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Restoring light sensitivity using tunable
near-infrared sensors
Dasha Nelidova1,2, Rei K. Morikawa1,2, Cameron S. Cowan1,2, Zoltan Raics1,2, David Goldblum3,
Hendrik P. N. Scholl1,3,4, Tamas Szikra1,2, Arnold Szabo5, Daniel Hillier1,2,6,7,8*, Botond Roska1,2,3*

Enabling near-infrared light sensitivity in a blind human retina may supplement or restore visual function
in patients with regional retinal degeneration. We induced near-infrared light sensitivity using gold
nanorods bound to temperature-sensitive engineered transient receptor potential (TRP) channels. We
expressed mammalian or snake TRP channels in light-insensitive retinal cones in a mouse model of
retinal degeneration. Near-infrared stimulation increased activity in cones, ganglion cell layer neurons,
and cortical neurons, and enabled mice to perform a learned light-driven behavior. We tuned responses
to different wavelengths, by using nanorods of different lengths, and to different radiant powers, by
using engineered channels with different temperature thresholds. We targeted TRP channels to human
retinas, which allowed the postmortem activation of different cell types by near-infrared light.

P
hotoreceptor degeneration, including
age-related macular degeneration and
retinitis pigmentosa, is the leading cause
of blindness in industrialized countries.
When cone photoreceptors lose light

sensitivity, high-resolution vision is affected,
and it becomes difficult to carry out the ac-
tivities of daily living. In most cases, photo-
receptor degeneration is incomplete, leading
to the presence of light-sensitive and light-
insensitive photoreceptor zones next to each
other within the same retina. Remaining light-
sensitive regions limit the utility of opto-
genetic (1) or light-switch (2) therapies, because
these technologies require bright, visible light
that saturates photoreceptors.
Enabling the detection of near-infrared

(NIR) light (>900 nm) at wavelengths outside
the spectrum visible to the human eye (390 to
700 nm) could provide a way of supplement-
ing or restoring light sensitivity in the affected
retinal region without interfering with the vi-
sion that remains. Currently, there is no tech-
nology that would allow the induction of NIR
sensitivity in a blind retina.
A few species, such as boas, pythons, and pit

vipers, can detect infrared light (1 to 30 mm)
using temperature-sensitive transient receptor
potential (TRP) cation channels expressed in
a specialized organ (3). Thermal and visual
images superimpose in the snake’s brain (4),
presumably enabling the snake to react to the
environment with greater precision than what

is possible using only a single image. TRP chan-
nels could potentially be targeted to retinal cell
types to make them sensitive to infrared ra-
diation. However, heat transfer to ectopically
expressed TRP channels via direct NIR illumi-
nation is inefficient, requiring high intensities
that would damage the retina.
To develop a more efficient NIR light de-

tector for retinal cell types, we engineered a
dual system consisting of a genetic component
and a nanomaterial component (Fig. 1A). The
genetic component consisted of temperature-
sensitive TRP channels, engineered to incor-
porate an extracellular epitope recognizable
by a specific antibody (5). The nanomaterial
component consisted of gold nanorods conju-
gated to an antibody against the epitope (6).
This system uses surface plasmon resonance
for heat transfer (7): Gold nanorods capture
NIR light at their resonant wavelength and
produce heat, which is harnessed to open TRP
channels in the proximity of the nanorods. The
epitope ensures nanorod binding to engi-
neered rather than native TRP channels, be-
cause some TRP channels are expressed in
the retina (8, 9).
We developed a system based on rat TRP

family V member 1 (TRPV1) channels and
gold nanorods with absorptionmaxima (labs)
at 915 nm; this value was selected to ensure
low water absorption. We inserted a 6x-His
epitope tag in the middle of the first TRPV1
extracellular loop (Fig. 1, C and D), after amino
acid 459 or 465 (fig. S1). Analysis of TRPV1
structure suggested that insertion at these
sites would not disrupt protein function.
To measure whether tagged channels were

functional, we performed whole-cell voltage
clamp in human embryonic kidney (HEK)
cells expressing TRPV1.459-6x-His, TRPV1.465-
6x-His, or untagged TRPV1 while activating
the channels by TRPV1 agonist capsaicin. The
sizes of evoked currents were similar between
TRPV1.465-6x-His and TRPV1 (table S1, rowA)

but smaller in TRPV1.459-6x-His (table S1, row
B, and fig. S2). Therefore, we used TRPV1.465-
6x-His (abbreviated as rTRPV1) in subsequent
experiments.
We targeted rTRPV1 to cone photoreceptors

of Pde6brd1 mice (known as rd1 mice) through
subretinal injection of adeno-associated virus
(AAV), using a photoreceptor-specific mouse
cone arrestin promoter (mCar) to restrict ex-
pression (Fig. 1E). Rd1 mice have severe photo-
receptor degeneration, with complete loss of
rods and dysfunctional, light-insensitive cone
photoreceptors by 4 weeks of age (Fig. 1B)
(10). Cell membrane expression of rTRPV1 was
seen in 55 ± 10% of rd1 cones (table S1, row C,
and Fig. 1F). Among rTRPV1-positive cells,
98 ± 1.6% were cones (table S1, row D); these
rTRPV1-positive cones expressed the 6x-His
tag (table S1, row E, and Fig. 1, E and F).
To measure whether NIR light drives re-

sponses in rd1 retinas, we performed two-
photon calcium imaging of individual cone cell
bodies and axon terminals as well as ganglion
cell bodies in wholemount P56-P72 retinas
under two conditions: (i) rTRPV1 with nano-
rods (labs = 915 nm) and (ii) rTRPV1 without
nanorods. TomeasurewhetherNIR light affects
normal cones, we performed two-photon cal-
cium imaging of cone axon terminals in whole-
mount wild-type retinas stimulating cones
with NIR (915 nm) and/or visible light. To de-
tect calcium signals in cones, we genetically
targeted the calcium indicator GCaMP6s via
an AAV that expresses GCaMP6s under a cone-
specific promoter (11). For ganglion cells, we
used the organic calcium sensor OregonGreen
488 BAPTA-1 (OGB-1).
rTRPV1-expressing rd1 cones showed 915-nm

light (“NIR light”)–evoked increases of calcium
signal in the presence of nanorods (“NIR cone
response”) (Fig. 1, G to I). NIR cone response
was of opposite polarity compared with the
visible light response of wild-type cones (Fig.
1G). Polarity reversal was due to cation selec-
tivity of rTRPV1.NIR cone responsewas similar
in size to the visible light response of wild-
type cones (table S1, rows F and G). NIR light
neither activated wild-type cones nor affected
their visible light responses (fig. S3). rTRPV1-
expressing cones without nanorods did not
react to light (Fig. 1, G to I). In the presence of
nanorods, NIR light also induced responses
in neurons of the ganglion cell layer (GCL) (fig.
S4). In all subsequent experiments, we used
both the TRP channel and the nanorod com-
ponent (“NIR sensor”); uninjected rd1 mice
were used as the control.
To assesswhetherNIR light–induced retinal

activity propagates to higher visual centers, we
generated rd1 mice with targeted GCaMP6s
expression in layer 4 of the primary visual
cortex (V1). Layer 4 receives feedforward con-
nections from the lateral geniculate nucleus.
We performed two-photon calcium imaging
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Fig. 1. NIR light responses in mouse cone
photoreceptors. (A) Components of
the NIR light sensor. Engineered TRP
channels (blue) express protein epitope tags
(orange) in extracellular domains and
bind antibody-conjugated gold nanorods.
(B) Left: Healthy retina. Photons are
captured by outer segments (OS)
of photoreceptor cells. Right: retinal
degeneration, characterized by loss of OS
and blindness. In the rd1 mouse model
of degeneration, rod cell bodies are lost but
cone cell bodies persist. ONL, outer
nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer. (C and D) Structure
of rTRPV1 channel. (C) Top view. Orange
arrows indicate a 6x-His epitope tag in each
of the four subunits of the TRPV1 tetramer
(yellow, blue, gray, and green). The red
asterisk marks the channel pore. (D) Right:
Side view. Left: 6x-His epitope tag (orange)
within the first extracellular loop of the
blue subunit is enlarged. (E) Top row:
Top views of rd1 retinas transduced with
both rTRPV1 and nanorods and immuno-
stained for TRPV1 (left, blue), 6x-His
(middle, orange), and merging the two
(right). Gray, Hoechst nuclear stain. Bottom
row: Cross sections of the retinas shown
in the top row. Scale bars, 25 mm.
(F) Number of rTRPV1-positive (blue) and
6x-His–positive (orange) cones per square
millimeter in rd1 retinas transduced with both
rTRPV1 and nanorods (n = 5 mice) or in
control, uninjected rd1 retinas (n = 5 mice).
Dashed arrow indicates maximum cone
density in rd1 mice at postnatal day 70 (10).
Each data point is collected from a
different region of a retina (three regions per
retina). (G) Example calcium responses
(mean DF/F, where F represents baseline
fluorescence; two to three repetitions)
recorded from cone axon terminals in
P56-P71 rd1 mice transduced with rTRPV1
and nanorods (left, labs nanorod = 915 nm),
in rd1 mice transduced with rTRPV1 only
(middle), or in wild-type mice (right).
TRP, n = 4 mice; wild-type, n = 3 mice.
Stimulus, full-field NIR light (915 nm, log10
light intensity = 18.9; left and middle) or
visible light (405 nm, log10 light intensity =
14; right). Black bars (2 s) and arrows
(100 ms) indicate stimulus timing. Two-
photon images of GCaMP6s-expressing cone
axon terminals (white circles) are shown
to the left of the response curves. Scale bar,
5 mm. White asterisks indicate cell bodies.
(H) Cumulative frequency of responding
rTRPV1-transduced rd1 cones with (black)
and without (gray) nanorods (labs = 915 nm).
(I) Cone response amplitudes (DF/F).
Light intensities as in (G). Number of cones
given as a ratio of responding cones to
measured cones.
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Fig. 2. NIR light responses in mouse primary visual cortex. (A) Schematic of
the experiments in the primary visual cortex (V1). Cortical neuron calcium
responses to 100-ms full-field NIR light stimulation of the contralateral eye
were recorded in P51-P83 rd1 mice. (B) Example calcium responses (mean
DF/F, five repetitions) to 915-nm light stimulation recorded in rd1 mice
transduced with rTRPV1 and nanorods (left, labs = 915 nm, n = 3 mice) and in
control, uninjected rd1 mice (right, n = 5 mice). Vertical lines at bottom
indicate stimulus timing. Two-photon images of GCaMP6s-expressing
neuronal cell bodies in layer 4 of V1 (white circles) are shown to the left of
the response curves. Scale bar, 25 mm. (C) Cumulative frequency of
responding cortical neurons in mice transduced with both rTRPV1 and
nanorods (black, labs = 915 nm) and in control, uninjected mice (gray).
(D) Cortical neuron response amplitudes (DF/F). Log10 light intensity = 18.3.
Number of neurons given as ratio of responding neurons to measured
neurons. (E) Morphology of nanorods tuned to 915 nm (left) and 980 nm (right),

measured by transmission electron microscopy. (F) Schematic showing
nanorod absorption spectra relative to visual pigment of the human
retina. (G) Example cortical calcium responses (mean DF/F, five repetitions)
to 915-nm and 980-nm light stimulation (log10 light intensity = 18.3).
Left: Mice transduced with rTRPV1 and nanorods with labs = 915 nm
(n = 3 mice). Right: Mice transduced with rTRPV1 and nanorods with
labs = 980 nm (n = 4 mice). Arrows indicate stimulus timing. Two-photon
images of GCaMP6s-expressing neuronal cell bodies in layer 4 of V1 (white
circles) are shown to the left of the response curves. Scale bar, 25 mm.
(H) Frequency of cortical neurons as a function of the WPI in mice
transduced with rTRPV1 and nanorods with labs = 915 nm (orange) or
nanorods with labs = 980 nm (gray). For nanorods with labs = 915 nm, larger
fraction of 915 nm (WPI < 0) over 980 nm (WPI > 0) light preferring neurons.
For nanorods with labs = 980 nm, larger fraction of 980 nm (WPI > 0)
over 915 nm (WPI < 0) light preferring neurons. Light intensities as in (G).
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in vivo in P51-P83 animals, recording layer 4
activity at single-cell resolution during NIR
light stimulation of the eye (Fig. 2A). In NIR
sensor–injected animals, cortical neurons
showedNIR light–evoked increases in calcium
signal (Fig. 2B), which were light-intensity de-
pendent (Fig. 2C and fig. S5). Neuronal activa-
tionwas greater inNIR sensor–injected animals
than in controls (table S1, row H, and Fig. 2C).
Nanorodabsorption spectra canbewavelength-

tuned by varyingnanorod aspect ratios (length-
to-width ratios) (Fig. 2E and fig. S6). To test
whether the action spectra of neuronal ac-
tivity can also be tuned, we selected a second
type of gold nanorod with peak absorption at
980 nm (aspect ratio: 5.5) and compared with
nanorods with peak absorption at 915 nm

(aspect ratio: 4.0). Both types were paired to
rTRPV1. For each nanorod type, we performed
layer 4 cortical calcium imaging in P51-P71 rd1
mice twice: once with 980-nm stimulation of
the eye, and once with 915-nm stimulation. To
classify cortical neurons as 980 nm or 915 nm
responsive, we computed a wavelength prefer-
ence index (WPI) for eachNIR light–responsive
neuron. We found a preference for 980-nm
light over 915-nm light using nanorods tuned
to 980 nm (table S1, row I; Fig. 2H; and fig. S7).
Similarly, in animals with nanorods tuned
to 915 nm, more cortical neurons preferred
915-nm light over 980-nm light (table S1, row
J; Fig. 2H; and fig. S7).
Next, we asked whether molecular com-

ponents can be tuned to increase sensitivity.

A variety of TRPA1 channels also serve as
heat sensors. TRPA1 from the Texas rat snake
(Elaphe obsoleta lindheimeri) is activated at a
lower temperature than rTRPV1 (3). To deter-
mine the suitability of snake TRPA1 as a NIR
sensor component, we first engineered TRPA1
to express the peptide epitope tag OLLAS
(12) within the first or second extracellular
loop. Anti-OLLAS antibodies show improved
immunodetection compared with anti-6x-
His and other antibodies for conventional
epitope tags (12). To identify loop domains,
we first determined the location of extracel-
lular loop domains of human TRPA1 from
its cryo–electron microscopy structure (13).
Subsequently, we identified potential loop do-
mains of snake TRPA1 after pairwise sequence
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Fig. 3. NIR light–guided mouse behavior. (A) Schematic showing location of
TRP channel–expressing, infrared-sensitive pit organ. Information is overlaid in the
optic tectum. (B) Expression of sTRPA1 in cones of rd1 mice. Top: Top view of a
retina transduced with both sTRPA1 and nanorods, immunostained for OLLAS
(orange) and overlaid with Hoechst nuclear stain (gray). Bottom: Cross section of the
retina shown in top image. Scale bars, 25 mm. (C) Number of OLLAS-positive
(orange) cones per square millimeter in rd1 retinas transduced with both sTRPA1
and nanorods (n = 5 mice) or in control, uninjected rd1 retinas (n = 5 mice).
Dashed arrow indicates maximum cone density in rd1 mice at postnatal day 70 (10).
Each data point is collected from a different region of a retina (three regions per

retina). (D) Schematic of behavioral task. NIR full-field stimulation of one eye
(915 nm, 200 ms) cues water presentation for head-fixed, water-restricted P56-P73
rd1 animals. Mice respond by licking before (anticipation) or after the appearance
of water. (E) Lick response heatmaps. Rows: Responses of different mice. Columns:
Responses in 100-ms time bins. Top: rd1 mice transduced with both sTRPA1 and
nanorods (labs = 915 nm, n = 9 mice). Middle: rd1 mice transduced with both rTRPV1
and nanorods (labs = 915 nm, n = 9 mice). Bottom: Control, uninjected rd1 mice
(n = 10 mice). Left: Stimulus log10 light intensity = 17.9. Right: Stimulus log10 light
intensity = 18.3. (F) Mean anticipatory lick rates quantified from (E) as a function of
light intensity. Error bars, SEM.
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Fig. 4. NIR light responses in
the ex vivo human retina.
(A) Schematic of a human retinal
explant 8 weeks postmortem.
Long-term culture leads to
loss of outer segments and light
responses. (B) Top: Top view
of a human retina transduced
with both rTRPV1 and nanorods,
immunostained for TRPV1 (blue)
and overlaid with Hoechst
nuclear stain (gray). Bottom:
Cross section of the retina shown
in top image. Scale bars, 10 mm.
(C) Number of rTRPV1-positive
(blue) photoreceptors per square
millimeter in human retinas
transduced with both rTRPV1
and nanorods or in control,
untransduced human retinas.
Each data point is collected
from a different region of
a retina (five regions per retina).
(D) Distribution of rTRPV1-positive
cells across retinal layers.
(E) Scanning electron microscopy
image of gold nanorods bound
to a rTRPV1-transduced human
retina. Scale bar, 1 mm. Inset:
Transmission electron microscopy
image showing an anti-6x-His
antibody touching a gold nanorod
with its Fc domain. Scale bar,
20 nm. (F) Example calcium
responses recorded from human
retinal neurons in ONL, INL,
and GCL in response to full-field
NIR light. Vertical lines at bottom
indicate stimulus (915 nm,
100 ms) timing. Two-photon
images of OGB-1 filled cell bodies
(white circles), left of the response
curves. Scale bar, 10 mm.
(G) Cumulative frequency of
responding neurons in different
layers of human retinas trans-
duced with both rTRPV1 and
nanorods (labs = 915 nm) or in
control, untransduced human
retinas. (H) Response amplitudes
(DF/F) by retinal layer. Increase
(↑) and decrease (↓) of calcium
signal are shown separately.
Number of neurons given as
ratio of responding neurons to
measured neurons. Log10 light
intensity = 18.9.
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alignment (14) between human and snake se-
quences. OLLAS was placed after amino acid
755 or 758, corresponding to the first loop, or
after amino acid 824, corresponding to the
second loop (fig. S8).
We performed whole-cell voltage clamp

in HEK cells expressing TRPA1.755-OLLAS,
TRPA1.758-OLLAS, TRPA1.824-OLLAS, or un-
tagged TRPA1 while activating the channels
by TRPA1 agonist allyl isothiocyanate. The
sizes of evoked currents were similar between
TRPA1.755-OLLAS and TRPA1 (table S1, row K)
and between TRPA1.824-OLLAS and TRPA1
(table S1, row L, and fig. S9). Currents were
undetectable for TRPA1.758-OLLAS (fig. S9B).
We used TRPA1.755-OLLAS (abbreviated as
sTRPA1) in subsequent experiments.
We targeted sTRPA1 to cone photoreceptors

of rd1 mice using the same AAV-based ap-
proach that was used for rTRPV1 (Fig. 3). To
activate the channel, nanorods (labs = 915 nm)
were conjugated to anti-OLLAS antibodies.
Cell membrane expression of sTRPA1 was
seen in 50 ± 13% of rd1 cone photoreceptors
(table S1, row M, and Fig. 3C). Cones made
up 99 ± 0.8% of OLLAS-positive cells (table S1,
row N).
To compare rTRPV1 and sTRPA1 sensitiv-

ities, we performed behavioral tests in NIR
sensor–injected P56-P73 rd1 mice. NIR light of
two different intensities cued delayed water
appearance for water-restricted, head-fixed
animals (Fig. 3D). We evaluated anticipatory
lick rates, defined as lick signal after a NIR
light flash but before the appearance of water.
To measure whether NIR light affects the be-
havior of wild-type animals, we trained wild-
type mice with NIR (915 or 980 nm) and/or
visible light (fig. S10A). NIR sensor–injected
mice learned to associate NIR light with water
within 4 days. At the lower NIR intensity,
anticipatory lick rates were similar between
control mice and mice with rTRPV1 (table
S1, row O) but higher for mice injected with
sTRPA1 (table S1, row P, and Fig. 3, E and F).
At the higher NIR intensity, rTRPV1 led to
higher lick rates compared with control mice
(table S1, row Q), but lower than with sTRPA1
(table S1, row R, and Fig. 3, E and F). Be-
havioral performance of rTRPV1 and sTRPA1
mice was similar to that of wild-type mice
trained for 4 days using visible light (table S1,
rows S and T, and fig. S10). NIR light neither
elicited behavioral responses inwild-typemice
nor affected wild-type behavioral responses to
visible light (fig. S10C).
To test safety aspects of inducing NIR light

sensitivity, we first evaluated the effect of pro-
longedNIR light exposure onwild-type retinas
by immunostaining. NIR light neither acti-
vatedmicroglia nor reduced retinal layer thick-
ness, opsin density, or cone density (fig. S11).
Second, we tested nanorod biocompatibil-
ity with the rd1 retina 80 and 100 days after

subretinal injection by immunostaining. Nano-
rods neither activated microglia, increased
apoptosis, nor reduced retinal layer thickness
(fig. S12).
Finally, we sought to induce NIR light sen-

sitivity in blind human retinas (Fig. 4). We tar-
geted rTRPV1 to adult human ex vivo retinal
explants, in culture for 8 weeks postmortem
(Fig. 4B and fig. S13). Retinas lose normal
light–evoked activity within 24 hours of iso-
lation (15). Using AAV delivery and a CAG
promoter, we transduced 2477 ± 889 photo-
receptors per square millimeter of human ret-
ina (mean ± SD, n = 3 explants) with rTRPV1
(Fig. 4C). Of the rTRPV1-positive cells, 94.5 ±
4.2% were photoreceptors (table S1, row U,
and Fig. 4D). To measure whether NIR light
drives responses in the human retina, we de-
posited nanorods (labs = 915 nm) over the
photoreceptor side. To record calcium signals,
we used the fluorescent calcium dye OGB-1
(16, 17). We then performed two-photon cal-
cium imaging of individual neurons in the
outer nuclear layer (ONL), inner nuclear layer
(INL), and GCL (Fig. 4A). We observed NIR
light–induced activation of different human
retinal cell classes (Fig. 4, F to H). Most photo-
receptors (73%) showed NIR light–evoked
increases of calcium signal (Fig. 4H). Some
photoreceptors (27%) showed decreases of
calcium signal, likely reflecting horizontal
cell feedback to NIR light–insensitive photo-
receptors (Fig. 4H). In neurons of the INL
and GCL, we observed both increases and
decreases in calcium signal, indicating acti-
vation of excitatory and inhibitory retinal
pathways (Fig. 4H). More cells responded in
the GCL than in the ONL, reflecting conver-
gent retinal circuit organization (Fig. 4G).
Sizes of light-evoked calcium responses were
comparable to those in published reports
(16, 17).
Here, we described an approach to enable

NIR light sensitivity in blind retinas, designed
to be compatible with remaining vision (see
supplementary text). We used gold nanorods
coupled to temperature-sensitive engineered
TRP channels to induce NIR light sensitivity
in remaining photoreceptor cell bodies of blind
mice and in ex vivo human retinas. In mice,
NIR light–sensitized photoreceptors activated
cortical visual circuits and enabled behavioral
responses. By means of distinct nanorods, epi-
tope tags, and TRP channel types, we tuned
NIR responses to different wavelengths and to
different radiant powers. In the human ret-
ina, we reactivated light responses in photo-
receptors and their retinal circuits 8 weeks
postmortem. Our recordings of NIR light–evoked
activity in the postmortem human retina pro-
vide not only proof-of-principle for translation
but also a model with which the function of
human retinal cell types and circuits can be
studied.

REFERENCES AND NOTES

1. J. A. Sahel, B. Roska, Annu. Rev. Neurosci. 36, 467–488
(2013).

2. I. Tochitsky, M. A. Kienzler, E. Isacoff, R. H. Kramer, Chem. Rev.
118, 10748–10773 (2018).

3. E. O. Gracheva et al., Nature 464, 1006–1011 (2010).
4. E. A. Newman, P. H. Hartline, Science 213, 789–791

(1981).
5. S. A. Stanley et al., Science 336, 604–608 (2012).
6. P. P. Joshi, S. J. Yoon, W. G. Hardin, S. Emelianov,

K. V. Sokolov, Bioconjug. Chem. 24, 878–888 (2013).
7. Z. Qin, J. C. Bischof, Chem. Soc. Rev. 41, 1191–1217

(2012).
8. M. Lakk et al., Front. Cell. Neurosci. 12, 353 (2018).
9. D. A. Ryskamp, S. Redmon, A. O. Jo, D. Križaj, Cells 3, 914–938

(2014).
10. V. Busskamp et al., Science 329, 413–417 (2010).
11. J. Jüttner et al., Nat. Neurosci. 22, 1345–1356

(2019).
12. S. H. Park et al., J. Immunol. Methods 331, 27–38

(2008).
13. C. E. Paulsen, J. P. Armache, Y. Gao, Y. Cheng, D. Julius,

Nature 520, 511–517 (2015).
14. L. Zimmermann et al., J. Mol. Biol. 430, 2237–2243

(2018).
15. C. S. Cowan et al., bioRxiv 703348 [Preprint]. 16 July 2019.

https://doi.org/10.1101/703348.
16. K. L. Briggman, T. Euler, J. Neurophysiol. 105, 2601–2609

(2011).
17. T. Baden et al., Nature 529, 345–350 (2016).

ACKNOWLEDGMENTS

We thank organ and tissue donors and their families for
their generous contributions to science; T. Vögele, J. Sprachta,
and P. Blaschke for organizing organ donations; H. Gut and
R. Bunker for advice on TRP channel design; J. Jüttner,
C. Patino-Alvarez, Ö. Keles, and N. Ledergerber for technical
assistance; J. Krol for advice on molecular assays; E. Macé and
F. Esposti for assistance with recordings; P. Argast and
P. Buchmann for electrical and mechanical engineering in
support of the experiments; K. Franke, T. Euler, and Z. Zhao for
advice on loading of calcium indicators by electroporation;
F. Müller for statistical advice; W. Baehr for sharing of
antibodies; D. Dalkara, C. Cepko, and E. Bamberg for plasmids;
FMI and NIBR core facilities for their support, especially
the microscopy facility, in particular C. Genoud and
A. Graff-Meyer for electron microscopy; V. Juvin from
SciArtWork for illustrations; and M. Munz and T. Rodrigues for
commenting on the manuscript. Funding: This work was
supported by a Swiss National Science Foundation Synergia
grant, a European Research Council advanced grant, a
Louis-Jeantet Foundation award, a Swiss National
Science Foundation grant, the NCCR “Molecular Systems
Engineering” network, a private donation from Lynn
and Diana Lady Dougan to B.R., NKFIH 129120 and
2017-1.2.1-NKP-2017-00002 grants to D.H., and a Swiss
Academy of Medical Sciences Fellowship to D.N. Author
contributions: D.N. designed and performed experiments
and wrote the paper. C.S.C. performed human retina recordings.
R.K.M. performed mouse photoreceptor recordings. Z.R.
wrote software. D.G., H.P.N.S., and A.S. contributed to
human retina experiments. T.S. performed HEK cell recordings.
D.H. performed cortical recordings and analyzed data. B.R.
designed experiments and wrote the paper. Competing
interests: D.N. and B.R. have a patent application on
NIR sensors (EP20158285.5). Data and materials
availability: TRP plasmid materials are available from
B.R. under an agreement with the Institute of Molecular and
Clinical Ophthalmology Basel. All data are available in the
manuscript or the supplementary materials.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/368/6495/1108/suppl/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S13
Tables S1 to S4
References (18–40)

View/request a protocol for this paper from Bio-protocol.

21 September 2019; accepted 9 April 2020
10.1126/science.aaz5887

Nelidova et al., Science 368, 1108–1113 (2020) 5 June 2020 6 of 6

RESEARCH | REPORT
on June 15, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

https://science.sciencemag.org/content/368/6495/1108/suppl/DC1
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/science.aaz5887
http://science.sciencemag.org/


VFLHQFH�VFLHQFHPDJ�RUJ�FRQWHQW���������������VXSSO�'&��
�
�
�
�

�

�
�

6XSSOHPHQWDU\�0DWHULDOV�IRU�
�

5HVWRULQJ�OLJKW�VHQVLWLYLW\�XVLQJ�WXQDEOH�QHDU�LQIUDUHG�VHQVRUV�
�

'DVKD�1HOLGRYD��5HL�.��0RULNDZD��&DPHURQ�6��&RZDQ��=ROWDQ�5DLFV��'DYLG�*ROGEOXP��
+HQGULN�3��1��6FKROO��7DPDV�6]LNUD��$UQROG�6]DER��'DQLHO�+LOOLHU��%RWRQG�5RVND�

�
&RUUHVSRQGLQJ�DXWKRU��(PDLO��GDQLHO�KLOOLHU#LRE�FK��'�+����ERWRQG�URVND#LRE�FK��%�5���

�
3XEOLVKHG���-XQH�������6FLHQFH������������������

'2,����������VFLHQFH�DD]�����
�

7KLV�3')�ILOH�LQFOXGHV��
�

0DWHULDOV�DQG�0HWKRGV�
6XSSOHPHQWDU\�7H[W�
)LJV��6��WR�6���
7DEOHV�6��WR�6��
5HIHUHQFHV�
��



�
�

��
�

0DWHULDOV�DQG�0HWKRGV�
�
$QLPDOV��
�
:LOG�W\SH� �VWUDLQ�� &��%/��-�� VWRFN� QXPEHU�� ����� DQG� UG�� PLFH� �VWUDLQ�� &�+�+H1&U/�� VWRFN�
QXPEHU�� �����ZHUH� REWDLQHG� IURP�&KDUOHV�5LYHU�� 6FQQ�D�&UH�PLFH� �VWUDLQ��%��&��7J�6FQQ�D�
FUH��$LEV�-�� VWRFN� QXPEHU�� �������� DQG� $L���7,7/�*&D03�V��'�PLFH� �VWUDLQ�� %��&J�
,JV��WP�����WHW2�*&D03�V�+]H�,-�� VWRFN�� �������� ZHUH� SXUFKDVHG� IURP� -DFNVRQ� /DERUDWRU\��
$L���7,7/�*&D03�V��'�PLFH� ZHUH� LQLWLDOO\� FURVVHG� WR� 6FQQ�D�&UH� PLFH� WR� REWDLQ� PLFH�
KHPL]\JRXV�IRU�HDFK�JHQH��+HPL]\JRXV�RIIVSULQJ�ZHUH�VXEVHTXHQWO\�FURVVHG�WR�UG��PLFH���0LFH�
XVHG� IRU� FRUWLFDO� FDOFLXP� LPDJLQJ� H[SHULPHQWV� ZHUH� KHPL]\JRXV� IRU� &UH� DQG� *&D03�V� DQG�
KRPR]\JRXV�IRU�WKH�UG��PXWDWLRQ��$FFHVV�WR�ZDWHU�ZDV�UHVWULFWHG�IRU�EHKDYLRUDO�WUDLQLQJ�EXW�ZDV�
RWKHUZLVH� IUHHO\� DYDLODEOH�� $QLPDO� H[SHULPHQWV� ZHUH� SHUIRUPHG� DFFRUGLQJ� WR� VWDQGDUG� HWKLFDO�
JXLGHOLQHV�DQG�ZHUH�DSSURYHG�E\�WKH�9HWHULQDU\�'HSDUWPHQW�RI�&DQWRQ�%DVHO�6WDGW���
�
+XPDQ�UHWLQDO�WLVVXH�
�
+XPDQ�UHWLQDO�WLVVXH�ZDV�REWDLQHG�DIWHU�FRUQHDO�WLVVXH�SURFXUHPHQW�IURP�DGXOW�PXOWL�RUJDQ�GRQRUV�
ZLWK�QR�UHSRUWHG�KLVWRU\�RI�H\H�GLVHDVH��$OO�WLVVXH�VDPSOHV�ZHUH�REWDLQHG�LQ�DFFRUGDQFH�ZLWK�WKH�
WHQHWV�RI�WKH�'HFODUDWLRQ�RI�+HOVLQNL��3HUVRQDO�LGHQWLILHUV�ZHUH�UHPRYHG�DQG�VDPSOHV�ZHUH�FRGHG�
EHIRUH�SURFHVVLQJ��$OO�SURFHGXUHV�DQG�H[SHULPHQWDO�SURWRFROV�ZHUH�DSSURYHG�E\�WKH�ORFDO�HWKLFV�
FRPPLWWHH��7KH�VWXG\�LQFOXGHV�Q� ���H\HV�IURP�Q� ���GRQRUV��$IWHU�FRUQHD�LVRODWLRQ��WKH�LULV��OHQV��
DQG� YLWUHRXV�ZHUH� UHPRYHG� DQG� WKH� UHWLQD�ZDV� VXEPHUJHG� LQ� IORZLQJ�$PHV¶�PHGLXP� �6LJPD��
$������VDWXUDWHG�ZLWK�����2��DQG����&2���7LPH�HODSVHG�IURP�FHQWUDO� UHWLQDO�DUWHU\�FODPS�WR�
DUWLILFLDO�H[�YLYR�SHUIXVLRQ�GLG�QRW�H[FHHG���PLQ��6DPSOHV�XVHG�IRU� WLVVXH�FXOWXUH�ZHUH�RI�PLG�
SHULSKHUDO� RULJLQ�� PLGZD\� EHWZHHQ� WKH� IRYHD� DQG� WKH� DQWHULRU� UHWLQDO� ERUGHU�� )RU� RUJDQRW\SLF�
UHWLQDO� FXOWXUH�� �î�� PP� UHWLQDO� SLHFHV� ZHUH� LVRODWHG� DQG� SODFHG� SKRWRUHFHSWRU�VLGH�XS� RQ�
SRO\FDUERQDWH�PHPEUDQHV�LQVHUWV��&RUQLQJ���������7KH�FXOWXUHV�ZHUH�PDLQWDLQHG�DW����&�DQG����
&2��LQ�'0(0�)���PHGLXP��7KHUPR�)LVKHU�6FLHQWLILF���VXSSOHPHQWHG�ZLWK������ERYLQH�VHUXP�
DOEXPLQ��%6$������ȝ0�2�DFHW\O�/�FDUQLWLQH�K\GURFKORULGH����P0�IXPDULF�DFLG������P0�JDODFWRVH��
��P0�JOXFRVH������P0�JO\FLQH�����P0�+(3(6�������P0�PDQQRVH�����P0�VRGLXP�ELFDUERQDWH��
��P0�WDXULQH������P0�SXWUHVFLQH�GLK\GURFKORULGH�������ȝ0�UHWLQRO������ȝ0�UHWLQ\O�DFHWDWH������
ȝ0�����Į�WRFRSKHURO������P0�DVFRUELF�DFLG�������ȝ0�VRGLXP�VHOHQLWH�������ȝ0�K\GURFRUWLVRQH��
�����ȝ0�SURJHVWHURQH����ȝ0�LQVXOLQ��������ȝ0����ƍ���WULLRGR�/�WK\URQLQH��������8�SHQLFLOOLQ�DQG�
��PJ�VWUHSWRP\FLQ��6LJPD���)RU�$$9�LQIHFWLRQ����ȝ/�RI�YLUXV�ZDV�DSSOLHG�SHU�UHWLQDO�H[SODQW��±
�� GD\V� DIWHU� SODWLQJ�� 7KH� FXOWXUH�PHGLXP�ZDV� UHQHZHG� HYHU\� ��� KRXUV�� /LJKW� UHVSRQVHV�ZHUH�
UHFRUGHG�IURP�VDPSOHV���ZHHNV�SRVW�PRUWHP����
�
1DQRURGV��
�
*ROG�QDQRURGV�WXQHG�WR�����QP�RU�����QP�ZHUH�SXUFKDVHG�IURP�1DQRSDUW]�,QF��/RYHODQG��86$��
DQG� ZHUH� IXQFWLRQDOL]HG� E\� FRQMXJDWLRQ� WR� DQWL�+LVWLGLQH� �0LOOLSRUH�� PRXVH� PRQRFORQDO� DQWL�
SRO\+LV�� ������� RU� DQWL�2OODV� �1RYXV� %LRORJLFDOV�� UDW� PRQRFORQDO� DQWL�2OODV� HSLWRSH� WDJ� /���
1%3���������DQWLERGLHV�������QDQRURGV�ZHUH�DGPLQLVWUDWHG�SHU�H\H��$GGLWLRQDO�QDQRURG�UHODWHG�
LQIRUPDWLRQ�FDQ�EH�IRXQG�LQ�7DEOH�6���� �



�
�

��
�

753�FKDQQHO�GHVLJQ�
�
5DW�7539���10�����������DQG�VQDNH�(ODSKH��3DQWKHURSKLV��REVROHWD�OLQGKHLPHUL�753$���*8�
�������� RSHQ� UHDGLQJ� IUDPH� VHTXHQFHV� ZHUH� FKHPLFDOO\� V\QWKHVL]HG� E\� *HQHZL]� ,QF� �6RXWK�
3ODLQILHOG�� 86$��� 7KH� VQDNH� VHTXHQFH� ZDV� FRGRQ� RSWLPL]HG� IRU�0XV� PXVFXOXV� �-DYD� &RGRQ�
$GDSWDWLRQ�7RRO��ZZZ�MFDW�GH���5DW�7539��SURWHLQ�ZDV�WDJJHG�E\��[�+LV�LQWURGXFHG�LQ�WKH�ILUVW�
H[WUDFHOOXODU�ORRS��DIWHU�DPLQR�DFLG�����RU������([WUDFHOOXODU�ORRS�ORFDWLRQ�ZDV�GHWHUPLQHG�EDVHG�
RQ�WKH�FU\R�(0�VWUXFWXUH�RI�UDW�7539���3'%��-�3��������6QDNH�753$��SURWHLQ�ZDV�WDJJHG�E\�
2OODV��6*)$1(/*35/0*.�������IODQNHG�E\�*6*�OLQNHUV��LQWURGXFHG�DIWHU�DPLQR�DFLG�����RU�
�����ILUVW�ORRS��RU������VHFRQG�ORRS���7R�LGHQWLI\�ORRS�GRPDLQV��ILUVW��WKH�ORFDWLRQ�RI�H[WUDFHOOXODU�
ORRS�GRPDLQV�RI�KXPDQ�753$���3'%��-�3��ZHUH�GHWHUPLQHG�IURP�LWV�FU\R�(0�VWUXFWXUH�������
6XEVHTXHQWO\��SUHGLFWHG�ORRS�GRPDLQV�RI�VQDNH�753$��ZHUH�LGHQWLILHG�DIWHU�SDLUZLVH�VHTXHQFH�
DOLJQPHQW�� JHQHUDWHG� XVLQJ� ++35('� ������ EHWZHHQ� &�WHUPLQDO� GRPDLQV� RI� KXPDQ� �8QLSURW�
2�������DQG�VQDNH�753$���8QLSURW�'�3�������
�
3ODVPLGV��
�
)RU�LQ�YLWUR�+(.���7�FHOO�H[SHULPHQWV��VHTXHQFHV�HQFRGLQJ�753�YDULDQWV�ZHUH�IXVHG�WR�7�$�VHOI�
FOHDYLQJ�SHSWLGH��/(*5*6//7&*'9((13*3$3*67��DQG�HLWKHU�P&KHUU\�RU�*)3�IOXRUHVFHQW�
SURWHLQ��9DULDQWV�ZHUH� LQVHUWHG� LQWR� OLQHDUL]HG� S$$9�()�D�&DW&K�*)3�SODVPLG�YLD� UHVWULFWLRQ�
VLWHV�DQG�KRPRORJRXV� UHFRPELQDWLRQ�� UHSODFLQJ� WKH�&DW&K�*)3�VHTXHQFH��S$$9�()�D�&DW&K�
*)3�SODVPLG�ZDV�FRQVWUXFWHG�E\�DGDSWRU�3&5�DQG�WKH�&ORQWHFK�,Q�)XVLRQ�NLW�XVLQJ�SF'1$�����
��&DW&K�*)3��D�NLQG�JLIW�RI�(��%DPEHUJ��03,��)UDQNIXUW��DQG�S$$9�()�D�*)3��%��5RVND�ODE�
SODVPLG�FROOHFWLRQ���7R�JHQHUDWH�S$$9�P&$5�7539�������[�+LV��U7539����SODVPLG�S$$9�
P&DU�0$&�P&KHUU\� �%�� 5RVND� ODE� SODVPLG� FROOHFWLRQ�� ZDV� OLQHDUL]HG� ZLWK� 1RW,�+LQG,,,��
6XEVHTXHQWO\��3&5�DPSOLILHG�7539�������[�+LV��IURP�S$$9�()�D�7539�������[�+LV�7�$�
P&KHUU\�� ZDV� LQVHUWHG�� UHSODFLQJ� WKH� 0$&�P&KHUU\� VHTXHQFH�� 7R� JHQHUDWH� S$$9�P&$5�
753$������2OODV� �V753$���� SODVPLG� S$$9�P&DU�0$&�P&KHUU\� ZDV� OLQHDUL]HG� ZLWK�
1RW,�0OX,�� 6XEVHTXHQWO\�� 3&5� DPSOLILHG� 753$������2OODV� �IURP� S$$9�()�D�753$������
2OODV�7�$�P&KHUU\��ZDV�LQVHUWHG��UHSODFLQJ�WKH�0$&�P&KHUU\�VHTXHQFH��7R�JHQHUDWH�S$$9�
&$*�7539�������[�+LV��SODVPLG�S$$9�&$*�&KULPVRQ5�WGWRPDWR��D�NLQG�JLIW�RI�'��'DONDUD��
9LVLRQ� ,QVWLWXWH�� 3DULV�� ZDV� OLQHDUL]HG� ZLWK� &OD,�+LQG,,,�� 6XEVHTXHQWO\�� 3&5� DPSOLILHG�
7539�������[�+LV� �IURP� S$$9�()�D�7539�������[�+LV�7�$�P&KHUU\�� ZDV� LQVHUWHG��
UHSODFLQJ�WKH�&KULPVRQ5�WGWRPDWR�VHTXHQFH��7KH�QDPHV�RI�753�SODVPLGV�JHQHUDWHG�DUH�OLVWHG�LQ�
7DEOH�6���7R� LQGXFH�*&D03�V� H[SUHVVLRQ� LQ� FRUWLFDO� H[SHULPHQWV��$$9�S&$*�)/(;��W7$��
SODVPLG�ZDV�REWDLQHG�IURP�$GGJHQH�����������
�
$$9�SURGXFWLRQ��
�
$$9�SURGXFWLRQ�ZDV�FDUULHG�RXW�DV�GHVFULEHG�SUHYLRXVO\�������%ULHIO\��+(.���7�FHOOV�ZHUH�FR�
WUDQVIHFWHG�ZLWK�DQ�$$9�WUDQVJHQH�SODVPLG��DQ�$$9�KHOSHU�SODVPLG�HQFRGLQJ�WKH�$$9�5HS��DQG�
&DS� SURWHLQV� IRU� WKH� VHOHFWHG� VHURW\SH�� DQG� WKH� S+*7��$GHQR�� KHOSHU� SODVPLG� KDUERULQJ�
DGHQRYLUDO�JHQHV��NLQGO\�SURYLGHG�E\�&��&HSNR��+DUYDUG�0HGLFDO�6FKRRO��%RVWRQ��XVLQJ�EUDQFKHG�
SRO\HWK\OHQHLPLQH��3(,��3RO\VFLHQFHV���7KH�$$9V�ZHUH�LVRODWHG�XVLQJ�D�GLVFRQWLQXRXV�LRGL[DQRO�
JUDGLHQW� �2SWL3UHS�� 6LJPD�� '������ DQG� XOWUDFHQWULIXJDWLRQ�� $$9� SDUWLFOHV� ZHUH� SXULILHG� DQG�
FRQFHQWUDWHG�LQ�0LOOLSRUH�$PLFRQ����.�FROXPQV��*HQRPH�FRS\�QXPEHU�WLWUDWLRQ�ZDV�SHUIRUPHG�
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XVLQJ�UHDO�WLPH�3&5��$SSOLHG�%LRV\VWHPV��7DT0DQ�UHDJHQWV���$$9V�ZHUH�XVHG�ZKHQ�WLWHU�ZDV�
HTXDO�WR�RU�JUHDWHU�WKDQ������JHQRPH�FRSLHV�SHU�P/��:H�XVHG�VHURW\SH�%3��WR�GHOLYHU�753�FKDQQHOV�
WR�SKRWRUHFHSWRUV�������7R�LQGXFH�*&D03�V�H[SUHVVLRQ�LQ�FRUWLFDO�H[SHULPHQWV��VHURW\SH�3+3�H%�
�����ZDV�XVHG�WR�GHOLYHU�$$9�S&$*�)/(;��W7$�����
�
,QMHFWLRQV���
�
2FXODU� LQMHFWLRQV� WR�GHOLYHU�$$9V�ZLWK�753�WUDQVJHQHV�ZHUH�SHUIRUPHG�RQ�a��ZHHN�ROG�PLFH�
DQHVWKHWL]HG�ZLWK������LVRIOXUDQH��:KHQ�UHTXLUHG��QDQRURGV�ZHUH�FR�LQMHFWHG��$�VPDOO�LQFLVLRQ�
ZDV�PDGH�ZLWK�D� VKDUS����JDXJH�QHHGOH�DW� WKH�QDVDO� FRUQHRVFOHUDO� MXQFWLRQ�DQG�$$9��ZLWK�RU�
ZLWKRXW�QDQRURGV��ZDV�LQMHFWHG�WKURXJK�WKLV�LQFLVLRQ�LQWR�WKH�VXEUHWLQDO�VSDFH�XVLQJ�D�EOXQW���ȝ/�
+DPLOWRQ�V\ULQJH�KHOG�LQ�D�PLFURPDQLSXODWRU��)RU�FRQH�SKRWRUHFHSWRU�DFWLYLW\�PRQLWRULQJ��FRQH�
VSHFLILF�$$9�*&D03�V�ZDV�FR�LQMHFWHG�VXEUHWLQDOO\�ZLWK�U7539��$$9��$�PD[LPXP�YROXPH�
RI�����ȝ/�ZDV�DGPLQLVWHUHG�SHU�H\H��)RU�SULPDU\�YLVXDO�FRUWH[�DFWLYLW\�PRQLWRULQJ��$$9�S&$*�
)/(;��W7$��ZDV�GHOLYHUHG�E\�LQWUDYHQRXV�UHWUR�RUELWDO�LQMHFWLRQ�DV�SUHYLRXVO\�GHVFULEHG��������
ZHHNV�DIWHU�LQLWLDO�RFXODU�LQMHFWLRQ�RI�U7539��DQG�QDQRURGV��7KHUH�ZDV�D�PLQLPXP�LQFXEDWLRQ�
WLPH� RI� �� ZHHNV� DIWHU� LQWUDRFXODU� LQMHFWLRQ� EHIRUH� SHUIRUPLQJ� H[SHULPHQWV� RQ� $$9� LQMHFWHG�
DQLPDOV��
�
6XUJHU\�IRU�LQ�YLYR�WZR�SKRWRQ�LPDJLQJ�DQG�EHKDYLRU�
�
&UDQLRWRP\� VXUJHU\� IRU� LQ� YLYR� WZR�SKRWRQ� LPDJLQJ�ZDV� SHUIRUPHG� DV� GHVFULEHG� SUHYLRXVO\�
������ %ULHIO\�� PLFH� ZHUH� DQHVWKHWL]HG� ZLWK� D� PL[WXUH� RI� IHQWDQ\O� �0HSKD�� ������ PJ�NJ���
PHGHWRPLGLQH��9LUEDF�������PJ�NJ��DQG�PLGD]RODP��5RFKH�������PJ�NJ��DQG�ZHUH�KHDG�IL[HG�LQ�
D�VWHUHRWD[LF�IUDPH��1DULVKLJH��65��0�+7���$�FLUFXODU�FUDQLRWRP\�RI�a����PP�GLDPHWHU�ZDV�
PDGH�DERYH�WKH�SULPDU\�YLVXDO�FRUWH[��$IWHU�UHPRYDO�RI�WKH�VNXOO�IODS��WKH�FRUWLFDO�VXUIDFH�ZDV�
NHSW�PRLVW�ZLWK�D�FRUWH[�EXIIHU�FRQWDLQLQJ�����P0�1D&O����P0�.&O�����P0�JOXFRVH�����P0�
+(3(6����P0�0J62��DQG���P0�&D&O���7KH�FRUWH[�ZDV�WKHQ�FRYHUHG�ZLWK�D���PP�GLDPHWHU�
JODVV�FRYHUVOLS�DQG�VHDOHG�ZLWK�GHQWDO�DFU\OLF�FHPHQW��3DODGXU��.XO]HU���$�PHWDO�EDU�IRU�KHDG�
IL[DWLRQ�GXULQJ�LPDJLQJ�ZDV�JOXHG�WR�WKH�VNXOO��9HWERQG���0��IROORZHG�E\�IXUWKHU�GHQWDO�FHPHQW�
WUHDWPHQW��)RU�EHKDYLRUDO�H[SHULPHQWV��D�FXVWRP�PDGH�WLWDQLXP�KHDGEDU�ZDV�DWWDFKHG�WR�WKH�VNXOO�
ZLWK�WLVVXH�DGKHVLYH�DQG�GHQWDO�FHPHQW���
�
+(.���7�FHOO�FXUUHQW�UHFRUGLQJV�
�
)RU�+(.���7�FHOO�H[SHULPHQWV��FHOOV�ZHUH�PDLQWDLQHG�DW����&�RQ�SRO\�'�O\VLQH�ODPLQLQ�FRDWHG�
FRYHUVOLSV� �**����/DPLQLQ��1HXYLWUR�� LQ�'0(0�VXSSOHPHQWHG�ZLWK����� IHWDO�ERYLQH� VHUXP��
&HOOV�ZHUH� WUDQVIHFWHG�ZLWK�SODVPLGV� FRQWDLQLQJ�753�YDULDQWV� XVLQJ�EUDQFKHG�3(,��&HOOV�ZHUH�
SHUIXVHG�LQ�R[\JHQDWHG�5LQJHU¶V�PHGLXP�FRQWDLQLQJ�����P0�1D&O������P0�.&O����P0�&D&O���
���� P0� 0J&O��� ��� P0� '�JOXFRVH� DQG� ��� P0� 1D+&2�� DW� a���&� IRU� WKH� GXUDWLRQ� RI� WKH�
H[SHULPHQW��5HFRUGLQJV�ZHUH�PDGH�LQ�ZKROH�FHOO�YROWDJH�FODPS�PRGH�ZLWK�ERURVLOLFDWH�SLSHWWHV�
�6XWWHU�,QVWUXPHQW�&RPSDQ\��SXOOHG�WR�EHWZHHQ��±��0ȍ�UHVLVWDQFH��YROWDJH�FODPSLQJ�WKH�FHOOV�WR�
í���P9��7KH�LQWUDFHOOXODU�VROXWLRQ�FRQWDLQHG�����P0�SRWDVVLXP�JOXFRQDWH������P0�.&O����P0�
0J&O�������P0�&D&O�������P0�(*7$�����P0�+(3(6����P0�$73�1D�������*73�1D��DW�S+������
)RU� FRPSDULVRQ�RI� FXUUHQWV�EHWZHHQ� WDJJHG�DQG�XQWDJJHG�FKDQQHOV�� 7539�� DJRQLVW� FDSVDLFLQ�
�6LJPD����������DQG�753$��DJRQLVW�DOO\O�LVRWKLRF\DQDWH��$,7&��6LJPD��:��������ZHUH�EDWK�
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DSSOLHG�DW�����ȝ0�DQG�����ȝ0��UHVSHFWLYHO\��XVLQJ�D�YDOYH�V\VWHP��9&����:DUQHU�,QVWUXPHQWV���
(OHFWURSK\VLRORJLFDO�UHFRUGLQJV�ZHUH�PDGH�XVLQJ�DQ�$[RQ�0XOWLFODPS����%�DPSOLILHU��0ROHFXODU�
'HYLFHV���6LJQDOV�ZHUH�GLJLWL]HG�DW����N+]��1DWLRQDO�,QVWUXPHQWV���'DWD�ZDV�DQDO\]HG�RIIOLQH�XVLQJ�
0$7/$%��0DWK:RUNV���
�
1HDU�LQIUDUHG�VWLPXODWLRQ��
�
1HDU�LQIUDUHG� �1,5��SXOVHV�ZHUH�SURGXFHG�E\� WZR�FXVWRP�PDGH�� VLQJOH�ZDYHOHQJWK�1,5�GLRGH�
ODVHUV�HPLWWLQJ�DW�����QP�RU�����QP��PRGHOOHG�DIWHU�������7KH�ODVHU�GLRGH�ZDV�GULYHQ�E\�D�SXOVHG�
TXDVL�&:�FXUUHQW�SRZHU�VXSSO\��/XPLQD�3RZHU��%UDGIRUG��86$���7KH�FRQWUROOHU�KDG�D�ULVH�WLPH�
RI����ȝV��/DVHU�HPLVVLRQ�IURP�WKH�GLRGH�ZDV�FROOLPDWHG�XVLQJ�DQ�DVSKHULFDO�OHQV��I�ó������PP��
�����1$���)RU�H[�YLYR�UHWLQDO�H[SHULPHQWV��ODVHU�RXWSXW�ZDV�ODXQFKHG�LQWR�D�ILEHU�RSWLF�SDWFK�FDEOH�
�7KRUODEV��0��/����LQWHUFRQQHFWHG�ZLWK�D�ILEHU�RSWLF�FDQQXOD��7KRUODEV��&)0��/�����ERWK�����
ȝP�������1$���7KH�FDQQXOD�ZDV�SRVLWLRQHG�����ȝP�DERYH�DQG�����ȝP�ODWHUDO�WR�WKH�LPDJLQJ�SODQH��
DW�DQJOH�RI���±�����)XOO�ILHOG������PV�SXOVHV�ZHUH�GHOLYHUHG�HYHU\��±���V��)RU�LQ�YLYR�FRUWLFDO�DQG�
EHKDYLRUDO�H[SHULPHQWV�ODVHUV�ZHUH�FRQQHFWHG�WR�D�ILEHU�RSWLF�SDWFK�FDEOH�SRVLWLRQHG���PP�IURP�
WKH�FRUQHD�������ȝP�������1$���7KRUODEV��0��/�����$�YLVLEOH�ODVHU�OLQH������QP���FRXSOHG�WR�ERWK�
1,5�ODVHUV��DLGHG�DOLJQPHQW�RYHU�WKH�FHQWHU�RI�WKH�SXSLO��)XOO�ILHOG������PV�RU�����PV�SXOVHV�ZHUH�
GHOLYHUHG�HYHU\��±���V��7RWDO�ODVHU�SRZHU�RXWSXW��DV�D�IXQFWLRQ�RI�GULYLQJ�YROWDJH��ZDV�PHDVXUHG�
E\�SODFLQJ�FDQQXOD��&)0��/����DQG�SDWFK�FDEOH��0��/����RXWSXW�DW�WKH�HQWUDQFH�RI�DQ�LQWHJUDWLQJ�
VSKHUH�SKRWRGLRGH�SRZHU�VHQVRU��7KRUODEV��6���&��ZLWK�D�30���'�UHDG�RXW�XQLW��2VFLOORVFRSH�
UHDG�RXW�RI�ODVHU�UHVSRQVH�WLPH�ZDV�REWDLQHG�E\�DSSO\LQJ�D�VWHS�FRQWURO�YROWDJH�WR�WKH�ODVHUV��/LJKW�
LQWHQVLWLHV�DUH�LQGLFDWHG�LQ�WKH�WH[W�DQG�LQ�7DEOH�6����
�
7ZR�SKRWRQ�FDOFLXP�LPDJLQJ�RI�PRXVH�FRQH�SKRWRUHFHSWRUV��
�
:LOG�W\SH�DQG�UG��UHWLQDV�ZHUH�LVRODWHG�LQ�R[\JHQDWHG�5LQJHU¶V�PHGLXP��)RU�FRQH�SKRWRUHFHSWRU�
FDOFLXP�EDVHG�DFWLYLW\�PRQLWRULQJ�PRXVH�UHWLQDV�ZHUH�PRXQWHG�JDQJOLRQ�FHOO�OD\HU�XS�RQ� ILOWHU�
SDSHU� �0)�PHPEUDQH�� 0LOOLSRUH�� +$:3������� ZLWK� D� �î�� PP�DSHUWXUH� WR� DOORZ� IRU� OLJKW�
VWLPXODWLRQ�RI� WKH�SKRWRUHFHSWRUV��7R�H[SRVH�SKRWRUHFHSWRUV�� WKH�SLJPHQW�HSLWKHOLXP�OD\HU�ZDV�
SHHOHG�DZD\��,Q�UG��H[SHULPHQWV��QDQRURGV�ZHUH�UHDSSOLHG�WR�WKH�SKRWRUHFHSWRU�VLGH�DIWHU�SHHOLQJ�
������QDQRURGV���'XULQJ�LPDJLQJ��WKH�UHWLQD�ZDV�FRQWLQXRXVO\�SHUIXVHG�ZLWK�R[\JHQDWHG�5LQJHU¶V�
PHGLXP�DW�a���&��7KH� FDOFLXP�VHQVRU�*&D03�V�ZDV� WDUJHWHG� WR� FRQH� SKRWRUHFHSWRUV�YLUDOO\��
XVLQJ�FHOO�W\SH�VSHFLILF�SURPRWHU�3UR$��RU�3UR$�������WR�UHVWULFW�H[SUHVVLRQ�WR�FRQHV��*&D03�V�
H[SUHVVLQJ�FRQH�FHOO�ERGLHV�DQG�D[RQ�WHUPLQDOV�ZHUH�LPDJHG�LQ�D�ZKROHPRXQW�SUHSDUDWLRQ�RI�WKH�
UHWLQD��1,5�OLJKW�UHFRUGLQJV�LQ�ZLOG�W\SH�FRQHV�ZHUH�PDGH�LQ�OLJKW�DGDSWHG�UHWLQDV��7KH�WZR�SKRWRQ�
PLFURVFRSH� V\VWHP� XVHG� ZDV� HTXLSSHG� ZLWK� D� WZR�SKRWRQ� ODVHU� VFDQQLQJ� DW� ���� QP� �6SHFWUD�
3K\VLFV��6DQWD�&ODUD��86$��DQG�D���î�REMHFWLYH��)OXRU������1$��1LNRQ���,PDJHV�ZHUH�DFTXLUHG�
XVLQJ�VRIWZDUH�GHYHORSHG�E\�6(/6�6RIWZDUH��+XQJDU\���WDNLQJ�LPDJHV�RI����î����SL[HOV�DW����
+]��)OXRUHVFHQFH�ZDV� DQDO\]HG� VHPL�RQOLQH�XVLQJ� VRIWZDUH�ZULWWHQ� LQ�3\WKRQ� ������&RQH�D[RQ�
WHUPLQDOV�DQG�FHOO�ERGLHV�ZHUH�VHJPHQWHG�PDQXDOO\��)OXRUHVFHQFH�YDOXHV�ZHUH�WKHQ�QRUPDOL]HG�DV�
ǻ)�)��ZKHUH�)�UHSUHVHQWV�EDVHOLQH�IOXRUHVFHQFH��PHDQ�IOXRUHVFHQFH�RI�D��±��V�WLPH�ZLQGRZ�EHIRUH�
WKH�RQVHW�RI�WKH�VWLPXOXV���)XOO�ILHOG������QP������PV�VWLPXOXV�ZDV�SUHVHQWHG��±��WLPHV�DW�HDFK�
LQWHQVLW\��)XOO�ILHOG������QP����V�VWLPXODWLRQ�ZDV�XVHG�IRU�ZLOG�W\SH�FRQHV��5HVSRQVHV�WR�GLIIHUHQW�
WULDOV�ZHUH�DYHUDJHG�EHIRUH�FDOFXODWLQJ�SHDN� UHVSRQVHV��5HVSRQVHV�ZHUH� DQDO\]HG�RIIOLQH�XVLQJ�
0$7/$%��1,5�LQGXFHG�UG��UHVSRQVHV�ZHUH�WKH�PHDQV�RI���ǻ)�)�YDOXHV�ZLWKLQ���V�RI�VWLPXODWLRQ�
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RQVHW�� LQFOXGLQJ� WKH�PD[LPXP�YDOXH� DQG� LWV� LPPHGLDWHO\� DGMDFHQW� �� GDWD� SRLQWV��9LVLEOH� OLJKW�
UHVSRQVHV�ZHUH�FDOFXODWHG�DV�WKH�PHDQ�RI�ǻ)�)�YDOXHV�GXULQJ�WKH�VHFRQG�KDOI�RI�WKH�VWLPXODWLRQ�
SHULRG��&HOOV�ZHUH�FRQVLGHUHG�UHVSRQVLYH�ZKHQ�=�VFRUHV�H[FHHGHG�����IRU�HDFK�RI� WKH�VWLPXOXV�
UHSHWLWLRQV���
�
7ZR�SKRWRQ�FDOFLXP�LPDJLQJ�RI�PRXVH�UHWLQDO�JDQJOLRQ�FHOOV�
�
5G��UHWLQDV�ZHUH�LVRODWHG�LQ�R[\JHQDWHG�5LQJHU¶V�PHGLXP��2UHJRQ�*UHHQ�����%DSWD����2*%����
FDOFLXP�G\H��,QYLWURJHQ��2�������ZDV�EXON�HOHFWURSRUDWHG�LQWR�UHWLQDO�JDQJOLRQ�FHOOV�DV�GHVFULEHG�
EHIRUH�����������%ULHIO\�� WKH�UHWLQD�ZDV�IODW�PRXQWHG�RQ�DQRGLVF�ILOWHU�PHPEUDQHV�����������ȝP�
SRUH�VL]H��*(�+HDOWKFDUH��0DLGVWRQH��8.��JDQJOLRQ�FHOO�OD\HU�XS��1DQRURGV�ZHUH�DGGHG� WR� WKH�
SKRWRUHFHSWRU�VLGH�������QDQRURGV���5HWLQDV�ZHUH�HOHFWURSRUDWHG�EHWZHHQ���PP�KRUL]RQWDO�SODWH�
HOHFWURGHV��6RQLGHO��&8<���3�(��ZLWK����ȝ/�RI���P0�2*%���LQ�$PHV¶�PHGLXP�XVLQJ���±���
SXOVHV����9������PV����+]��IURP�7*3����3XOVH�*HQHUDWRU��$LP�	�77L��&DPEULGJH��(QJODQG���7KH�
WLVVXH�ZDV�OHIW�WR�UHFRYHU�IRU����PLQ�EHIRUH�UHFRUGLQJ�DFWLYLW\��&DOFLXP�EDVHG�DFWLYLW\�ZDV�UHFRUGHG�
XVLQJ�WKH�VDPH�WZR�SKRWRQ�PLFURVFRSH�V\VWHP�DV�IRU�FRQH�SKRWRUHFHSWRU�UHFRUGLQJV��)XOO�ILHOG��
����QP������PV� VWLPXOXV�ZDV�SUHVHQWHG��� WLPHV� DW� HDFK� LQWHQVLW\�� )OXRUHVFHQFH�ZDV� DQDO\]HG�
RIIOLQH�XVLQJ�VRIWZDUH�ZULWWHQ� LQ�3\WKRQ��5DZ� WUDFHV�ZHUH�FRUUHFWHG� IRU� VORZ�GULIWV� LQ�EDVHOLQH�
IOXRUHVFHQFH��1,5�UHVSRQVHV�ZHUH�HYDOXDWHG�XVLQJ�D���VDPSOH�DYHUDJH�RI�WKH�SHUL�VWLPXOXV�DFWLYLW\��
3HDN� UHVSRQVHV�ZLWKLQ�D���V�SRVW�VWLPXOXV� LQWHUYDO�ZHUH� H[WUDFWHG� IRU�HYHU\� WULDO� DQG� DYHUDJHG��
&HOOV� ZHUH� FRQVLGHUHG� UHVSRQVLYH� LI� DW� OHDVW� RQH� WKLUG� RI� WKH� SDLUZLVH� 3HDUVRQ� FRUUHODWLRQ�
FRHIILFLHQWV�DFURVV�UHSHDWHG�WULDOV�H[FHHGHG������ZLWK�3���������
�
7ZR�SKRWRQ�FDOFLXP�LPDJLQJ�LQ�PRXVH�SULPDU\�YLVXDO�FRUWH[��
�
)RU� SULPDU\� YLVXDO� FRUWH[� FDOFLXP�EDVHG� DFWLYLW\� PRQLWRULQJ�� &UH�� DQG� 7HW�� GHSHQGHQW� $L���
*&D03�V�PLFH�ZHUH�FURVVHG�WR�6FQQ�D�&UH�PLFH�DQG�WR�UG��PLFH��VHH�³$QLPDOV´���7HWUDF\FOLQH�
FRQWUROOHG�WUDQVDFWLYDWRU��W7$����GHOLYHUHG�E\�LQWUDYHQRXV�UHWUR�RUELWDO�LQMHFWLRQ��VHH�³,QMHFWLRQV´���
LQGXFHG�OD\HU���VSHFLILF�*&D03�V�H[SUHVVLRQ��±���GD\V�ODWHU��*&D03�V�H[SUHVVLQJ�QHXURQV�ZHUH�
LPDJHG� XVLQJ� D� WZR�SKRWRQ� ODVHU� VFDQQLQJ� DW� ���� QP� �)HPWR�'� 5&�� )HPWRQLFV�� %XGDSHVW��
+XQJDU\���HTXLSSHG�ZLWK�D���î�1LNRQ�ZDWHU�LPPHUVLRQ�REMHFWLYH������1$���'XULQJ�LPDJLQJ��PLFH�
ZHUH�DQHVWKHWL]HG�ZLWK�FKORUSURWKL[HQH��6LJPD��&�����������PJ�NJ��DQG�PDLQWDLQHG�ZLWK�������
LVRIOXUDQH�� $� 3\WKRQ�EDVHG� XVHU� LQWHUIDFH� FRQWUROOHG� YLVXDO� VWLPXODWLRQ�� GDWD� UHFRUGLQJ� DQG�
DOLJQPHQW��/D\HU���LPDJLQJ�ZDV�SHUIRUPHG�LQ�VWHSV�RI����ȝP��DW�GHSWKV�RI����±����ȝP�EHORZ�WKH�
SLDO�VXUIDFH�����î����SL[HO�LPDJHV�ZHUH�DFTXLUHG�DW��±���+]��(\HV�ZHUH�GLODWHG�ZLWK�DWURSLQH�
������7KHD��������������PLQ�EHIRUH� LPDJLQJ��)XOO�ILHOG������PV�1,5� OLJKW�ZDV�SUHVHQWHG���
WLPHV�DW�HDFK�LQWHQVLW\�WR�WKH�FRQWUDODWHUDO�H\H��'HWHFWLRQ�RI�DFWLYH�FHOOV�ZDV�SHUIRUPHG�RQOLQH�DV�
SUHYLRXVO\� GHVFULEHG� ����� DQG� VXEVHTXHQWO\� UHILQHG� DQG� GHFRQYROYHG� RIIOLQH� ������ 7ULDOV� ZLWK�
GHFRQYROYHG� FDOFLXP� WUDQVLHQWV� EHWZHHQ� ���±����� PV� DIWHU� VWLPXOXV� RQVHW� ZHUH� FRQVLGHUHG�
UHVSRQVLYH��&HOOV�ZHUH�FRQVLGHUHG�UHVSRQVLYH�ZKHQ�DW�OHDVW�����RI�WULDOV�ZHUH�UHVSRQVLYH�IRU�DQ\�
OLJKW� LQWHQVLW\�� 1RUPDOL]HG� ǻ)�)� IURP� UDZ� IOXRUHVFHQFH� ZDV� FDOFXODWHG� XVLQJ� WKH� PHDQ� RI�
IOXRUHVFHQW�VDPSOHV�����PV�EHIRUH�VWLPXOXV�RQVHW�DV�WKH�EDVHOLQH��1,5�UHVSRQVHV�ZHUH�HYDOXDWHG�
XVLQJ� D� ��VDPSOH� DYHUDJH� RI� WKH� SHUL�VWLPXOXV� DFWLYLW\�� 3HDN� UHVSRQVHV�ZLWKLQ� D� ����PV� SRVW�
VWLPXOXV� LQWHUYDO�ZHUH�H[WUDFWHG�IRU�HYHU\� WULDO�DQG�DYHUDJHG��7R�HYDOXDWH� FRUWLFDO�ZDYHOHQJWK�
SUHIHUHQFH�� 1,5� VWLPXODWLRQ� ZDV� SHUIRUPHG� ZLWK� ZDYHOHQJWKV� PDWFKHG� WR� DQG� RIIVHW� IURP�
QDQRURG�DEVRUSWLRQ�PD[LPD��7KH�VDPH�OD\HU���SRSXODWLRQ�ZDV�LPDJHG�WZLFH��RQFH�ZLWK�����QP�
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VWLPXODWLRQ�RI�WKH�H\H�DQG�RQFH�ZLWK�����QP�VWLPXODWLRQ��7R�HVWDEOLVK�UHVSRQVH�FRUUHVSRQGHQFH�
GXULQJ�ZDYHOHQJWK�SUHIHUHQFH�H[SHULPHQWV��LPDJLQJ�SODQHV�ZHUH�PDQXDOO\�DOLJQHG�WR�LPDJH�WKH�
VDPH� QHXURQV� DFURVV� WZR� FRQGLWLRQV� �PDWFKHG� DQG� XQPDWFKHG� VWLPXODWLRQ� ZDYHOHQJWKV���
:DYHOHQJWK�SUHIHUHQFH�LQGH[��:3,��ZDV�GHILQHG�DV���
�

:3,� ��ǻ)�)�������ǻ)�)���������ǻ)�)�������ǻ)�)�������
�

/LJKW�LQWHQVLW\�SUHIHUHQFH�LQGH[�ZDV�GHILQHG�DV��
�

/3,� ��ǻ)�)�ORZHU�LQWHQVLW\���ǻ)�)�KLJKHU�LQWHQVLW\�����ǻ)�)�ORZHU�LQWHQVLW\���ǻ)�)�KLJKHU�LQWHQVLW\���
�
0RXVH�EHKDYLRU��
�
5G��PLFH�XQGHUZHQW�VXUJHU\�WR�DWWDFK�D�WLWDQLXP�KHDGEDU�WR�WKH�VNXOO�DQG�ZHUH�OHIW�WR�UHFRYHU�IRU�
�±��GD\V�EHIRUH�EHLQJ�SODFHG�RQ�D�ZDWHU�UHVWULFWLRQ�VFKHGXOH��7KHUHDIWHU��PLFH�ZHUH�KDQGOHG�GDLO\�
DQG�UHFHLYHG�a����±��P/�RI�ZDWHU�SHU�VHVVLRQ��XQWLO�ERG\�ZHLJKW�UHDFKHG�a�����RI�WKH�DG�OLELWXP�
ZHLJKW��W\SLFDOO\�ZLWKLQ��±��GD\V���+HDOWK�VWDWXV�DQG�ZHLJKW�ZHUH�PRQLWRUHG�GDLO\��%HIRUH�VWDUWLQJ�
EHKDYLRUDO�HYDOXDWLRQ��PLFH�ZHUH�SURJUHVVLYHO\�KDELWXDWHG� WR� WKH�H[SHULPHQWDO� VHWXS�� LQFOXGLQJ�
KHDG� IL[DWLRQ� DQG� HQFORVXUH�ZLWKLQ� D� µERG\¶� WXEH� ������ (QFORVXUH� RI� WKH�PRXVH� ERG\�ZLWKLQ� D�
F\OLQGULFDO�DFU\OLF�WXEH�ZDV�IRXQG�WR�PD[LPL]H�DQLPDO�FRPIRUW�GXULQJ�KHDG�IL[DWLRQ��(\HV�ZHUH�
GLODWHG� ZLWK� DWURSLQH� ����� ��� PLQ� EHIRUH� EHKDYLRUDO� HYDOXDWLRQ�� 5G�� H[SHULPHQWV� ZHUH�
SHUIRUPHG�LQ�WKH�GDUN��1,5�H[SHULPHQWV� LQ�ZLOG�W\SH�PLFH�ZHUH�SHUIRUPHG�LQ�DPELHQW� OLJKW���
9LVLEOH� OLJKW� H[SHULPHQWV� LQ� ZLOG�W\SH�PLFH�ZHUH� SHUIRUPHG� LQ� WKH� GDUN��0LFH� SHUIRUPHG� D�
YROXQWDU\�DFWLRQ�1,5�GHWHFWLRQ�WDVN�E\�OLFNLQJ�D�ZDWHUVSRXW��EOXQW���*�QHHGOH����PP�IURP�PRXWK��
LQ�UHVSRQVH�WR�IXOO�ILHOG������PV�VWLPXODWLRQ�RI�RQH�H\H������QP������QP��ZKLWH�OLJKW���:DWHU��a��
ȝ/�� ZDV� DXWRPDWLFDOO\� GLVSHQVHG� ����PV� DIWHU� OLJKW� RQVHW�� WKURXJK� D� FDOLEUDWHG� JUDYLW\� ZDWHU�
V\VWHP�JDWHG�ZLWK�D�VROHQRLG�SLQFK�YDOYH��1,5�LQWHQVLWLHV�ZHUH�UDQGRPO\�LQWHUOHDYHG��,QWHU�WULDO�
LQWHUYDOV�UDQJHG�EHWZHHQ���±���V��7UDLQLQJ�ODVWHG���GD\V�IRU�1,5�OLJKW�DQG�RU���GD\V�IRU�YLVLEOH�
OLJKW��7\SLFDO�VHVVLRQV�ODVWHG�a����PLQ�GXULQJ�ZKLFK�PLFH�SHUIRUPHG���±����WULDOV��7R�DVVHVV�WKH�
LPSDFW� RI� WKH� OLJKW� FXH�� OLFN� UDWHV�ZHUH� FDOFXODWHG� DIWHU� VWLPXOXV� RQVHW� EXW� EHIRUH�ZDWHU� YDOYH�
RSHQLQJ�� 6SRQWDQHRXV� EDFNJURXQG� OLFN� UDWHV� ��� V� WLPH� ZLQGRZ� EHIRUH� VWLPXOXV� RQVHW�� ZHUH�
VXEWUDFWHG�IURP�VWLPXOXV�GULYHQ�OLFN�UDWHV��)RU�=�VFRUHV��PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�RI�D�����PV�
EDFNJURXQG�WLPH�LQWHUYDO�ZHUH�XVHG��$Q�$UGXLQR�8QR�ERDUG�SURYLGHG�FRQWURO�RI�WKH�EHKDYLRUDO�
SURWRFRO��LQFOXGLQJ�OLFN�GHWHFWLRQ��ZDWHU�YDOYH�RSHQLQJ��DQG�YDULDWLRQ�RI�1,5�VWLPXOXV�LQWHQVLWLHV��
/LFN�HYHQWV�ZHUH�GHWHFWHG�E\�D� WUDQVLVWRU�EDVHG�FLUFXLW�DQG�UHFRUGHG�E\�D�86%�������1DWLRQDO�
,QVWUXPHQWV�� $XVWLQ�� GDWD� DFTXLVLWLRQ� GHYLFH�� &XVWRP� FRQWURO� VRIWZDUH� ZDV� ZULWWHQ� LQ� 3\WKRQ�
�6(/6�6RIWZDUH����
�
7ZR�SKRWRQ�FDOFLXP�LPDJLQJ�LQ�H[�YLYR�KXPDQ�UHWLQD��
�
2*%���FDOFLXP�G\H�ZDV�EXON�HOHFWURSRUDWHG�LQWR�KXPDQ�UHWLQDO�H[SODQWV�DV�GHVFULEHG�DERYH��VHH�
³7ZR�SKRWRQ�FDOFLXP�LPDJLQJ�RI�PRXVH�UHWLQDO�JDQJOLRQ�FHOOV´���(OHFWURSRUDWLRQ�ZDV�REVHUYHG�WR�
LQWURGXFH�2*%���LQWR�DOO���QXFOHDU�OD\HUV�RI�WKH�UHWLQD��/RZ�PHOWLQJ�WHPSHUDWXUH����DJDURVH�JHO�
�6LJPD��$������ZDV�DGGHG�WR�WKH�JDQJOLRQ�FHOO�VLGH�WR�VWDELOL]H�WKH�UHWLQD�DQG�ZDV�NHSW�LQ�SODFH�
WKURXJKRXW� WKH� H[SHULPHQW�� 1DQRURGV� ZHUH� DGGHG� WR� WKH� SKRWRUHFHSWRU� VLGH�
������QDQRURGV���'XULQJ� DFWLYLW\�PRQLWRULQJ�� WKH� KXPDQ� UHWLQD� ZDV� FRQWLQXRXVO\� SHUIXVHG�ZLWK�
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$PHV¶�VROXWLRQ�EXEEOHG�ZLWK�����2��DQG����&2��DW�a���&���)RU�DFRXVWR�RSWLF�LPDJLQJ��D�]�VWDFN�
ZDV�WDNHQ�EHIRUH�1,5�VWLPXODWLRQ�ZLWK�WKH�DFRXVWR�RSWLF�GHIOHFWRU�WZR�SKRWRQ��$2'��PLFURVFRSH�
�)HPWRQLFV��%XGDSHVW��+XQJDU\��XVLQJ�D���î�ZDWHU�LPPHUVLRQ�REMHFWLYH������1$��WR�FDSWXUH�WKH�
�'� YROXPH� RI� WKH� UHWLQD�� :LWKLQ� WKLV� YROXPH�� WKH� H[SHULPHQWHU� PDQXDOO\� VHOHFWHG� FHOO� VRPD�
SRVLWLRQV�RI�2*%���ILOOHG�FHOOV��)XOO�ILHOG������QP������PV�OLJKW�VWLPXOXV�ZDV�SUHVHQWHG���WLPHV�
DW�HDFK�LQWHQVLW\��'XULQJ�VWLPXODWLRQ�WKH�$2'�VFDQQHG�D�VHW�RI�VTXDUH�;<�SODQHV�HQFRPSDVVLQJ�
HDFK� FHOO� ERG\� DW� a��� +]�� )OXRUHVFHQFH� YDOXHV�ZHUH� DQDO\]HG� RIIOLQH� E\� FXVWRP� VRIWZDUH� LQ�
0$7/$%��1HXURQV�ZHUH�VHJPHQWHG�E\�VHOHFWLQJ�D�FHOO�FHQWHU�PDQXDOO\�DQG�DSSO\LQJ�&KDQ�9HVH�
VHJPHQWDWLRQ��1,5�UHVSRQVHV�ZHUH�HYDOXDWHG�XVLQJ�D���VDPSOH�PRYLQJ�DYHUDJH�RI�WKH�SHULVWLPXOXV�
DFWLYLW\��3HDN�UHVSRQVHV�ZLWKLQ�DQ�����PV�SRVW�VWLPXOXV�LQWHUYDO�ZHUH�H[WUDFWHG�IRU�HYHU\�WULDO�DQG�
DYHUDJHG��&HOOV�ZHUH�FRQVLGHUHG�UHVSRQVLYH�ZKHQ�SHDN�DEVROXWH�IOXRUHVFHQFH�ZDV�!�����VWDQGDUG�
GHYLDWLRQV�DERYH�WKH�SUH�VWLPXOXV�IOXRUHVFHQFH�LQ�DW�OHDVW�����RI�WULDOV���
�
,PPXQRIOXRUHVFHQFH�DQG�FRQIRFDO�LPDJLQJ���
�
+(.���7�FHOOV�DQG�UHWLQDV�ZHUH�IL[HG�RYHUQLJKW�LQ����SDUDIRUPDOGHK\GH�DQG�ZDVKHG�RYHUQLJKW�
ZLWK� SKRVSKDWH� EXIIHUHG� VDOLQH� �3%6�� DW� ��&�� 7R� LPSURYH� DQWLERG\� SHQHWUDWLRQ�� ZKROHPRXQW�
UHWLQDV�ZHUH�VXEMHFWHG�WR�IUHH]H�WKDZ�F\FOHV�DIWHU�FU\RSURWHFWLRQ�ZLWK�����VXFURVH��$IWHU�ZDVKLQJ�
LQ�3%6��UHWLQDO�ZKROHPRXQWV�����DJDURVH�HPEHGGHG��6HD.HP��/RQ]D�������������ȝP�WKLFN�UHWLQDO�
YLEUDWRPH�VHFWLRQV��/HLFD�97�����6��RU�+(.���7�FHOOV�RQ�FRYHUVOLSV�ZHUH�LQFXEDWHG�IRU��±��K�
LQ� EORFNLQJ� EXIIHU� FRQWDLQLQJ� ���� QRUPDO� GRQNH\� VHUXP� �1'6�� &KHPLFRQ��� ��� %6$�� �����
7ULWRQ;������DQG�������VRGLXP�D]LGH��6LJPD��LQ�3%6��3ULPDU\�DQWLERG\�WUHDWPHQW�ZDV�SHUIRUPHG�
IRU��±��GD\V�DW�URRP�WHPSHUDWXUH�LQ�EXIIHU�FRQWDLQLQJ����1'6�����%6$��������VRGLXP�D]LGH��
DQG������7ULWRQ;�����LQ�3%6��3ULPDU\�DQWLERGLHV�XVHG�LQ�WKLV�VWXG\�ZHUH��UDW�PRQRFORQDO�DQWL�
*)3��1DFDODL�������������UDEELW�SRO\FORQDO�DQWL�*)3��7KHUPR�)LVKHU�6FLHQWLILF��$��������UDEELW�
SRO\FORQDO�DQWL�&RQH�$UUHVWLQ��0LOOLSRUH��$%��������UDW�PRQRFORQDO�DQWL�5)3��&KURPRWHN���)��
������UDEELW�DQWL�5)3��5RFNODQG����������������JRDW�SRO\FORQDO�DQWL�2SVLQ�PZ�PZ��OZ��6DQWD�
&UX]�� VF�������� JRDW� SRO\FORQDO� DQWL�2SVLQ� VZ� �6DQWD� &UX]�� VF�������� UDEELW� SRO\FORQDO� DQWL�
&DSVDLFLQ�UHFHSWRU��0LOOLSRUH��$%�������UDW�PRQRFORQDO�DQWL�2//$6��1RYXV�%LRORJLFDOV��1%3��
��������PRXVH�PRQRFORQDO�DQWL�SRO\+LV��0LOOLSRUH����������UDEELW�SRO\FORQDO�DQWL�,ED���*HQHWH[��
*7;���������+RHFKVW�ZDV�XVHG�WR�VWDLQ�FHOO�QXFOHL��$SRSWRWLF�FHOOV�ZHUH�GHWHFWHG�XVLQJ�WKH�,Q�
6LWX� &HOO� 'HDWK� 'HWHFWLRQ� .LW�� )OXRUHVFHLQ� �5RFKH�� �������������� '1DVH� ,� UHFRPELQDQW�
�3URPHJD��0������GLJHVWLRQ�ZDV�XVHG�WR�LQGXFH�'1$�VWUDQG�EUHDNV�LQ�WKH�SRVLWLYH�FRQWURO��)RU�
PLFURVFRS\�UHWLQDV�ZHUH�PRXQWHG�RQ�JODVV�VOLGHV�ZLWK�3UR/RQJ�*ROG�DQWLIDGH�UHDJHQW��,QYLWURJHQ��
3��������$�=HLVV�/60�����ODVHU�VFDQQLQJ�FRQIRFDO�PLFURVFRSH�ZDV�XVHG�WR�DFTXLUH�LPDJHV�RI�
DQWLERG\�VWDLQHG�FHOOV�DQG�WLVVXHV�ZLWK�DQ�(&�3ODQ�1HRIOXDU���î������RLO�0���REMHFWLYH�DW�XS�WR���
H[FLWDWLRQ�ODVHU�OLQHV�DFFRUGLQJ�WR�VHFRQGDU\�DQWLERG\�VSHFLILFDWLRQ��([SUHVVLRQ�ZDV�DVVHVVHG�IURP�
����î�����SL[HO� LPDJHV� LQ�D�]�VWDFN�ZLWK������ȝP�VWHSV�� ,PDJHV�ZHUH�SURFHVVHG�XVLQJ� ,PDULV�
�%LWSODQH��DQG�,PDJH�-��)LML���$$9�WUDQVGXFWLRQ�ZDV�TXDQWLILHG�IURP�UHWLQDO�ZKROHPRXQWV��,Q�HDFK�
VDPSOH�WKH�HQWLUH�WKLFNQHVV�RI�WKH�UHWLQD�ZDV�VFDQQHG�E\�FRQIRFDO�PLFURVFRS\�DW���RU���UDQGRPO\�
FKRVHQ�DUHDV�LQ�$$9�WUDQVGXFHG�UHJLRQV����
�
7UDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��
�
7R�PHDVXUH� QDQRURG� VL]HV� �� ȝ/� RI� QDQRURG� VWRFN� VROXWLRQ� ZDV� DGVRUEHG� IRU� �� PLQ� WR� JORZ�
GLVFKDUJHG� IRUPYDU� FDUERQ�FRDWHG� FRSSHU� JULGV� �7HG�3HOOD� ,QF��5HGGLQJ��86$�� ������)���7KH�
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JULGV�ZHUH�WKHQ�EORWWHG�DQG�QHJDWLYHO\�VWDLQHG�RQ���GURSOHWV�RI����XUDQ\O�DFHWDWH�VROXWLRQ��(OHFWURQ�
0LFURVFRS\�6FLHQFHV���������IRU����V��6DPSOHV�ZHUH�LPDJHG�DW�D�QRPLQDO�PDJQLILFDWLRQ�RI������î�
XVLQJ�D�7HFQDL�6SLULW� HOHFWURQ�PLFURVFRSH� �)(,��(LQGKRYHQ��1HWKHUODQGV��RSHUDWLQJ�DW�����N9��
(OHFWURQ�PLFURJUDSKV�ZHUH�UHFRUGHG�XVLQJ�D�ERWWRP�PRXQW��.î�.�&&'�)(,�(DJOH�FDPHUD���
�
6FDQQLQJ�HOHFWURQ�PLFURVFRS\�
�
5HWLQDO�VDPSOHV�ZHUH�SODFHG�RQ�JODVV�VOLGHV��1DQRURG�VWRFN�VROXWLRQ�ZDV�DSSOLHG�IRU����PLQ�DW�
URRP�WHPSHUDWXUH��IROORZHG�E\�H[WHQVLYH�ULQVHV�ZLWK�GHLRQL]HG�+�2��7KH�UHWLQD�ZDV�GHK\GUDWHG�
SURJUHVVLYHO\� IRU� ��±��±��±��±��±���� ��î�� DQG� LPPHUVHG� LQ� KH[DPHWK\OGLVLOD]DQH� �6LJPD��
��������IRU����PLQ���î���6XEVHTXHQWO\��WKH�VDPSOHV�ZHUH�GULHG�IRU����PLQ�DW����&��6DPSOHV�ZHUH�
PHWDOL]HG�ZLWK�JROG�SDOODGLXP� �4XRUXP��6&������ IRU���� V� DQG� LPDJHG� LQ� D� VFDQQLQJ�HOHFWURQ�
PLFURVFRSH��)(,�9HUVD��'��DW���N9�DQG���QP�SHU�SL[HO�ZLWK�DQ�(7'�GHWHFWRU��/RRNXS�WDEOHV�ZHUH�
LQYHUWHG�LQ�SRVW�SURFHVVLQJ���
�
6WDWLVWLFDO�$QDO\VLV�
�
:H�XVHG�WKH�IROORZLQJ�VWDWLVWLFDO�WHVWV��0DQQ�:KLWQH\�8�WHVW��WZR�WDLOHG��DQG�:LOFR[RQ�0DWFKHG�
3DLUV�6LJQHG�5DQN�7HVW��3�YDOXHV�DUH�VWDWHG�LQ�WKH�WH[W�DQG�LQ�7DEOH�6���Q�V�UHIHUV�WR�3���������,Q�
DOO�ILJXUHV��ER[SORWV��FHQWHU�OLQH��PHGLDQ��ER[�HGJHV��ILUVW�DQG�WKLUG�TXDUWLOHV��ZKLVNHUV����WK�DQG�
��WK�SHUFHQWLOH���
�
6DIHW\�
�
1,5�H[SRVXUHV�DUH�JRYHUQHG�E\�RFXODU�ODVHU�VDIHW\�VWDQGDUGV��$16,�=�������������:H�FDOFXODWHG�
PD[LPXP�SHUPLVVLEOH�H[SRVXUHV�DFFRUGLQJ�WR�$16,�=������������0D[LPXP�SHUPLVVLEOH�UDGLDQW�
SRZHU��03ĭ��ZKLFK�PD\�EH�FKURQLFDOO\�GHOLYHUHG�WR�WKH�UHWLQD�LV���
�

03ĭ� �����î�����&7�&(�3���
�
ZKHUH�&7� ���������Ȝ>QP@í�����LQ�WKH������������QP�UDQJH��ZLWK�&7� �����DW�Ȝ� �����QP�DQG�&7� �����
DW�Ȝ� �����QP��&(�GHSHQGV�RQ�WKH�DQJXODU�VSUHDG�RI�WKH�LQFLGHQW�EHDP�DQG�IRU�UHWLQDO�VSRW�VL]HV�
JUHDWHU�WKDQ�����PP�LQ�GLDPHWHU��Į� �ĮPD[� �����PUDG�DQG�&(� �����î��í��Į�� ������:�������3�LV�
WKH�SXSLO�VL]H�IDFWRU��3� ���IRU�1,5�ZDYHOHQJWKV��0D[LPXP�SHUPLVVLEOH�H[SRVXUH�IRU�����QP�OLJKW�
LV��������:DWWV� ������P:���0D[LPXP�SHUPLVVLEOH�H[SRVXUH�IRU�����QP�OLJKW� LV��������:DWWV�
������ P:��� ,Q� 0D[ZHOOLDQ� RSKWKDOPLF� LOOXPLQDWLRQ� WKH� PD[LPXP� SHUPLVVLEOH� UHWLQDO� UDGLDQW�
H[SRVXUH�03+U�LV�JLYHQ�E\�WKH�SRZHU�HQWHULQJ�WKH�SXSLO�ĭ�GLYLGHG�E\�WKH�UHWLQDO�H[SRVXUH�DUHD��
)RU� Į�  � ĮPD[� � ���� PUDG� WKH� GLPHQVLRQ� RI� WKH� H[SRVHG� UHWLQD� LV� DVVXPHG� WR� EH� ���� PP� LQ�
GLDPHWHU��7KXV�IRU�FKURQLF�H[SRVXUH�03+U� �����P:�PP���������:�P����IRU�����QP�DQG�03+U� �
����P:�PP���������:�P����IRU�����QP��U7539��DFWLYDWLRQ�LQ�YLYR�UHTXLUHV������:�P���RI�1,5�
����QP�OLJKW��7DEOH�6�����V753$��DFWLYDWLRQ�LQ�YLYR�UHTXLUHV������:�P���RI�1,5�����QP�OLJKW�
�7DEOH�6�����%RWK�LQWHQVLWLHV�DUH�EHORZ�RFXODU�VDIHW\�OLPLWV�IRU�1,5�����QP�OLJKW���
�
7R�DVVHVV�WKHUPDO�DVSHFWV��ZH�FDOFXODWHG�WHPSHUDWXUHV�DW�WKH�QDQRURG��:H�DVVXPHG�D�PRQROD\HU�
RI�JROG�QDQRURGV�HTXDOO\�VSDFHG��:H�FDOFXODWHG�QDQRURG�DEVRUSWLRQ�FURVV�VHFWLRQV�IURP�PHDVXUHG�
RSWLFDO�GHQVLWLHV�DQG�QXPEHU�RI�QDQRURGV�LQ�WKH�H\H��0RXVH�H\H�RSWLFDO�SURSHUWLHV�ZHUH�DVVXPHG�
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WR�EH�VLPLODU� WR�ZDWHU��DEVRUSWLRQ�FRHIILFLHQW� ����î�����ȝP���DW�����QP��H[FHSW� IRU�SLJPHQWHG�
WLVVXHV��$EVRUSWLRQ�FRHIILFLHQW�IRU�SLJPHQWHG�WLVVXH�ZDV�WDNHQ�DV�����PP����:H�WKHQ�VROYHG�WKH��'�
KHDW�GLIIHUHQWLDO�HTXDWLRQ���
�

4� ��ț7�������>[��W@���D����ț7�������>[��W@�
�

ZKHUH�4�LV�KHDW�IOX[��ț�LV�WKHUPDO�FRQGXFWLYLW\���D�LV�WKHUPDO�GLIIXVLYLW\��[�LV�GLVWDQFH��W�LV�WLPH�DQG�
7�LV�WHPSHUDWXUH��0RXVH�H\H�WKHUPDO�SURSHUWLHV�ZHUH�DVVXPHG�WR�EH�VLPLODU�WR�ZDWHU��ZLWK�WKHUPDO�
GLIIXVLYLW\�  � �������ȝP��PV�� WKHUPDO� FRQGXFWLYLW\�  � ����î����� NJ�ȝP��PV�.���PDVV� GHQVLW\� �
����î������NJ�ȝP���)RU�7539���QDQRURG�WHPSHUDWXUHV�UHDFK�D�PD[LPXP�RI�����q&��)RU�753$���
QDQRURG� WHPSHUDWXUHV� UHDFK� D�PD[LPXP� RI� ����q&�� 3XEOLVKHG� UHSRUWV� RI� 7539�� DQG� 753$��
WKHUPRVHQVLWLYLW\�UHSRUW�DFWLYDWLRQ�WHPSHUDWXUHV�RI�a��q&�IRU�7539��DQG�a��q&�IRU�753$������
������
� �
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6XSSOHPHQWDU\�7H[W�
�
1HDU�LQIUDUHG�OLJKW�VWLPXODWLRQ��
�
)RU�KXPDQ�SDWLHQWV�ZLWK�UHWLQDO�GHJHQHUDWLRQ�YLVXDO�SDWWHUQV�FDQ�EH�SURMHFWHG�RQWR�WKH�UHWLQD�E\�
ELRPLPHWLF�H\H�JRJJOHV� �KWWSV���ZZZ�JHQVLJKW�ELRORJLFV�FRP��0HGLFDO�'HYLFH�*6�����&OLQLFDO�
7ULDOV�,'��1&7�����������7KH�GHYLFH�FRQVLVWV�RI�DQ�H[WHUQDO�FDPHUD��D�VLJQDO�SURFHVVLQJ�XQLW�DQG�
D�KLJK�EULJKWQHVV��QHDU�WR�H\H�GLVSOD\�WKDW�LV�1,5�OLJKW�FRPSDWLEOH���/LJKW�SDWWHUQV�DUH�SURMHFWHG�
E\�PLFURPLUURU�DUUD\V��,Q�WKLV�ZD\��QDWXUDO�VFHQHV�DUH�FRQYHUWHG�WR�PRGLILHG�1,5�LPDJHV���$�GHYLFH�
ZLWK�VLPLODU�SURSHUWLHV�EXW�VPDOO�HQRXJK�WR�ILW�D�PRXVH�H\H�LV�FXUUHQWO\�QRW�DYDLODEOH��,Q�DGGLWLRQ��
1,5�/('V�SRVLWLRQHG�LQ�WKH�HQYLURQPHQW�DUH�QRW�EULJKW�HQRXJK�WR�DFWLYDWH�753�FKDQQHOV��,W�ZDV�
WKHUHIRUH�QRW�SRVVLEOH� WR�SUHVHQW�VWUXFWXUHG�1,5�VWLPXOL�RU�SHUIRUP�EHKDYLRUDO� WHVWV�ZLWK� IUHHO\�
PRYLQJ�DQLPDOV���
�
&RPSDWLELOLW\�ZLWK�UHPDLQLQJ�YLVLRQ�
�
7R�SUHYHQW�VXSHULPSRVLWLRQ�RI�YLVLEOH�DQG�1,5�UHVSRQVHV� LQ� OLJKW�VHQVLWLYH� UHWLQDO� UHJLRQV�� WZR�
VROXWLRQV�PD\�EH�FRQVLGHUHG��)LUVW��LQ�FRQYHQWLRQDO�KXPDQ�VXEUHWLQDO�VXUJHU\��WKH�SURFHGXUH�LV�D�
YLWUHFWRP\�IROORZHG�E\�IRUPDWLRQ�RI�D�VXEUHWLQDO�EOHE��6LQFH�EOHE�IRUPDWLRQ�LQYROYHV�VHSDUDWLRQ�
RI� WLJKWO\� DSSRVHG� SKRWRUHFHSWRU� DQG� UHWLQDO� SLJPHQW� HSLWKHOLDO� OD\HUV�� EOHEV� KDYH� GHILQHG�
SHULPHWHUV��ZKLFK�VSDWLDOO\�UHVWULFW�YLUXV�DQG�QDQRURG�GHSRVLWLRQ�WR�VSHFLILF��SUH�GHWHUPLQHG�VLWHV��
&HQWUDO� UHWLQD��PDFXOD��PD\�EH� WUDQVGXFHG�ZKLOH�SHULSKHUDO� UHWLQDO� UHJLRQV�UHPDLQ�XQPRGLILHG��
6HFRQG��1,5�YLVLRQ�UHTXLUHV�1,5�LPDJHV�WR�EH�SURMHFWHG�E\�VWLPXODWRU�H\H�JRJJOHV�LQWR�WKH�SDWLHQW�
H\H��,PDJHV�FDQ�EH�IRFXVHG�RQWR�WKH�PDFXOD�YLD�DQ�H\H�WUDFNHU�EDVHG�SURMHFWLRQ�V\VWHP��,Q�QHDUE\�
UHJLRQV�1,5�LQWHQVLWLHV�ZRXOG�EH�UHGXFHG�E\�WKH�LQYHUVH�VTXDUH�ODZ��6LQFH�ORZHU�1,5�LQWHQVLWLHV�
GR�QRW�JHQHUDWH�HQRXJK�KHDW�WR�DFWLYDWH�753�FKDQQHOV��XQIRFXVVHG�1,5�OLJKW�LV�XQOLNHO\�WR�OHDG�WR�
DFWLYDWLRQ���
�
1DQRURG�VWDELOLW\�LQ�YLYR�
�
&\WRWR[LFLW\� VWXGLHV� UHSRUW� ORZ� RU� QR� WR[LFLW\� RI� QDQRURGV� XS� WR� ��� GD\V� SRVW� LQWUDYLWUHDO� RU�
VXEUHWLQDO�LQMHFWLRQ����������/RQJHU�WHUP�HIIHFWV�LQ�WKH�H\H�DUH�QRW�\HW�NQRZQ���6WDEOH��FRYDOHQW�
SRO\PHU�EULGJHV�ELQG�DQWLERGLHV� WR�QDQRURGV��$QWLERG\�HSLWRSH�ELQGLQJ�UHOLHV�RQ�ZHDNHU��QRQ�
FRYDOHQW� ERQGV�� *ROG� QDQRSDUWLFOH� VWDELOLW\� �SODVPRQ� EDQG�� K\GURG\QDPLF� GLDPHWHU�� FRUH�
GLDPHWHU�� UDQJHV� IURP� KLJKO\�VWDEOH� WR� XOWUD�VWDEOH� ��������� 8OWUD�VWDEOH� JROG� QDQRSDUWLFOHV�
PDLQWDLQ�VWDELOLW\�LQ�YDULRXV�HQYLURQPHQWV�LQFOXGLQJ�VROXELOL]DWLRQ�LQ�LRQLF�PHGLD��IUHH]H�GU\LQJ��
KHDWLQJ����q&���XOWUDFHQWULIXJDWLRQ�DQG�DXWRFODYH�VWHULOL]DWLRQ����������3UHFOLQLFDO�VWXGLHV�ZLOO�EH�
UHTXLUHG�WR�GHWHUPLQH�VWDELOLW\�SUHFLVHO\��
�
1DQRURG�WXQLQJ�
�
:H�WXQHG�UHVSRQVHV�WR�GLIIHUHQW�ZDYHOHQJWKV�IRU�VHYHUDO�UHDVRQV��)LUVW��HQDEOLQJ�OLJKW�VHQVLWLYLW\�
LQ�D�EOLQG�KXPDQ�UHWLQD�UHTXLUHV�H\H�JRJJOHV�WKDW�XWLOL]H�VSHFLILF�ZDYHOHQJWKV��&RPSDWLELOLW\�ZLWK�
FXUUHQW�DQG�IXWXUH�1,5�SURMHFWRU�JRJJOHV�UHTXLUHV�WXQDEOH�1,5�GHWHFWRUV��6HFRQG��RYHU�WLPH�LW�PD\�
EH� IRXQG� WKDW� VRPH� 1,5� ZDYHOHQJWKV� DUH� EHWWHU� WROHUDWHG� E\� SDWLHQWV� WKDQ� RWKHUV�� ,W� LV� WKHQ�
DGYDQWDJHRXV�WR�NQRZ�WKDW�QDQRURG�PDQXIDFWXULQJ�WHFKQRORJLHV�FDQ�EH�H[SORLWHG�WR�WXQH�UHVSRQVHV�
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WR�GLIIHUHQW�ZDYHOHQJWKV��LI�UHTXLUHG��7KLUG��LI�LW�LV�SRVVLEOH�WR�VHJUHJDWH�QDQRURGV�E\�W\SH�DURXQG�
FRQH� SKRWRUHFHSWRUV�� LQ� WKH� IXWXUH� WKLV� FRXOG� EH� XVHG� IRU� LQGXFLQJ� FRORU� YLVLRQ�� )RXUWK�� VLQFH�
PD[LPXP� SHUPLVVLEOH� UDGLDQW� H[SRVXUHV� YDU\� ZLWK� LQFLGHQW� ZDYHOHQJWK�� WXQLQJ� UHVSRQVHV� WR�
GLIIHUHQW�1,5�ZDYHOHQJWKV�SOD\V�DQ�LPSRUWDQW�UROH�LQ�FRPSOLDQFH�ZLWK�VDIHW\�VWDQGDUGV���
�
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Trp-like domain
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)LJ��6���3HSWLGH�VHTXHQFH�RI� UDW�7539���VWDUWLQJ�DW�DPLQR�DFLG�������[�+LV� �++++++��HSLWRSH� WDJ�
LQVHUWLRQ�DW�DPLQR�DFLG������(/���LV�KLJKOLJKWHG�ZLWK�WLOWHG�GDVKHG�OLQHV��6HFRQGDU\�VWUXFWXUH�HOHPHQWV�
DUH�LQGLFDWHG�DERYH�WKH�VHTXHQFH�DV�VSLUDOV��KHOLFHV��DQG�DUURZV��ȕ�VWUDQGV���5HJLRQV�ZLWK�QR�DVVLJQHG�
VHFRQGDU\�VWUXFWXUH�DUH�LQGLFDWHG�E\�KRUL]RQWDO�GDVKHG�OLQHV��%ODFN�GRWV�PDUN�WKH�SRVLWLRQ�RI�HYHU\�WHQWK�
DPLQR�DFLG��(/�UHIHUV�WR�H[WUDFHOOXODU�ORRS��$5�WR�DQN\ULQ�UHSHDW��6�WR�WUDQVPHPEUDQH�GRPDLQ�
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FRQH�H[SHULPHQWV��*URXS����EURZQ��Q� ���PLFH���YLVLEOH�OLJKW�RQO\��*URXS����SXUSOH��Q� ���PLFH���ILUVW�1,5�
WKHQ�YLVLEOH�OLJKW���%��([DPSOH�FDOFLXP�UHVSRQVHV��PHDQ�ǻ)�)����UHSHWLWLRQV��UHFRUGHG�IURP�FRQH�D[RQ�
WHUPLQDOV�LQ�:7�UHWLQDV��6WLPXOXV��IXOO�ILHOG��/HIW������QP��ORJ���OLJKW�LQWHQVLW\� �������5LJKW������QP��
ORJ���OLJKW�LQWHQVLW\� ����%ODFN�EDUV����V��DQG�DUURZV������PV���VWLPXOXV�WLPLQJ��7ZR�SKRWRQ�LPDJHV�RI�
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PD\� OHDG� WR�1,5� OLJKW� DGDSWDWLRQ� LQ�ZLOG�W\SH� FRQHV��ZKLFK�PD\� WKHQ�QRW� VKRZ� VWURQJ� UHVSRQVHV� WR��
DGGLWLRQDO� 1,5� OLJKW� VWLPXODWLRQ�� �'�� 5G�� �Q�  � �� PLFH�� DQG�:7� �*URXS� �� DQG� ��� FRQH� UHVSRQVH�
DPSOLWXGHV��=�VFRUH���5G��FRQHV�WUDQVGXFHG�ZLWK�U7539��DQG�QDQRURGV��ȜDEV� �����QP���1RWH�WKDW�GXH�
WR�ORZ�EDVHOLQH�IOXRUHVFHQFH��UG��FRQH�UHVSRQVHV�ZHUH�UHFRUGHG�ZLWK�KLJKHU�307�JDLQ��OHDGLQJ�WR�ORZHU�
=�VFRUHV�LQ�U7539��QDQRURG�LQMHFWHG�UG��UHWLQDV�FRPSDUHG�WR�ZLOG�W\SH�UHWLQDV��[�\�FRQHV�UHIHUV�WR�[�
UHVSRQGLQJ�FRQHV�RI�WKH�\�PHDVXUHG��&RQHV�ZHUH�FRQVLGHUHG�UHVSRQGLQJ�ZKHQ�DEVROXWH�=�VFRUH�YDOXHV�
H[FHHGHG�����IRU�HDFK�VWLPXOXV�UHSHWLWLRQ���(��&XPXODWLYH�IUHTXHQF\�RI�UHVSRQGLQJ�U7539��WUDQVGXFHG�
UG��FRQHV�ZLWK�QDQRURGV��ȜDEV� �����QP��IRU�VLQJOH�UHWLQDV���
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)LJ��6���1HDU�LQIUDUHG�OLJKW�UHVSRQVHV�LQ�QHXURQV�RI�WKH�PRXVH�UHWLQDO�JDQJOLRQ�FHOO�OD\HU��*&/����$��
([DPSOH� FDOFLXP� UHVSRQVHV� �PHDQ� ǻ)�)�� �� UHSHWLWLRQV�� UHFRUGHG� IURP� *&/� QHXURQV� LQ� 3���3���
U7539��QDQRURGV��OHIW��DQG�U7539��RQO\��ULJKW��WUDQVGXFHG�UG��UHWLQDV�LQ�UHVSRQVH�WR�IXOO�ILHOG�1,5�
OLJKW��9HUWLFDO�OLQHV�DW�ERWWRP��VWLPXOXV������QP������PV��WLPLQJ��7ZR�SKRWRQ�LPDJHV�RI�2UHJRQ�*UHHQ�
%$37$����2*%����ILOOHG�FHOO�ERGLHV��ZKLWH�FLUFOHV���OHIW�RI�WKH�UHVSRQVH�FXUYHV��6FDOH�EDU����ȝP���%��
)UHTXHQF\�RI�UHVSRQGLQJ�*&/�QHXURQV�LQ�UHWLQDV�WUDQVGXFHG�ZLWK�ERWK�U7539��DQG�QDQRURGV��ȜDEV� �����
QP��Q�  ���PLFH�� RU�ZLWK� U7539��RQO\� �Q�  ���PLFH���(DFK�GDWD�SRLQW� �FRORUHG�EODFN�� JUHHQ�� EURZQ��
UHSUHVHQWV� WKH� UHVSRQVH�RI�D� VLQJOH� UHWLQD�� �&��*&/�QHXURQ� UHVSRQVH�DPSOLWXGHV� �ǻ)�)��DW� ORJ��� OLJKW�
LQWHQVLW\� �������,QFUHDVH��Ĺ��DQG�GHFUHDVH��Ļ��RI�FDOFLXP�VLJQDO�DUH�VKRZQ�VHSDUDWHO\��[�\�QHXURQV�UHIHUV�
WR�[�UHVSRQGLQJ�*&/�QHXURQV�RI�WKH�\�PHDVXUHG��

Log10 I915  = 18.6 (photons cm-2 sec-1) Log10 I915  = 18.6 (photons cm-2 sec-1)
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UHVSRQGLQJ�FRUWLFDO�QHXURQV�LQ�LQGLYLGXDO�3���3���UG��PLFH�WUDQVGXFHG�ZLWK�ERWK�U7539��DQG�QDQRURGV�
�ȜDEV� �����QP����%��)UHTXHQF\�RI�FRUWLFDO�QHXURQV�DV�D�IXQFWLRQ�RI�WKH�OLJKW�LQWHQVLW\�SUHIHUHQFH�LQGH[�
�/3,��LQ�PLFH�WUDQVGXFHG�ZLWK�U7539��DQG�QDQRURGV��ȜDEV� �����QP��Q� ���PLFH���/DUJHU�IUDFWLRQ��RUDQJH��
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)LJ�� 6��� 1DQRURG� SURSHUWLHV�� �$�� 2SWLFDO� GHQVLW\� RI� JROG� QDQRURGV� WXQHG� WR� ���� QP�� �%�� &��
+LVWRJUDPV�RI�OHQJWK��%��DQG�ZLGWK��&��GLVWULEXWLRQV�JLYLQJ�ULVH�WR�RSWLFDO�GHQVLW\�LQ��$����'��2SWLFDO�
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)LJ��6���1HDU�LQIUDUHG�OLJKW�UHVSRQVHV�LQ�PRXVH�SULPDU\�YLVXDO�FRUWH[���$��)UHTXHQF\�RI��FRUWLFDO�QHXURQV�
DV�D�IXQFWLRQ�RI�WKH�ZDYHOHQJWK�SUHIHUHQFH�LQGH[��:3,��LQ�PLFH�WUDQVGXFHG�ZLWK�U7539��DQG�QDQRURGV�
ZLWK�ȜDEV� �����QP�IRU�LQGLYLGXDO�DQLPDOV��/RJ���OLJKW�LQWHQVLW\� �������/DUJHU�IUDFWLRQ�RI�����QP��:3,���
���RYHU�����QP��:3,�!����OLJKW�SUHIHUULQJ�QHXURQV���%��)UHTXHQF\�RI�FRUWLFDO�QHXURQV�DV�D�IXQFWLRQ�RI�WKH�
ZDYHOHQJWK�SUHIHUHQFH�LQGH[��:3,��LQ�PLFH�WUDQVGXFHG�ZLWK�U7539��DQG�QDQRURGV�ZLWK�ȜDEV� �����QP�
IRU�LQGLYLGXDO�DQLPDOV��/RJ���OLJKW�LQWHQVLW\� �������/DUJHU�IUDFWLRQ�RI�����QP��:3,�!����RYHU�����QP�
�:3,������OLJKW�SUHIHUULQJ�QHXURQV��([SHULPHQWV�SHUIRUPHG�LQ�3���3���UG��PLFH��
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