW. At
these conditions, interactions between the laser pulse and biological tissues are referred to as “stress confined”
(also see Supplementary Discussion 1), in which mechanical damage can extend beyond any thermal damage®.
Supplementary Video S5 demonstrates this difference versus Supplementary Videos S3-S4 from lower power
dosing. The downside is that these high power interactions also present challenges regarding damage to optical
components and to safety, as discussed below.

The Nd:YAG laser was also operated in its more stable 1064 nm configuration (all other optical parameters
equivalent) to investigate differences between visible and near-infrared wavelengths. For an organism whose
pigmentation is dominated by melanin, as is the case for most mosquitoes and numerous other insects®, the
absorption coefficient for 1064 nm light is several times lower than for visible light in the blue to green range®. As
seen in Fig. 4b, this absorption difference led to an increase in LD90 fluence from 0.25J/cm? at 532 nm to 0.53]/
cm? at 1064 nm, which corresponded to 26 m] at the 2.5 mm beam diameter.

Using longer pulses around 1 pm wavelength. Numerous types of laser sources operating near 1
pm wavelength are widely available and relatively cheap. Since the shift in LD90 from 532 nm to 1064 nm with
Q-switched pulses was only ~2x, we chose to investigate other sources near 1 p.m with lower powers and longer
pulses as well. Figure 5a shows the dose-response curves for the same Nd:YAG laser operating in “long-pulse”
mode (90 ps pulse duration) at 1064 nm and for a 976 nm diode laser providing 25 ms pulses. Both lasers used
2.5mm diameters, although the Nd:YAG provided a jagged, flat top-like profile (Fig. 5b), and the diode provided
a largely Gaussian profile (Fig. 5¢). Given the optical absorption properties of melanin and other biological mol-
ecules, it was expected that the wavelength difference between 976 nm and 1064 nm would have a negligible
impact on the mortality results.

The “long-pulse” Nd:YAG study resulted in an LD90 of 1.84]/cm? which was ~3.5x greater than for the
Q-switched pulses at the same wavelength and nearly equivalent to the millisecond scale 532 nm results. Given
the other optical parameters, this LD90 condition was 90 mJ and 1kW. The data showed more variability than
other tests and had the worst logistic regression fit (ordinary R* = 0.8, adjusted R?=0.68), likely due to the incon-
sistent nature of the jagged beam profile. With 25 ms pulses from the much lower power 976 nm diode (4 to
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Figure 4. Dosing outcomes from Q-switched Nd:YAG laser. (a) Representative beam profile of Q-switched
Nd:YAG laser. (b) Mortality from dosing with 2.5 mm diameter, 10 ns pulses with 5m]J and 10 m] pulse energies
at 532 nm (black circles) and with variable 12 to 40 mJ pulse energies at 1064 nm (red diamonds). For both,
error bars are exact 95% binomial confidence intervals. Red solid line is logistic fit for 1064 nm data (ordinary
R?=0.99 and LLR pseudo R*=0.92).

14 W tested), the LD90 further increased to 5.57J/cm?, or 273 m]J at ~11 W. The curve fit returned to its typically
good outcome, with ordinary R?=0.99 and adjusted R*=0.94, likely due to the more consistent beam profile of
this laser (Fig. 5¢). Although the LD90 fluence and pulse energy increased by an order of magnitude from the
Q-switched Nd:YAG to the diode laser, the required power decreased by five orders of magnitude.

Targeting water absorption with infrared lasers. Light in the blue to green spectrum is strongly
absorbed by various pigments and oxygen carrying molecules, while light near 1 pm is weakly absorbed by the
same molecules and also weakly absorbed by water. Further into the infrared spectrum around 1.5 pm and 10.6
pm wavelengths, optical absorption is dominated by water. Absorption by water is moderate near 1.5 pm and very
strong at 10.6 pm?. Laser sources at these wavelengths are also plentiful and can be inexpensive, as the 1.5 pm
region comprises multiple telecom bands, and CO, lasers emit around 10.6 pm. Here, we tested a 1.47 pm diode
laser and a 10.6 pm CO, laser to examine how responses to mid- and far-infrared lasers may differ from visible
and near-infrared lasers. For the diode laser, a single test was performed with a 2.5 mm diameter, mostly Gaussian
beam and 25 ms pulses with variable power (4 to 10 W). As seen in Fig. 6, this test produced an LD90 of 4.02]/
cm?, or just under 8 W for the 25 ms pulse. As expected, this value was lower than for the 976 nm diode 25 ms
pulses, but still several times greater than for the visible lasers.

Three different tests were performed with the CO, laser. As Fig. 6 shows, the typical 2.5 mm Gaussian beam
and 25 ms pulse test had an LD90 of 1.06 J/cm?, which equates to 2.1 W. With the power set to 10 W and pulse
duration varied from 2 to 5ms, the LD90 showed a modest decline to 0.89 J/cm?, or 44 m] over 4.3 ms. Similar to
what was done with the 532 nm laser, the beam was also expanded to 5.8 mm diameter to cover the majority of
the subject cross section. With variable power over 25 ms, the LD90 came out at 0.80 J/cm?; this corresponds to
211 m]J and 8.4 W. Thus, unlike at 532 nm, the required lethal fluence for the CO, laser did not decrease signifi-
cantly from the smaller spot to the larger spot.

Determining blood feeding rate compared with mortality rate. Besides creating moribund mos-
quitoes, another lower power “functional kill” outcome of dosing could be mosquitoes that appear healthy but are
impaired such that they cannot take a blood meal, thus making them unable to spread disease. To investigate this
possibility, we offered sheep’s blood (a standard alternative to human blood) to the surviving mosquitoes from a
subset of the above dosing experiments. The data offset to the left side of Fig. 7 shows the blood feeding rates for
untreated subjects (i.e. never left the insectary) and negative dosing controls. These rates were highly variable,
so establishing a true baseline proved impossible. Within a given series, the presence of a significant correlation
between mortality rate and blood feeding rate was inconsistent as well. For example, the “532nm 25 ms 2” data
showed a significant negative correlation (Pearson’s r = —0.98, p value = 0.0028), but the “532nm 2-8 ms” data
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Figure 5. Dosing with lower power 1 pm sources. (a) Gray circles and solid line are mortality data and
logistic regression fit (ordinary R?= 0.8 and LLR pseudo R? = 0.68) for dosing with the Nd:YAG laser in “long
pulse” mode, producing 2.5 mm diameter spots, 90 s pulses, and variable pulse energies of 60-100 m]. Light
blue triangles and dashed line represent data and logistic regression fit (ordinary R?= 0.99 and LLR pseudo
R?=0.94) for dosing with 976 nm diode making 2.5 mm diameter spots and 25 ms pulses with variable power
4-14'W. (b) Representative beam profile from Nd:YAG laser in “long pulse” mode, showing typical spikes and
banding. (c) Representative beam profile from 976 nm diode showing round shape and Gaussian intensity
profile.

showed no significant correlation (p value = 0.20). Given the lack of consistent, meaningful results obtained from
this complex biological process, blood feeding was abandoned as an additional outcome metric and was not per-
formed for tests conducted after those included in Fig. 7.

Discussion

The results presented here, as summarized in Table 1, provide several implications for the use of lasers to kill small
flying insects. The lethal fluence required at different wavelengths, all other parameters being equal, strongly cor-
relates with the mosquitoes’ optical absorption properties. This finding makes sense because for the same pulse
conditions, a higher absorption coefficient will lead to a higher peak temperature achieved in the subject (more
efficient conversion of optical energy to heat), thus causing more severe thermal damage. With An. stephensi,
the LD90 for 532 nm was significantly lower than for 1064 nm, since the former is absorbed much stronger by
mosquito pigments and oxygen-carrying molecules, and the LD90 for 10.6 um was lower than for 1.47 um, as the
former is absorbed several times stronger by water. It is more difficult to compare the visible and near infrared
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and long-dashed line, fit with ordinary R*=0.99 and LLR pseudo R?= 0.93); from 2.5 mm beam, 10 W, variable
pulse length 2-5ms (black diamonds and thin solid line, fit with ordinary R?=0.99 and LLR pseudo R?=0.90);
and from 5.8 mm Gaussian beam, 25 ms pulses, variable power 2-10 W (green triangles and short-dashed line,
fit with ordinary R?= 0.96 and LLR pseudo R*= 0.88). Blue X’s and thick solid line are data and fit (ordinary
R?=0.99 and LLR pseudo R?*=0.94) from 1.47 pm diode producing 2.5 mm Gaussian beam, 25 ms pulses,
variable power 4 to 10 W. In all cases, error bars are plus and minus exact binomial 95% confidence intervals.
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Figure 7. Blood feeding versus dosing mortality. Percentages of subjects that took a sheep’s blood meal
from an artificial feeder are plotted as a function of survival from a previous dosing experiment. Subjects that
underwent no experimental treatment or that were negative dosing controls are shown offset to the left of 0%
mortality for clarity. Legend lists numbers of subjects offered the blood meal for each point left to right in a
given series (starting with control). Error bars are plus and minus exact binomial 95% confidence intervals.

results with the mid- and far infrared results; since they target different optical absorbers (pigments and oxygen
carrying molecules versus water, respectively), the optical energy is deposited with different spatial distributions,
according to where the absorbers are distributed in the subject. Given this dependence on spatial distributions of
optical absorbers, the wavelength findings presented here for Anopheles mosquitoes, particularly for the visible
to near infrared range, could be sensitive to factors like which pigments are present, cuticle thickness, and other
structural properties among different target organisms.

A more consistent trend is that for the same wavelength and beam diameter, shorter pulses led to lower lethal
fluence values. The relative magnitudes of the fluence reductions versus pulse durations likely depended on how
close a given set of conditions was to stress confinement, thermal confinement, or no confinement?®® within the
area of the mosquito hit by the laser pulse. A full description of confinement zones is provided in Supplementary
Discussion S1 and Supplementary Figure S1. In short, for this application these zones describe combinations of
pulse duration and of optical absorption by the mosquito that lead to inefficient heating of the laser irradiated
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area due to heat leaking into surrounding tissue (no confinement), efficient heating of just the laser irradiated
area (thermal confinement), or efficient heating of the laser irradiated area plus mechanical disruption in the
irradiated and immediately surrounding area (stress confinement). Depending on wavelength, it was likely that
the typical 25 ms pulses were in thermal confinement, even if they were near the border of thermal and no con-
finement. By reducing the pulse length to a few milliseconds, there was no appreciable movement between zones,
so the required fluence levels did not change dramatically. More substantial reductions in required fluence were
seen with the Q-switched laser, as 10 ns pulses lay in the stress confinement region, in which both thermal and
mechanical damage are seen.

The above discussion focuses on changes in lethal fluence. As noted previously, fluence was deemed the most
appropriate independent variable to analyze across the experiments, but it cannot be examined in isolation.
Although the Q-switched pulses allowed for the lowest fluence kills, the peak powers were several orders of
magnitude greater than for other tests. Thus, such a laser would likely only be a viable solution in very specific
cases. Since 25 ms pulse dose-response curves and single digit ms pulse dose-response curves had similar LD90
fluence values, it would be hard to justify the use of a laser with 4-5x the power to use a 5ms pulse compared
with a lower power 25 ms pulse without further system requirements driving the choice. Similarly, the larger spot
experiments demonstrated a net increase in pulse energy, and therefore power required relative to the smaller
spots. Laser cost and safety concerns scale nearly linearly with power, so there are multiple factors pushing against
the use of higher power lasers. For safety in particular, the maximum permissible exposure (MPE) to a laser pulse,
given in terms of fluence, decreases as pulse duration decreases, and therefore as power increases. This directly
impacts the width of the “no-fire zone” along the length of the PF active area noted above where the system would
shut down if it detected people or large animals present. For 25 ms pulses, the infrared wavelengths (which do
not reach the retina) would require exclusion zones as small as less than a meter. Shorter wavelengths and pulse
durations both lead to larger exclusion zones. Beam diameters less than 2 mm might have reduced the power
requirement even further, especially since a greater percentage of the beam area would be incident on the sample.
We do not anticipate being able to produce spots of that size in a deployable system without using large (and
therefore expensive) optical elements, though, so no studies were performed.

These experiments demonstrated that An. stephensi can be killed or disabled by optical pulses under several
different conditions at various wavelengths. More importantly, these results can be generalized to the use of rela-
tively cheap, robust lasers with sufficient beam quality to be focused over a long range. Subsequent work will test
the most favorable conditions identified here on subjects that are freely flying within test cages rather than lying
immobilized on the cage floors, and will attempt to confirm our preliminary indications that such “in-flight dos-
ing” does not require substantially greater lethal energies than the anesthetized dosing did. We will then expand
the studies to other representative species as well.

Methods

Mosquitoes. The mosquitoes used in this study were Anopheles stephensi clone STE 2, originally from the
Malaria Research and Reference Reagent Resource Center (MR4), provided by the Center for Infectious Disease
Research (CIDR). Females were separated from males prior to transfer to the IV Lab. In the IV Lab insectary,
which was maintained at 28 °C and 80% relative humidity, the adults were fed a solution of 10% dextrose in water
via a soaked cotton ball. At least 24 hours prior to laser exposure, the subjects were mouth aspirated from the
CIDR-supplied transfer cages into our test cages, with approximately 120 individuals per test cage. The test cages
were 11" cubes constructed from polycarbonate, with polyester mesh covering six inch diameter openings on
three faces. Each test cage had a removable top and a hose barb for delivery of CO, (through another small mesh).
Dosing experiments were conducted four to five days after shipment to IV Lab, such that our subjects were seven
to ten days old (post-emergence) at the time of the dosing experiments. This age is ideal for Anopheles because in
the wild, they have had or are seeking their first blood meals at this time, but they cannot yet transfer malaria due
to the time it takes the Plasmodium to reproduce in the mosquito.

Dosing System Operation. The configuration of the dosing system was described by Fig. 1. Its operation
was controlled by a simple, custom program running on a personal computer. When the program received the
signal from a foot pedal, it commanded the mounted video camera to begin recording video, paused briefly
(~300ms), then sent a trigger to a digital delay/pulse generator. The pulse generator controlled the timing and
duration of the laser pulse, either by signaling an electronic fast shutter or by sending a pulse to a laser driver,
depending on which laser was currently in use. After two more seconds, the program commanded the camera to
stop recording. The camera recorded its video to an onboard solid state disk drive; these videos were archived on
a file server, available in the event there was any need to review dosing imagery.

Dosing Experimental Protocol.  On the day of an experiment, test cages were transferred by vehicle or
cart from the insectary to the test lab, which was in a separate building at IV Lab. The test lab was cooler and less
humid than the insectary, but initial control experiments showed no statistically observable mortality associated
with up to eight hour visits to the test lab. Beam profiles were taken at least at the beginning of each day’s experi-
ments, and pulse energy was measured several times before and after each test cage.

When a cage was to be dosed (or handled as a non-dosing control), the dextrose-soaked cotton ball was
removed, the nylon meshes were covered with plastic lids, and a flow of pure CO, was delivered into the cage at
a flow rate of 50 cubic feet per hour for two minutes via a flexible tube. Generally all of the subjects were uncon-
scious after two minutes. The flow rate was then reduced to 15 cubic feet per hour for the duration of the dosing
experiment, which lasted 15-20 minutes per cage. Once all the subjects were sedated, the lid of the test cage
was removed. Out of the approximately 120 subjects in the cage, 84 apparently healthy female mosquitoes were
selected and sorted into a seven by twelve grid on the floor of the cage (see Fig. 1b). A soft horsehair brush was
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used to handle the subjects, and care was taken when sweeping the brush to avoid any downward force. Extra
subjects (including all males that may have been in the cage) were removed and discarded. The sorted cage was
moved to the dosing apparatus while maintaining the flow of CO,. By manually sliding the cage on its stand, all
84 subjects were presented to the laser/camera in sequence, with a single laser pulse targeted and administered
as described above. Largely through chance from the outcome of the handling during the sorting, many subjects
presented the lateral side of their thorax to the laser; others the ventral thorax, and to a lesser degree the dorsal
side of the thorax. When all of the subjects were dosed, the lid was restored, the CO, delivery was halted, the
plastic covers were removed, and the cotton ball with dextrose solution was returned to the cage mesh. The total
dosing time of each cage was noted.

Non-dosed controls were handled in the same fashion, except for the laser dosing itself. The 84 mosqui-
toes were sorted onto the grid, and the CO, was administered for the maximum typical duration of the dosing
(20 minutes). After this interval, the CO, flow was halted and the cages restored in the same fashion as for the
dosing experiments. One handling control cage was processed during each day of testing. We also conducted a
mortality control on each day of tests, once an LD50 was determined for a given set of conditions. The mortality
controls were conducted like any other dosing test; simply a dosing of 84 subjects at the defined LD50 fluence to
ensure that each batch of mosquitoes was similarly robust. After conducting all of a given day’s tests and controls
in the test lab, the cages were returned to the insectary.

Mortality Counts. Mortality counts were conducted in accordance with the WHO guidelines for evaluating
mosquito adulticides®. At 24 hours (plus or minus two hours) after the dosing experiment, the number of sub-
jects that appeared healthy and the number that appeared dead or moribund (i.e. alive, but unable to fly properly)
were recorded for each cage (demonstration in Supplementary Video 2). For one set of tests, as a time study for
mortality and moribundity, both mortality and moribundity counts were conducted after 4, 6, 8, 24, and 48 hours.

Data Analysis. Mortality data was analyzed as a function of fluence (J/cm?). For a given test, the fluence
was altered by changing the power with a constant pulse duration (thus changing pulse energy) and spot size,
or by changing the pulse duration with a constant power (again changing pulse energy) and spot size. Spot size
was only changed between tests, and was always constant for a given dose-response curve. Error bars were con-
structed for each data point by determining the exact 95% confidence intervals of the relevant binomial distribu-
tion (i.e. p deaths/disablements out of # trials in a single cage)®. For each set of tests on a given optical variable, a
dose-response curve was then created by performing logistic regression on mortality as a function of fluence. The
regression was performed via MATLAB’s built-in generalized linear model framework with a logit link function,
which also provided R? and pseudo-R? values (more widely used than ordinary R? in logistic regression) to assess
the model’s goodness of fit. The LD50 and LD90 fluence values were determined from the dose-response curve,
and then used as benchmarks for comparing the effectiveness of the various optical configurations.

The choice of 84 subjects per test cage stemmed from an initial sample size analysis with the software program
GPower. We wanted to ensure that a point at 90% mortality would have a 95% confidence interval of no larger
than plus or minus 10% mortality, assuming the common power analysis values of o = 0.05 and power = 0.8. The
choice of number of data points per curve was more arbitrary, and represented a compromise between experi-
mental throughput and ensuring coverage across the range of mortality outcomes.

Blood Feeding Protocol. For the first several experiments, assuming a sufficient number of subjects (five or
more) survived a given test, a follow-on test was conducted on the remaining subjects to measure their propensity
to blood feed. After the 24 hour mortality count, to establish fasting conditions, the feeding cotton ball with dex-
trose solution was replaced by a cotton ball containing only water. At 24 hours later, a meal of fresh sheep’s blood
was provided to the test cages. The feeders were bell shaped jars (Lillie Glassblowers) with a water jacket for main-
taining the blood at 37 °C throughout the test. A collagen membrane was stretched in a watertight fashion across
the open bottom of the bell. The feeders were placed on top of a nylon mesh of each cage to feed. When the cages
were ready, 10 ml of warm sheep blood were added. The mosquitoes were allowed 30 minutes to feed through
the mesh and the collagen membrane. After 30 minutes, the feeders were removed. A count was conducted of
engorged subjects (fully swollen abdomens). Control test cages were blood fed alongside dosing test subjects, in
identical fashion. Approximately halfway through the course of these dosing experiments, the follow-on blood
feeding experiments were discontinued, as described in Results.

References
1. Foster, W. A. & Walker, E. D. In Medical and Veterinary Entomology (eds Gary Mullen & Lance Durden) Ch. 12, 203-262 (Academic
Press, 2002).
2. WHO. World Malaria Report 2014. (World Health Organization, 2014).
3. Mharakurwa, S. et al. Malaria epidemiology and control in Southern Africa. Acta Trop 121, 202-206, doi: 10.1016/j.
actatropica.2011.06.012 (2012).
4. Murray, C.J. et al. Global malaria mortality between 1980 and 2010: a systematic analysis. Lancet 379, 413-431, doi: 10.1016/50140-
6736(12)60034-8 (2012).
5. Garske, T. et al. Yellow Fever in Africa: estimating the burden of disease and impact of mass vaccination from outbreak and
serological data. PLoS Med 11, €1001638, doi: 10.1371/journal.pmed.1001638 (2014).
6. Johansson, M. A., Vasconcelos, P. E & Staples, . E. The whole iceberg: estimating the incidence of yellow fever virus infection from
the number of severe cases. Trans R Soc Trop Med Hyg 108, 482-487, doi: 10.1093/trstmh/tru092 (2014).
7. Monath, T. P. & Vasconcelos, P. E Yellow fever. J Clin Virol, doi: 10.1016/j.jcv.2014.08.030 (2014).
. Bhatt, S. et al. The global distribution and burden of dengue. Nature 496, 504-507, doi: 10.1038/nature12060 (2013).
9. Simmons, C. P, Farrar, J. ], van Vinh Chau, N. & Wills, B. & Dengue. New England Journal of Medicine 366, 1423-1432, doi:
10.1056/NEJMral110265 (2012).
10. Rezza, G. Dengue and chikungunya: long-distance spread and outbreaks in naive areas. Pathog Glob Health,
2047773214Y0000000163, doi: 10.1179/2047773214y.0000000163 (2014).

=}

SCIENTIFICREPORTS | 6:20936 | DOI: 10.1038/srep20936 10



www.nature.com/scientificreports/

11. Morrison, T. E. Reemergence of chikungunya virus. J Virol 88, 11644-11647, doi: 10.1128/jvi.01432-14 (2014).

12. Gray, T.]. & Webb, C. E. A review of the epidemiological and clinical aspects of West Nile virus. Int ] Gen Med 7, 193-203, doi:
10.2147/ijgm.s59902 (2014).

13. Roehrig, J. T. West nile virus in the United States - a historical perspective. Viruses 5, 3088-3108, doi: 10.3390/v5123088 (2013).

14. Selvey, L. A. et al. The changing epidemiology of Murray Valley encephalitis in Australia: the 2011 outbreak and a review of the
literature. PLoS Negl Trop Dis 8, 2656, doi: 10.1371/journal.pntd.0002656 (2014).

15. Griffiths, M. J., Turtle, L. & Solomon, T. Japanese encephalitis virus infection. Handb Clin Neurol 123, 561-576, doi: 10.1016/b978-
0-444-53488-0.00026-2 (2014).

16. Hubalek, Z., Rudolf, I. & Nowotny, N. Arboviruses pathogenic for domestic and wild animals. Adv Virus Res 89, 201-275, doi:
10.1016/b978-0-12-800172-1.00005-7 (2014).

17. Taylor, D. B., Moon, R. D. & Mark, D. R. Economic Impact of Stable Flies (Diptera: Muscidae) on Dairy and Beef Cattle Production.
Journal of Medical Entomology 49, 198-209, doi: 10.1603/me10050 (2012).

18. Maia, M. F. Impact of insecticide treated nets protecting cattle in zero-grazing units on nuisance and biting insects in the forest region of
Kumasi, Ghana, Free University of Berlin (2009).

19. Abdalla, A., Millist, N., Buetre, B. & Bowen, B. Benefit-cost analysis of the National Fruit Fly Strategy Action Plan. (Australian
Bureau of Agricultural and Resource Economics and Sciences, Canberra, 2012).

20. White, B., Sadler, R., Florec, V. & Dominiak, B., Economics of Surveillance: a Bioeconomic Assessment of Queensland Fruit Fly.
Paper presented at 56th AARES Annual Conference: Fremantle, Western Australia. doi: RePEc:ags:aare12:125741 (2012).

21. Malacrida, A. R. et al. Globalization and fruitfly invasion and expansion: the medfly paradigm. Genetica 131, 1-9, doi: 10.1007/
$10709-006-9117-2 (2007).

22. Lee, J. C. et al. In Focus: Spotted wing drosophila, Drosophila suzukii, across perspectives. Pest Manag Sci 67, 1349-1351, doi:
10.1002/ps.2271 (2011).

23. Halbert, S. E. & Manjunath, K. L. Asian Citrus Psyllids (Sternorrhyncha: Psyllidae) and greening disease of citrus: a literature review
and assessment of risk in Florida. Florida Entomologist 87, 330-353, doi: 10.1653/0015-4040(2004)087[0330:acpspa]2.0.co;2 (2004).

24. Strode, C., Donegan, S., Garner, P, Enayati, A. A. & Hemingway, . The impact of pyrethroid resistance on the efficacy of insecticide-
treated bed nets against African anopheline mosquitoes: systematic review and meta-analysis. PLoS Med 11, e1001619, doi: 10.1371/
journal.pmed.1001619 (2014).

25. WHO. Global plan for insecticide resistance management in malaria vectors. (World Health Organization, 2012).

26. WHO. Report of the Seventeenth WHOPES Working Group Meeting. (World Health Organization, 2014).

27. Chen, Y., Why, A., Batista, G., Mafra-Neto, A. & Keogh, E. Flying insect detection and classification with inexpensive sensors. J Vis
Exp, €52111, doi: 10.3791/52111 (2014).

28. Spitzen, J. et al. A 3D analysis of flight behavior of Anopheles gambiae sensu stricto malaria mosquitoes in response to human odor
and heat. PLoS One 8, €62995, doi: 10.1371/journal.pone.0062995 (2013).

29. Ristroph, L., Berman, G. J., Bergou, A. J., Wang, Z. J. & Cohen, I. Automated hull reconstruction motion tracking (HRMT) applied
to sideways maneuvers of free-flying insects. ] Exp Biol 212, 1324-1335, doi: 10.1242/jeb.025502 (2009).

30. Parker, J. E. et al. Infrared video tracking of Anopheles gambiae at insecticide-treated bed nets reveals rapid decisive impact after brief
localised net contact. Sci Rep 5, 13392, doi: 10.1038/srep13392 (2015).

31. Manoukis, N. C., Butail, S., Diallo, M., Ribeiro, J. M. & Paley, D. A. Stereoscopic video analysis of Anopheles gambiae behavior in the
field: challenges and opportunities. Acta Trop 132 Suppl, S80-85, doi: 10.1016/j.actatropica.2013.06.021 (2014).

32. Butail, S. et al. Reconstructing the flight kinematics of swarming and mating in wild mosquitoes. J R Soc Interface 9, 2624-2638, doi:
10.1098/rsif.2012.0150 (2012).

33. Hori, M., Shibuya, K., Sato, M. & Saito, Y. Lethal effects of short-wavelength visible light on insects. Sci. Rep. 4, doi: 10.1038/
srep07383 (2014).

34. WHO. Guidelines for Testing Mosquito Adulticides for Indoor Residual Spraying and Treatment of Mosquito Nets. (World Health
Organization, 2006).

35. Jacques, S. L. Laser-tissue interactions. Photochemical, photothermal, and photomechanical. Surg Clin North Am 72, 531-558 (1992).

36. Gillott, C. in Entomology Ch. 11, 355-372 (Springer Netherlands, 2005).

37. Vogel, A. & Venugopalan, V. Mechanisms of pulsed laser ablation of biological tissues. Chem Rev 103, 577-644, doi: 10.1021/
cr010379n (2003).

38. Hale, G. M. & Querry, M. R. Optical constants of water in the 200-nm to 200-p.m wavelength range. Appl Opt 12, 555-563 (1973).

39. Rosner, B. in Fundamentals of Biostatistics Ch. 6, 157-210 (Duxbury, 2000).

Acknowledgements

We would like to thank Global Good for funding this work. Thank you to Jen Hume, Will Betz et al. from the
Center for Infectious Disease Research for their assistance with the mosquitoes. We would also like to thank Ryan
Singh for his help caring for the mosquitoes at IV Lab, and Chelsea Peterson and Ted Baughman of IV Lab for
their help with blood feeding experiments.

Author Contributions

All authors devised the experiments. D.J.L., B.J.N. and 3J. set up the experimental hardware. M.D.K., D.J.L. and
B.J.N. carried out the experiments. M.D.K. and A.M. analyzed the data. M.D.K. and D.].L. wrote the manuscript.
B.J.N,, 3], ER.M., M.M. and A.M. reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: During the performance of this work, all authors were employed by Intellectual
Ventures Laboratory.

How to cite this article: Keller, M. D. et al. Laser induced mortality of Anopheles stephensi mosquitoes. Sci. Rep.
6,20936; doi: 10.1038/srep20936 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

BN o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:20936 | DOI: 10.1038/srep20936 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Laser induced mortality of Anopheles stephensi mosquitoes

	Results

	Dosing with millisecond-scale pulses at 532nm. 
	Dosing with Q-switched lasers. 
	Using longer pulses around 1 μm wavelength. 
	Targeting water absorption with infrared lasers. 
	Determining blood feeding rate compared with mortality rate. 

	Discussion

	Methods

	Mosquitoes. 
	Dosing System Operation. 
	Dosing Experimental Protocol. 
	Mortality Counts. 
	Data Analysis. 
	Blood Feeding Protocol. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Dosing system setup and mosquito targeting.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Mortality data and dose-response curves for 532 nm millisecond scale dosing.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Time course of mortality following 532 nm dosing.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Dosing outcomes from Q-switched Nd:YAG laser.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Dosing with lower power 1 μm sources.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Mortality from longer wavelength infrared sources.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Blood feeding versus dosing mortality.
	﻿Table 1﻿﻿. ﻿  Summary of dosing experimental parameters and LD90 conditions.



 
    
       
          application/pdf
          
             
                Laser induced mortality of Anopheles stephensi mosquitoes
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20936
            
         
          
             
                Matthew D. Keller
                David J. Leahy
                Bryan J. Norton
                3ric Johanson
                Emma R. Mullen
                Maclen Marvit
                Arty Makagon
            
         
          doi:10.1038/srep20936
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep20936
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep20936
            
         
      
       
          
          
          
             
                doi:10.1038/srep20936
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20936
            
         
          
          
      
       
       
          True
      
   




