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Spectrally–selective monitoring of ultraviolet radiations (UVR) is of paramount importance
across diverse ﬁelds, including effective monitoring of excessive solar exposure. Current UV
sensors cannot differentiate between UVA, B, and C, each of which has a remarkably different
impact on human health. Here we show spectrally selective colorimetric monitoring of UVR
by developing a photoelectrochromic ink that consists of a multi-redox polyoxometalate and
an e− donor. We combine this ink with simple components such as ﬁlter paper and transparency sheets to fabricate low-cost sensors that provide naked-eye monitoring of UVR, even
at low doses typically encountered during solar exposure. Importantly, the diverse UV tolerance of different skin colors demands personalized sensors. In this spirit, we demonstrate
the customized design of robust real-time solar UV dosimeters to meet the speciﬁc need of
different skin phototypes. These spectrally–selective UV sensors offer remarkable potential in
managing the impact of UVR in our day-to-day life.

1 Ian

Potter NanoBioSensing Facility, NanoBiotechnology Research Laboratory, School of Science, RMIT University, Melbourne, VIC 3000, Australia.
de Química Inorgánica and Instituto de Biotecnología, Universidad de Granada, Granada 18071, Spain. 3 Functional Materials and
Microsystems Research Group and Micro Nano Research Facility, RMIT University, Melbourne, VIC 3000, Australia. Correspondence and requests for
materials should be addressed to J.M.D-V. (email: josema@ugr.es) or to V.B. (email: vipul.bansal@rmit.edu.au)
2 Departamento

NATURE COMMUNICATIONS | (2018)9:3743 | DOI: 10.1038/s41467-018-06273-3 | www.nature.com/naturecommunications

1

ARTICLE

S

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06273-3

kin cancer, one of the most common cancers globally, is
mainly caused by an excessive exposure to ultraviolet
radiation (UVR)1. UVR is classiﬁed into UVA (315–400
nm), UVB (280–315 nm), and UVC (100–280 nm). The longwave
UVA penetrates deep into the skin and its cumulative exposure
over lengthy periods results in skin aging and wrinkling2. UVB is
particularly effective at damaging DNA and short bursts of high
UVB doses cause sunburn, increasing the likelihood of developing
skin cancer and cataract3. The shortwave UVC has the highest
energy that can induce deadly damages to all lifeforms, including
humans, plants, and planktons4,5. Fortunately, the atmosphere
ﬁlters out most of the solar UVB and all UVC. Therefore, the
solar UVR that reaches the earth surface is a combination of UVA
and UVB. Further, due to the depletion of the stratospheric ozone
layer, our natural protective ﬁlter is progressively declining. This
is leading to higher levels of UVR reaching the earth surface6,7.
Particularly, in regions such as Australia, where the ozone layer is
signiﬁcantly depleted, it is estimated that at least 2 in 3 people will
be diagnosed with skin cancer before the age of 708.
UVR also offers certain beneﬁts and has found applications in
the prevention or treatment of rickets, lupus vulgaris, and psoriasis9–11. A modest dose of UVB is essential for the body as it
interacts with 7-dehydrocholesterol in the skin to produce Vitamin D12. However, whilst UVB stimulates the production of
Vitamin D, UVA may destroy it13, thereby keeping the body in
balance. Considering that a balanced dose of sun exposure is
critical to maintaining body’s functionality, and yet the therapeutic beneﬁts of solar rays cannot outpace the associated
ramiﬁcations; an efﬁcient solar UV monitoring sensor is of
paramount importance for safe and effective sun exposure. Further, as UVC is utilized in a number of industrial processes, the
monitoring of UVC remains equally critical14,15. In particular, the
ability of UVC to kill bacteria, virus, yeast, and fungi has seen a
rapid rise in the use of UVC germicidal lamps in homes and
hospitals for water and air disinfection, and in food processing
industries to extend the shelf-life of products14. Even the smallest
levels of UVC exposure without appropriate protection can
induce serious damage16,17.
UVA, B, and C not only cause remarkably different effects on
biological entities and man-made products; the unpredictable
composition of UVR on the earth surface adds another level of
complexity in their selective monitoring18,19. Factors inﬂuencing
solar UV composition include geographical location, astronomical factors, pollution levels, climatic conditions such as clouds,
and reﬂective surfaces such as sand, water and snow18. In particular, the relative proportion of UVB is remarkably inﬂuenced by
these factors, such that the UVA/UVB irradiance ratio may vary
between 23 and 32 in a typical daylight spectrum20. This reﬂects
upon the need for a sensor that can generate a unique response
under different combinations of UVR. However, due to the lack
of a suitable material that can clearly distinguish between different UVR, the development of spectrally–selective UVR sensors
remains challenging.
Most of the current UV sensors rely on the photocurrent
generated by an inorganic semiconductor associated with a
multicomponent photodetector or spectroradiometer21–24. While
UVR-sensitive, these expensive equipments require extensive
spectral calibration and are not commercially viable for day-today consumer-based monitoring. This has seen emerging interest
in colorimetric UV sensors that utilize either photochromic
organic molecules25–28, or photocatalyst-mediated dye degradation mechanisms29,30. However, in this case, if a low bandgap
semiconductor is used, it fails to provide the required spectral
selectivity, as above a certain energy threshold, the organic
molecules typically convert to a single activated state, irrespective
of the type of the UVR29. Conversely, the use of a large band gap
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semiconductor will only allow detection of a speciﬁc high energy
UVR, but will not respond to other low energy UVRs30. A
potential option to circumvent these issues is to use band-pass
optical ﬁlters to separate speciﬁc wavelengths of UVR31. However, this tends to compromise the sensitivity to an extent that the
sensor may not be able to detect the low levels of UV that are
practically encountered in day-to-day use. In addition, the associated design complexity along with the use of expensive optical
components may make them cost-prohibitive for mass usage.
The current work proposes a new strategy that for the ﬁrst
time, allows spectrally selective colorimetric differentiation of
UVA, B, and C by naked eye. We replace broad UVR responsive
organic dyes with a multi-redox active photoelectrochromic
molecule that generates a unique response to speciﬁc UV wavelengths. This offers the required spectral selectivity for efﬁcient
UVR monitoring. Using this concept, we are able to develop an
invisible ink that can be used to create a low-cost paper-based
chromogenic UV sensor by employing simple household items
such as ﬁlter paper, fountain pen and transparency sheets (Fig. 1).
We show that the design ﬂexibility embedded within our technology enables the facile on-demand production of personalized
sensors that are suitable for naked-eye UV dosimetry to meet the
speciﬁc needs of people with different skin phototypes ranging
from very fair to dark brown skin (types I–VI) (Supplementary
Table 1) 32.
Results
Multi-redox photochromic ink for selective UV monitoring. To
assess the ability of multi-redox active photochromic molecules in
distinguishing different types of UVRs, we utilized phosphomolybdic acid (PMA) as a representative photoelectrochromic
polyoxometalate (POM) of the Keggin family (Fig. 1). Since their
discovery in the early 19th century by Berzelius33, POMs of
Keggin anion structure have received widespread attention due to
their diverse redox chemistry and rich electromagnetic, catalytic,
biological, and photochemical properties34–45. A particularly
exciting property of POMs is their ability to undergo a multi-step
reduction in the presence of an electron (e−) donor and UV light,
leading to a family of mixed-valence species46. The reduced
POMs, commonly known as “heteropoly blues”, show a characteristic deep blue color, thereby providing them with photoelectrochromic properties47,48. However, to be able to use POMs
to spectrally differentiate among different UVRs, a critical step is
to select an appropriate e− donor that is able to reduce PMA
molecules to different redox states under different UVRs, particularly in an ambient oxygen-rich environment.
To achieve this, PMA was ﬁrst exposed to a series of potential
organic e− donors under UVA, B, and C irradiations in an
ambient environment. While pristine PMA solution is almost
colorless (light yellow) with an absorption maximum at ca. 310
nm, the photoexcited PMA undergoes a metal-to-metal charge
transfer in the presence of an e− donor, and turns into a reduced
heteropoly blue with a broad absorption band in the visible region
centered at ca. 700 nm (Supplementary Fig. 1)48. The highest
energy of UVC produces the largest response, followed by UVB
and UVA, respectively. Among the various e− donors, oxalic acid,
glycolic acid, and lactic acid (LA) are able to induce differentiable
levels of PMA reduction under different UV sources over 30 min
(Fig. 2). LA is clearly the most promising candidate both in terms
of providing the strongest response (intense blue color suitable
for naked-eye detection) as well as high spectral selectivity
(differentiation between UVA, B, and C). Inset in Fig. 2 further
shows the ability of LA to offer UVR exposure time-dependent
reduction of PMA, thereby signifying the potential of PMA–LA
system as a colorimetric UV sensor with high spectral selectivity
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Fig. 1 Schematic illustration of the colorimetric paper-based UV sensor. a The aqueous solution containing photoelectrochromic phosphomolybdic acid
(PMA) is reduced by UVR in the presence of e− donor lactic acid (LA) to produce a blue product. b The PMA–LA mixture acts as an invisible ink to pendraw four smileys on a strip of ﬁlter paper. c These smileys are coated with increasing number of transparency ﬁlm ﬁlters (TFF) that increasingly reduce the
UV transmittance on smileys from left to right, thereby allowing the control over color generation time for the individual smiley. d After solar UV exposure,
blue smileys start to appear on the paper strip sensor from left to right. The number of blue smileys indicates that the user has been exposed to
increasingly larger doses of UV, such that the appearance of 1–4 blue smileys represents 25, 50, 75, and 100% of safe exposure thresholds, respectively.
The control over the number of TFF over each smiley in the sensor strip allows production of personalized UV sensors speciﬁc to different skin phototypes
ranging from very fair to dark brown skin, as demonstrated later through Fig. 5
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Fig. 2 Comparison of different e− donors in reducing PMA on UVR excitation. The main panel compares the ability of different e− donors in reducing PMA
after 30 min of UVR excitation. The photographs of the colored solutions post-UVR exposure in the presence of lactic acid are shown. The inset shows the
UVR exposure time-dependent response of PMA in the presence of lactic acid. The concentrations of PMA and the e− donor correspond to 1 and 10 mM,
respectively, and the UVR intensity is consistent as 15 W m–2 resulting in an effective UV dose of 27,000 J m–2 over 30 min. Each data point represents an
average of the colorimetric response obtained from three independent samples and the associated standard deviation
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Fig. 3 Performance of PMA–LA sensor across the UVB MED range for different skin types. a UVR dose-dependent colorimetric response of PMA–LA
sensor demonstrating the sensor’s ability to differentiate UVA, B, and C even at extremely low dosages, as reﬂected from logarithmic X-axis. Each data
point represents an average of the colorimetric response obtained from 12 independent sensors and the associated standard deviation. The highlighted
responses correspond to the UVB MED for types I–VI skins (200, 250, 300, 450, 600, and 1000 J m−2, respectively). b–d The precision of PMA–LA
sensors at each of the UV doses at 10 J m–2 increments, as calculated from the data presented in a

and dose sensitivity. Time-dependent UVR sensor responses in
the presence of all ten e– donors are presented in Supplementary
Fig. 2.
Since the intensity of blue color produced on UV exposure is
expected to directly depend on PMA concentration, we next
compared the sensor performance with increasing PMA concentrations, while also evaluating the role of the relative Molar
amounts of the e– donor LA in achieving the optimum sensor
performance (Supplementary Fig. 3). As the PMA concentration
is sequentially increased from 1 to 5 mM, the overall colorimetric
response continues to increase. However, an interesting trend in
the response is observed with respect to the relative Molar
quantities of PMA and LA in the sensor. In all cases, irrespective
of the UVR source or the PMA concentration, as LA
concentration is increased, the absorbance at 700 nm initially
rises steeply, which is then followed by a sharp decline. To
understand this behavior, we collected the full spectral proﬁles of
the UV-exposed solutions containing a ﬁxed concentration of
PMA mixed with increasing concentrations of LA (Supplementary Fig. 4). Spectral analysis reveals that as the amount of the e−
donor with respect to PMA (LA:PMA) increases, the absorption
feature at ca. 700 nm due to PMA reduction gradually increases in
intensity. However, with a further increase in the e− donor
concentration, an additional absorption peak at ca. 840 nm starts
to emerge that continues to dominate along with a concomitant
reduction in the absorbance at ca. 700 nm. The observed behavior
is attributed to the multi-step photo-electroreduction of Mo(VI)
to Mo(V) with an increasing e− donor concentration that leads to
the coexistence of multiple products of distinct optical properties49. Speciﬁcally, the two reaction products noted at ca. 700 and
840 nm are the outcomes of two successive two-electron
reduction steps, each of which allows two of the twelve Mo(VI)
4

atoms in PMA to be reduced to Mo(V)50–52. This highlights the
importance of utilizing speciﬁc quantities of PMA and LA in
developing a colorimetric UVR sensor. Overall, the most intense
colorimetric blue response and the highest spectral selectivity
toward different UVRs are achieved with 5 mM PMA and 300
mM LA, and as such, this solution was employed as an invisible
ink for subsequent studies.
Ultrasensitive UV sensing for different skin phototypes. For a
UV sensor to be a viable tool to alert users against excessive solar
UV exposure, it is critical that the sensor is able to operate in the
range of minimal erythemal dose (MED). MED is deﬁned as the
threshold dose of UVRs that produces an erythemal reaction,
commonly known as sunburn32,53. Different skin phototypes
have different levels of UV tolerance, and as such, the MED for
UVB, which is predominantly responsible for sunburns, varies
from 200 J m–2 for very fair skin people (type I) to 1000 J m–2 for
people with dark brown skin (type VI) (Supplementary Table 1)
32. In contrast, the high tolerance of our skin to UVA (MED in kJ
m–2) allows safe exposure of over 1000 times higher doses of
UVA before causing sunburn. Since the most damaging effects of
solar exposure are induced by UVB, we assessed whether the
PMA–LA sensor retains its ability to differentiate between UVA,
B, and C when exposed to the prescribed UVB MED for different
skin types (<200–1000 J m–2) (Fig. 3 and Supplementary Fig. 5).
The sensor continues to show good spectral selectivity even at low
UV dosages, such that the nature of the UVR at as low as 20 J m–2
UV dose can be conﬁdently distinguished. The sensor also shows
better than 95% precision for all the UV doses tested at 10 J m–2
increments. This demonstrates the in-principle feasibility of
employing PMA–LA mixture for real-world solar UV
monitoring.
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Fig. 4 The use of PMA–LA invisible ink to fabricate paper-based smiley sensors. a Photographs of three paper-based UV sensors with increasing exposure
time and the corresponding cumulative effective doses of UVA, B, and C. Only selected time points of photographs are shown for clarity. The sensor
response at the UVB MED doses of skin types I–VI is highlighted. The 0 s time point represents invisible smileys drawn on ﬁlter papers using PMA–LA ink,
followed by drying. b–d Reﬂectance spectra of smileys shown in a on exposure to UVA, B, and C, respectively, with increasing UVR doses as indicated by
arrows. In comparison to 16 dose points in a, reﬂectance spectra in b–d correspond to all the 35 tested doses. e UVR dose-dependent colorimetric response
of PMA–LA smiley sensors demonstrating the sensor’s ability to differentiate UVA, B, and C even at extremely low dosages, as reﬂected from the
logarithmic X-axis. Each data point represents an average of the colorimetric response obtained from four independent sensors and associated standard
deviation. f–h The precision of PMA–LA smiley sensors at each of the tested UV doses, as calculated from the data presented in e

PMA–LA as invisible ink for naked-eye UV detection on paper.
We next demonstrate the practical applicability of this novel
photoelectrochromic PMA–LA system by using it as an invisible ink for designing low-cost, disposable, paper-based UVR
smiley sensors (Fig. 1). We used a standard fountain pen to
hand-draw smiley faces on three ﬁlter paper discs of 15 mm
diameter, followed by independently exposing them to UVA, B,
and C radiations. The ink is colorless, thus the smileys drawn
on the paper are invisible at ﬁrst (Fig. 4a and Supplementary
Fig. 6). Next, as a result of receiving electrons from LA under
different wavelengths of UV excitation, PMA in the ink gradually converts into heteropoly blue, resulting in the appearance of blue smileys on the paper whose intensity increases with
increasing UV exposure time or total effective dose. It is also
clear that the invisible PMA–LA ink retains its ability to differentiate between UVA, B, and C both within and well beyond

the recommended MED of UVB for different skin phototypes.
Figure 4b–d compares the corresponding reﬂectance spectra of
these smileys upon exposure to UVA, B, and C, respectively.
Comparison of the reﬂectance spectra of the pristine paper with
those after drawing smileys before UV exposure shows strong
absorption at ca. 260 nm. This corresponds to the Mo–O charge
transfer band in unreduced PMA molecules48. Further, as these
smiley sensors are exposed to an increasing UV dose, irrespective of the type of UVR, the reﬂectance in the visible
400–800 nm region concomitantly reduces (Fig. 4e and Supplementary Fig. 7). This reduced reﬂectance results from the
enhanced absorbance of visible light by blue smileys due to the
appearance of intervalence charge transfer bands of reduced
PMA in the visible region48. It is noted that once the paperbased smiley sensors are exposed to a ﬁnite dose of UVR, the
reﬂectance and corresponding color of these sensors begin to
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saturate. The shortwave UVC saturates the sensor at lower UV
doses in comparison to that of UVB and UVA, respectively.
This behavior is advantageous considering the high risks
associated with UVC in comparison to that of UVB and UVA.
Interestingly, while the reﬂectance proﬁles of sensors exposed
to UVA and B are similar with corresponding blue smileys, the
UVC-exposed sensors show a notably different proﬁle with
bluish-green smileys. This is attributed to the high energy levels
of UVC that can further reduce Mo(VI) atoms in multi-redox
PMA to new states with d–d band transitions at ca. 500 nm,
resulting in different optical properties, as evident from
Fig. 4d48. These paper-based smiley sensors show outstanding
spectral-selectivity with a precision better than 97% for all three
types of UVRs across a broad dynamic range of the UV dose.
Importantly, the sensors are able to monitor UVA, B, and C
with different color changing rates (ﬁrst-order kinetic rate
constants of 0.0012, 0.0136, and 0.0677 s−1, respectively, as
derived from Fig. 4e), offering UVR spectral selectivity. Relevant to the monitoring of safe UV exposure thresholds on
human skin, the smiley paper sensors are able to differentiate
between UVA, B, and C when the exposure dose is as low as 25
J m–2 or as high as 18,000 J m–2. This not only covers the UVB
MED range for all skin types, the ability to detect signiﬁcantly
higher UV doses also suggest the potential applicability of these
sensors for long-term monitoring of engineered products. As
such, the PMA–LA smiley sensors reported here are signiﬁcantly more sensitive than previously reported paper-based
and epidermal UV sensors that are unable to detect UVB MED
for some of the skin types through naked-eye dosimetry 29,31.
Speciﬁcity, durability, and stability of PMA–LA UV sensors. To
assess the practical utility of PMA–LA UVR sensors, we studied
their robustness through performing a series of speciﬁcity, durability and stability studies. As sunlight contains visible and
infrared (IR) components in addition to UVR, we ﬁrst assessed the
inﬂuence of these wavelengths as well as the heat produced by IR
light in potentially causing non-speciﬁc sensor response. Under
intense visible and IR light irradiation, as well as at an elevated
temperature of 80 °C, no change in the reﬂectance spectra is
observed and the smileys remain invisible (Supplementary Fig. 8).
This validates the high speciﬁcity of PMA–LA sensors toward
UVR. Further, these PMA–LA sensors show high durability in the
presence of different environmental variants (Supplementary
Fig. 9 and Fig. 10). The pre-exposure of these sensors to high
intensity visible and infrared radiations, the high ambient temperature of 50 °C and high relative humidity of 90% does not alter
their UV dose-dependent colorimetric performance (Supplementary Fig. 9). These sensors are in fact highly robust, and they
continue to perform consistently even when they are exposed to a
series of humidity/temperature combinations during UV sensing
(Supplementary Fig. 10). In addition, the PMA–LA ink employed
to prepare smiley sensors remains stable for at least over 8 weeks
(Supplementary Fig. 11). In fact, the comparison of all paperbased smiley sensors prepared in this study, including those
subjected to rigorous environmental conditions and those prepared using old ink (Fig. 4, and Supplementary Fig. 9-11) showed
an outstanding precision of greater than 98% at all the tested doses
(inset, Supplementary Fig. 11). In combination, these results
clearly demonstrate the high speciﬁcity, durability, stability, and
reliability of PMA–LA ink and paper-based sensors prepared from
these inks, under different storage and in-use conditions.
Skin type-speciﬁc wearable solar UV dosimeters. As stated
earlier, people with different skin colors have different MED
thresholds (Supplementary Table 1). Therefore, even though the
6

sensor presented in Fig. 4 is suitable as an overall UV indicator, it
might be challenging to utilize it for obtaining an accurate UV
exposure scale (e.g. 25%, 50%, 75%, and 100% exposure thresholds) for people with different skin phototypes. This challenge can
be potentially addressed by covering the smiley sensors with
optical ﬁlters that can alter the UVR dose reaching the smileys,
thereby allowing the adjustment of the sensor response time as a
function of the UV dose. However, the chosen ﬁlter should be
cheap enough to facilitate technology adoption by the majority of
the population. We discovered that low-cost readily available
transparency ﬁlms can, in fact, act as ideal UV ﬁlters for this
purpose. Supplementary Fig. 12 shows the ability of different
stacks of transparency ﬁlm ﬁlters (TFF) in reducing the light
transmittance across different regions of the UV-visible spectrum.
Supplementary Fig. 13 veriﬁes that when the smiley UV sensors
prepared with different TFF coatings are exposed to simulated
sunlight, the colorigenic response is clearly delayed as the number
of TFF is increased from 0 to 8. This TFF-induced delayed sensor
response is further evident from Supplementary Fig. 14, which
shows that the ﬁrst-order kinetic rate constant of the sensor
response of 8 layers TFF-coated sensor (0.0012 s−1) is reduced by
4.4 times compared to that from the pristine uncoated smiley
(rate constant 0.0053 s−1). It is also noted that each of these TFFcoated sensors retains their individual ability to provide UV
dosimetry through generating an increasingly higher colorimetric
response with the increased exposure time. This suggests that by
choosing an appropriate coating of TFF layers, colorimetric UV
dosimeters that provide accurate scales for monitoring different
levels of solar UV exposure for people with different skin phototypes can be easily customized.
Figure 5 illustrates the sensor design for solar UV dosimetry of
people with different skin colors. The sensor comprises smileys
drawn on four ﬁlter paper discs using a PMA–LA-based invisible
ink, and attached to a ﬂexible band. Within each sensor, the
individual smileys are covered with different layers of TFF (0–8),
such that the number of TFF increases from left to right and on
photo-exposure the UV transmittance decreases accordingly. This
means that the ﬁrst smiley will light-up blue with less UV
exposure, and increasing larger cumulative UV doses will make
other smileys subsequently appear on the paper. Using this
concept and through optimization of the number of TFF, we are
able to custom-design six personalized sensors that are speciﬁc
for different skin types ranging from type I (very fair) to type VI
(dark brown). In each of these sensors, the ﬁrst two are happy
smileys that show-up at 25% and 50% UVB MED, respectively,
when subjected to simulated solar conditions. The third one is a
ﬂat smiley representing 75% MED exposure, thereby providing a
pre-warning signature of UV exposure threshold. Finally, once
the frowning smiley appears, it is a warning that the user has
approached the maximum threshold of the safe exposure, and
actions must be taken to avoid excessive exposure.
Discussion
Our work has shown an innovative concept in spectrally selective
dosimetry of different UV irradiations by employing PMA as a
multi-redox active photoelectrochromic molecule. This work
establishes the unique ability of POMs to spectrally differentiate
UVA, B, and C radiations. We ﬁrst developed an invisible ink by
identifying lactic acid as an effective e− donor that reduces PMA
into “heteropoly blues” to varying extents in the presence of
different UVRs. This allowed us to validate the proof-of-concept
suitability of the PMA–LA ink for spectrally selective detection of
UVRs in a solution-based system. This ink was found highly
sensitive to allow detection of low levels of UV doses that are
typically encountered during a solar exposure event. We further
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2
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TFF layers

25%
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Skin type III, MED 300 J·m–2
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2
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Fig. 5 Design and performance of skin-phototype-speciﬁc personalized UV sensors. The top panel shows a paper-based solar UV sensor prototype for a
skin type V person in a wristband format after 100% MED exposure. Sensor design incorporates four paper disc-based smileys, each covered with different
layers of TFF, and attached to a ﬂexible wearable band. The smileys are initially invisible, but as the wearer is increasingly exposed to safe solar UVB
thresholds of 25%, 50%, 75%, and 100% MED of that particular skin color, the smileys turn blue from left to right, respectively. The colored smileys
correspond to total effective solar UV dose. This is demonstrated through assessing the performance of six customized sensors in simulated solar light
(bottom six panels), assuring that sensors meet the wide-ranging UVB MED thresholds of people with different skin colors. The skin-phototype speciﬁcity
is achieved by an appropriate combination of the smiley paper discs coated with different TFF layers (0–8) in a single sensor that allows dose-dependent
modulation of sensor response
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extended this concept to real-time naked-eye dosimetry of solar
UV exposure by designing six personalized paper-based smiley
sensors for people with different skin colors. Notably, after a
sunburn incident, it may take over 12 h before the signs of the
erythemal reaction appear17. This makes it extremely challenging
for an average person to determine their sun-safe exposure limits.
Our sensors generate unambiguous real-time colorimetric warning indications of different UV scales with increasing UVR
exposure while providing a reliable sensor response under a
variety of environmental conditions. This capability has
remarkable potential in empowering users with different skin
phototypes to control their maximum sun-safe limits. Importantly, the fabrication of these skin-speciﬁc UV dosimeters only
requires readily available low-cost components such as ﬁlter
paper, fountain pen, and transparency sheets. Additionally, the
low viscosity and high stability of the invisible ink makes it suitable for various printing options, affording great promise for
large-scale fabrication of low-cost paper-based UV sensors tailored speciﬁcally for an individual’s need.
Methods
Materials and methods. PMA, LA, glycolic acid, and malonic acid were purchased
from Sigma-Aldrich; alanine and glycine were from BDH Chemicals Ltd Poole
England; methanol and acetic acid were from VMR International SAS; and ethanol,
oxalic acid and ethylene alcohol were from Chem-Supply, Merck Pty Ltd Australia,
and May & Baker Ltd Dagenham England, respectively. The ﬁlter paper was
purchased from Advantec Toyo, and the transparency ﬁlms (TFF) were obtained
from Ofﬁceworks Australia. UV-visible absorbance spectra of solutions were
recorded in a 96-well plate format using a Perkin Elmer EnvisionTM 2104 Multilabel Plate Reader. Transmittance and reﬂectance spectra from the transparencies
and ﬁlter papers, respectively, were recorded using an Agilent Technologies Cary
7000 UV-Vis-NIR Spectrophotometer equipped with an integrating sphere. The
UV light sources comprised two simultaneously used 8-Watt halogen tubes with
λmax at 365 nm (UVA), 302 nm (UVB) and 254 nm (UVC), respectively. A 300Watt Ultra-Vitalux Osram lamp was used to simulate the solar spectrum. The
working distance between the light sources and the samples was optimized to
obtain the required photo-intensity/dose at the sample surface using a Thorlabs
PM 200 optical power and energy meter with an S302C sensor. The humidity and
temperature measurements were performed using QM7312 Digitech Jumbo
Thermometer with Hygrometer & Min Max Memory. Throughout the study, the
term “intensity” corresponds to the power of the light source at the surface of the
sample with the unit expressed as W m–2, whereas the term “dose” corresponds to
the cumulative dose of a speciﬁc radiation on the sample surface over a period of
time expressed as J m–2 (1 W m–2 = 1 J m–2 s–1).
Selection of e− donors for photo-electroreduction of PMA. A ﬁxed volume of
100 µL of aqueous PMA solution (2 mM) was independently mixed with 100 µL of
aqueous solutions (20 mM) of malonic acid, acetic acid, glycine, methanol, alanine,
ethanol, ethylene alcohol, oxalic acid, glycolic acid, lactic acid in a 96-well plate. A
mixture of 100 µL of PMA solution and 100 µL of H2O served as PMA control. The
plate was then exposed to different UV light sources with a ﬁxed UV intensity of
15 W m–2 at the sample surface. Time-dependent photochemical reduction of
PMA was monitored by measuring the absorbance of the solutions at 700 nm after
10, 20, and 30 min of irradiation. The tests were performed in triplicates, and
average absorbance plotted along with standard deviations.
Optimization of PMA–LA ink for colorimetric sensor. To optimize the most
intense blue response from the PMA–LA mixture in the presence of UVR, concentrations of PMA and LA were varied in a series of experiments. Brieﬂy, 100 µL
of PMA solution (2, 5, and 10 mM) was mixed with 100 µL of different concentrations of LA in a 96-well plate to achieve LA:PMA Molar ratios of 0:1, 10:1,
20:1, 30:1, 40:1, 50:1, 60:1, 70:1, 80:1, 90:1 and 100:1, respectively. The plates were
then independently exposed to UVA, B, and C with a ﬁxed intensity of 15 W m–2.
The sensor response was obtained by measuring the solution absorbance at 700 nm
after 5 min of irradiation, leading to a total UV dose of 4500 J m–2. The tests were
performed in triplicates, and the average response plotted along with the standard
deviations (Supplementary Fig. 3). To obtain a mechanistic understanding of the
spectral response of different PMA:LA mixtures on UV excitation, the absorption
spectra of PMA–LA mixtures containing 1 mM PMA and different LA:PMA Molar
ratios were also collected after photoexcitation with UVA for 60 min (Supplementary Fig. 4).
Further, the ability of PMA–LA sensor to produce a colorimetric response in
the presence of low doses of UVR that are relevant to the UVB MED for different
skin types was evaluated. These experiments involved independently exposing the
mixtures containing 5 mM PMA and 300 mM LA (total 200 µL volume) in 96-well
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plates, each with 12 replicates, to different UVR with the UV intensity of 5 W m–2
for different amounts of time leading to different UV doses. This was followed by
collecting the time-dependent absorption proﬁle of these samples at 700 nm. The
logarithmic data presented in Fig. 3a distinguish early dose points, while the same
data is also presented in the linear dose scale in Supplementary Fig. 5. The data
represent the mean colorimetric response of 12 independent sensors along with
associated standard deviation as error bar at each dose point. The data from these
3960 independent measurements (110 dose points × 3 UVR × 12 replicates) were
then used to calculate the sensor precision at each of the tested doses of UVA, B,
and C, as presented in Fig. 3b–d.
Fabrication of paper-based UV smiley sensors. An aqueous solution containing
5 mM PMA and 300 mM LA was used as an invisible ink for sensor fabrication. To
fabricate the paper-based smiley sensors, smileys were hand-drawn on ﬁlter paper
discs of 15 mm diameter using a standard fountain pen. The smileys were visible as
water-marks when the ink was wet, however, the smileys became invisible after
drying under ambient conditions while avoiding solar or UV exposure. These dried
paper discs were then ready to be used as paper-based UV sensors shown in Fig. 4.
Photo-exposure experiments on paper-based smiley sensors. The hand-drawn
paper-based smiley sensors were independently exposed to UVA, UVB, and UVC
with a ﬁxed intensity of 5 W m–2. Photographs of the paper-based sensors were
taken using a mobile camera before and after UV irradiation for different time
points (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180,
200, 250, 300, 350, 400, 500, 600, 750, 900, 1200, 1500, 1800, 2400, 3000 and 3600
s), resulting in the total effective UV dose of 25–18,000 J m–2. Supplementary Fig. 6
shows corresponding photographs as-obtained from the mobile camera. Since,
after photo acquisition, the acquired color contrast was found to be different than
the original white background of the paper-based sensor perceived by the nakedeye, the background of the photos was changed to white using the brightness and
contrast correction tool of Microsoft PowerPoint 2010. Same setting parameters
were applied to all the images to retain consistency. These edited photos that
appeared closest to those visually perceived by the naked-eye are presented in
Fig. 4a.
The color intensity of the blue smileys appearing on the paper with increasing
UVR exposure was quantiﬁed by recording their absolute reﬂectance. The
reﬂectance of the blank ﬁlter paper without drawing served as control (Fig. 4b–d).
The relative reﬂectance of the smiley sensors under different photoexcitation
conditions was calculated by integrating the area under each of the reﬂectance
curves in the 400–800 nm range while considering the reﬂectance from the blank
untreated paper as 100%. The logarithmic data presented in Fig. 4e distinguish
early dose points, while the corresponding data are also presented as a linear dose
scale in Supplementary Fig. 7. The data correspond to the mean colorimetric
response from four independent sensors along with associated standard deviation
as error bars at each of the dose points. The data from these 420 independent
measurements (35 dose points × 3 UVR × 4 replicates) were then used to calculate
the sensor precision at each of the tested doses of UVA, B, and C (Fig. 4f–h).
Speciﬁcity, durability, and stability of PMA–LA UV sensors. The speciﬁcity of
paper-based smiley sensors was assessed by exposing the sensors independently to
high intensity visible light (130 W m–2 at the sensor surface), infrared light (700 W
m–2 at the sensor surface), and 80 °C oven heat, followed by collecting their
reﬂectance spectra (Supplementary Fig. 8).
To validate the durability of paper-based smiley sensors, they were pre-exposed
for 1 h to a variety of conditions mimicking ambient environment, followed by
exposure to different doses of UVB, and collecting their reﬂectance proﬁle
(Supplementary Fig. 9). These pre-exposure conditions included high intensity
visible light (130 W m–2), high intensity IR light (700 W m–2), the high ambient
temperature of 50 °C, and high relative humidity of 90%. Additional durability tests
mimicking different climatic conditions involved assessing the UVB dosedependent sensing performance of paper-based smiley sensors from reﬂectance
studies, while keeping them continuously exposed to varying relative humidity/
temperatures during sensing (Supplementary Fig. 10).
To establish the stability of the UV sensing platform, we tested the stability of
the PMA–LA ink over 8 weeks (Supplementary Fig. 11). This was done by
preparing the PMA–LA ink at the 8th, 6th, 4th, 2nd, and 0th week, followed by
fabricating paper-based smiley sensors using these inks at the 0th day, and
comparing their ability to detect different doses of UVB through reﬂectance studies
(Supplementary Fig. 11).
Controlling UV dosimetry using transparency ﬁlm ﬁlters (TFF). To modulate
the amount of solar irradiation reaching the surface of paper-based smiley sensors,
standard transparency sheets were employed as low-cost optical ﬁlters (TFF). To
validate the utility of these transparency ﬁlms as optical ﬁlters, the initial experiments involved collecting the transmittance proﬁle of different stacks of TFF (1–8
layers) (Supplementary Fig. 12). This was followed by fabrication of paper-based
smiley sensors, and covering them with different layers of TFF (0–8 layers) before
exposing to a solar simulator with a consistent UVB intensity of 1 W m–2. The blue
color appearing on the paper sensors was quantiﬁed by monitoring their
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reﬂectance proﬁle after the cumulative exposure time of 30, 60, 120, 180, 300, 600,
and 900 s, corresponding to the respective effective UVB dosage of 30–900 J m–2
(Supplementary Fig. 13). The relative reﬂectance of sensors under different TFF
coverage is presented in Supplementary Fig. 14.
Fabrication of skin-speciﬁc personalized UV dosimeters. To fabricate the
paper-based solar UV dosimeter, four ﬁlter paper discs of 15 mm diameter were
taken and different faces (two with the smiling faces, one ﬂat face and one frowning
face) were drawn on discs using a fountain pen containing the PMA–LA invisible
ink. This was followed by covering each of the smiley-containing discs with a
different number of TFF, ranging from 0 to 8. The number of TFF increased from
smiling face toward the frowning face. These four smiley discs were attached to a
ﬂexible band in a manner such that the disc with the lowest number of TFF is
placed on the left-most edge (smiling face) while the disc with the highest number
of TFF is placed on the right-most edge (frowning face). The ﬁnal solar UV
dosimeter was in the form of a strip sensor consisted of four invisible smileys
coated with different TFF layers, such that on solar exposure, the smileys from left
to right will begin to appear blue with the increasing cumulative UV exposure time/
dose.
To custom-design six different UV dosimeters speciﬁc to different skin types
(Supplementary Table 1), the approach described above was repeated; however, in
this case, the TFF coating-dependent sensor reﬂectance data obtained from
Supplementary Fig. 13 and Fig. 14 were used as the reference standard to decide the
number of TFF layers coatings on each smiley. The number of TFF in each of these
UV dosimeters was chosen such that the sensor provides a naked-eye colorimetric
dosimetry of 25%, 50%, 75%, and 100% equivalent of UVB MED for each of the
skin types. This sensor design allowed appearance of the ﬁrst smiley at 25% MED,
the additional second smiley at 50% MED, and the subsequent appearance of the
third and the fourth smileys at 75% and 100% MED, respectively. As such, the
layers of TFF coated on four smileys for fabricating personalized dosimeters for
each skin types included: 0, 1, 2, and 3 layers for skin type I (Very fair skin:
Northern European and British descent); 0, 2, 3, and 4 layers for skin type II (Fair
skin: European and Scandinavian descent); 0, 2, 4, and 5 layers for skin type III
(Medium skin: Southern European and Central European descent); 1, 4, 5, and 6
layers for skin type IV (Olive skin: Mediterranean, Asian and Latino descent); 2, 5,
6, and 7 layers for skin type V (Brown skin: East Indian, African and Native
American descent); 4, 6, 7, and 8 layers for skin type VI (Dark brown skin: African
Aboriginal descent).
To perform UV dosimetry experiments under simulated sunlight conditions,
the prepared sensor strips for each skin type were exposed to a solar simulator with
a consistent UVB intensity of 1 W m–2 at the sensor surface for different exposure
time. The appearance of blue smileys on photo-exposure allowed naked-eye
dosimetry of UV irradiations, as indicated through corresponding photographs
recorded using a mobile camera (Fig. 5).

Data availability
All data are available in the main text or through online supplementary information.
Corresponding unprocessed data are available from the corresponding authors.

Received: 16 February 2018 Accepted: 28 August 2018

References
1.

Orazio, J., Jarrett, S., Amaro-Ortiz, A. & Scott, T. UV radiation and the skin.
Int. J. Mol. Sci. 14, 12222–12248 (2013).
2. Noonan, F. P. et al. Melanoma induction by ultraviolet A but not ultraviolet B
radiation requires melanin pigment. Nat. Commun. 3, 884 (2012).
3. Ichihashi, M. et al. UV-induced skin damage. Toxicol 189, 21–39
(2003).
4. Sagan, C. Ultraviolet selection pressure on the earliest organisms. J. Theor.
Biol. 39, 195–200 (1973).
5. Diffey, B. Solar ultraviolet radiation effects on biological systems. Phys. Med.
Biol. 36, 299 (1991).
6. World Health Organization. Global solar UV index, a practical guide, http://
www.who.int/uv/publications/en/UVIGuide.pdf (2002).
7. Bais, A. et al. Ozone depletion and climate change: impacts on UV radiation.
Photochem. Photobiol. Sci. 14, 19–52 (2015).
8. Staples, M. P. et al. Non-melanoma skin cancer in Australia: the 2002 national
survey and trends since 1985. Med. J. Aust. 184, 6–10 (2006).
9. Holick, M. F. Resurrection of vitamin D deﬁciency and rickets. J. Clin. Invest.
116, 2062–2072 (2006).
10. Møller, K. I., Kongshoj, B., Philipsen, P. A., Thomsen, V. O. & Wulf, H. C.
How Finsen's light cured lupus vulgaris. Photodermatol. Photoimmunol.
Photomed. 21, 118–124 (2005).

11. Archier, E. et al. Carcinogenic risks of psoralen UV‐A therapy and
narrowband UV‐B therapy in chronic plaque psoriasis: a systematic literature
review. J. Eur. Acad. Dermatol. Venereol. 26, 22–31 (2012).
12. Holick, M. F. Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers, and cardiovascular disease. Am. J. Clin. Nutr.
80, 1678S–1688S (2004).
13. Godar, D. E., Landry, R. J. & Lucas, A. D. Increased UVA exposures and
decreased cutaneous Vitamin D3 levels may be responsible for the increasing
incidence of melanoma. Med. Hypotheses 72, 434–443 (2009).
14. Begum, M., Hocking, A. D. & Miskelly, D. Inactivation of food spoilage fungi
by ultra violet (UVC) irradiation. Int. J. Food Microbiol. 129, 74–77
(2009).
15. Dillon, J. G. & Castenholz, R. W. Scytonemin, a cyanobacterial sheath
pigment, protects against UVC radiation: implications for early
photosynthetic life. J. Phycol. 35, 673–681 (1999).
16. Besaratinia, A. et al. Wavelength dependence of ultraviolet radiation-induced
DNA damage as determined by laser irradiation suggests that cyclobutane
pyrimidine dimers are the principal DNA lesions produced by terrestrial
sunlight. FASEB J. 25, 3079–3091 (2011).
17. McKinlay, A. F. A reference action spectrum for ultraviolet induced erythema
in human skin. CIE J. 6, 17–22 (1987).
18. Josep, C., David, P. & Josep‐Abel, G. Empirical studies of cloud effects on UV
radiation: a review. Rev. Geophys. 43, RG2002 (2005).
19. Madronich, S., McKenzie, R. L., Caldwell, M. & Björn, L. O. Changes in
ultraviolet-radiation reaching the earth's surface. Ambio 24, 143–152
(1995).
20. Marionnet, C., Tricaud, C. & Bernerd, F. Exposure to non-extreme solar UV
daylight: spectral characterization, effects on skin and photoprotection. Int. J.
Mol. Sci. 16, 68–90 (2015).
21. Cao, C. et al. UV sensor based on TiO2 nanorod arrays on FTO thin ﬁlm. Sens.
Actuators B 156, 114–119 (2011).
22. Gedamu, D. et al. Rapid fabrication technique for interpenetrated ZnO
nanotetrapod networks for fast UV sensors. Adv. Mater. 26, 1541–1550
(2014).
23. Wu, H. et al. GaN nanoﬁbers based on electrospinning: facile synthesis,
controlled assembly, precise doping, and application as high performance UV
photodetector. Adv. Mater. 21, 227–231 (2009).
24. Kim, S. J., Han, J.-W., Kim, B. & Meyyappan, M. Single walled carbon
nanotube based air pocket encapsulated ultraviolet sensor. ACS Sens. 2,
1679–1683 (2017).
25. Ngampeungpis, W., Tumcharern, G., Pienpinijtham, P. & Sukwattanasinitt,
M. Colorimetric UV sensors with tunable sensitivity from diacetylenes. Dyes
Pigm. 101, 103–108 (2014).
26. Lee, M. E. & Armani, A. M. Flexible UV exposure sensor based on UV
responsive polymer. ACS Sens. 1, 1251–1255 (2016).
27. Kim, J. et al. Battery-free, stretchable optoelectronic systems for wireless
optical characterization of the skin. Sci. Adv. 2, e1600418 (2016).
28. Shi, Y. et al. Soft, stretchable, epidermal sensor with integrated electronics and
photochemistry for measuring personal UV exposures. PLOS ONE 13,
e0190233 (2018).
29. Khiabani, P. S., Soeriyadi, A. H., Reece, P. J. & Gooding, J. J. Paper-based
sensor for monitoring sun exposure. ACS Sens. 1, 775–780 (2016).
30. Kim, S. et al. A zero-power, low-cost ultraviolet-C colorimetric sensor using a
gallium oxide and reduced graphene oxide hybrid via photoelectrochemical
reactions. Catalysts 7, 248 (2017).
31. Araki, H. et al. Materials and device designs for an epidermal UV colorimetric
dosimeter with near ﬁeld communication capabilities. Adv. Funct. Mater. 27,
1604465 (2017).
32. Fitzpatrick, T. B. The validity and practicality of sun-reactive skin types I
through VI. Arch. Dermatol. 124, 869–871 (1988).
33. Berzelius, J. J. Beitrag zur näheren Kenntniss des molybdäns. Ann. Phys. 82,
369–392 (1826).
34. Okuhara, T., Mizuno, N. & Misono, M. Catalytic chemistry of heteropoly
compounds. Adv. Catal. 41, 113–252 (1996).
35. Sadakane, M. & Steckhan, E. Electrochemical properties of polyoxometalates
as electrocatalysts. Chem. Rev. 98, 219–238 (1998).
36. Troupis, A., Hiskia, A. & Papaconstantinou, E. Synthesis of metal
nanoparticles by using polyoxometalates as photocatalysts and stabilizers.
Angew. Chem. Int. Ed. 41, 1911–1914 (2002).
37. Pearson, A., Bhosale, S., Bhargava, S. K. & Bansal, V. Combining the UVswitchability of Keggin ions with a galvanic replacement process to fabricate
TiO2–polyoxometalate–bimetal nanocomposites for improved surface
enhanced Raman scattering and solar light photocatalysis. ACS Appl. Mater.
Interfaces 5, 7007–7013 (2013).
38. Pearson, A., Zheng, H., Kalantar-zadeh, K., Bhargava, S. K. & Bansal, V.
Decoration of TiO2 nanotubes with metal nanoparticles using
polyoxometalate as a UV-switchable reducing agent for enhanced visible and
solar light photocatalysis. Langmuir 28, 14470–14475 (2012).

NATURE COMMUNICATIONS | (2018)9:3743 | DOI: 10.1038/s41467-018-06273-3 | www.nature.com/naturecommunications

9

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06273-3

39. Pearson, A., Bhargava, S. K. & Bansal, V. UV-switchable polyoxometalate
sandwiched between TiO2 and metal nanoparticles for enhanced visible and
solar light photococatalysis. Langmuir 27, 9245–9252 (2011).
40. Pearson, A., Jani, H., Kalantar-zadeh, K., Bhargava, S. K. & Bansal, V. Gold
nanoparticle-decorated Keggin ions/TiO2 photococatalyst for improved solar
light photocatalysis. Langmuir 27, 6661–6667 (2011).
41. Daima, H. K. et al. Synergistic inﬂuence of polyoxometalate surface corona
towards enhancing the antibacterial performance of tyrosine-capped Ag
nanoparticles. Nanoscale 6, 758–765 (2014).
42. Daima, H. K., Selvakannan, P. R., Shukla, R., Bhargava, S. K. & Bansal, V.
Fine-tuning the antimicrobial proﬁle of biocompatible gold nanoparticles by
sequential surface functionalization using polyoxometalates and lysine. PLoS
ONE 8, e79676 (2013).
43. Coronado, E., Galán-Mascarós, J. R., Giménez-Saiz, C., Gómez-García, C. J. &
Triki, S. Hybrid molecular materials based upon magnetic polyoxometalates
and organic π-electron donors: syntheses, structures, and properties of bis
(ethylenedithio)tetrathiafulvalene radical salts with monosubstituted Keggin
polyoxoanions. J. Am. Chem. Soc. 120, 4671–4681 (1998).
44. Clemente-León, M. et al. Application of the Langmuir–Blodgett technique to
polyoxometalates: towards New Magnetic Films. Angew. Chem. Int. Ed. 36,
1114–1116 (1997).
45. Clemente-Juan, J. M., Coronado, E. & Gaita-Ariño, A. Polyoxometalate
Chemistry. 155–171 (World Scientiﬁc, Singapore, 2013).
46. Pope, M. T. & Müller, A. Polyoxometalate chemistry: an old ﬁeld with new
dimensions in several disciplines. Angew. Chem. Int. Ed. 30, 34–48 (1991).
47. González, A., Gálvez, N., Clemente-León, M. & Dominguez-Vera, J. M.
Electrochromic polyoxometalate material as a sensor of bacterial activity.
Chem. Commun. 51, 10119–10122 (2015).
48. Papaconstantinou, E. Photochemistry of polyoxometallates of molybdenum
and tungsten and/or vanadium. Chem. Soc. Rev. 18, 1–31 (1989).
49. Nagul, E. A., McKelvie, I. D., Worsfold, P. & Kolev, S. D. The molybdenum
blue reaction for the determination of orthophosphate revisited: opening the
black box. Anal. Chim. Acta 890, 60–82 (2015).
50. Bergh, A. & Haight, G. Jr The mechanism of the reduction of molybdenum
(VI) by tin (II) in hydrochloric acid solutions. Inorg. Chem. 1, 688–690 (1962).
51. Haight, G. A spectrophotometric study of the dimerization of pentavalent
molybdenum in hydrochloric acid. J. Inorg. Nucl. Chem. 24, 663–671 (1962).
52. El-Shamy, H. & Iskander, M. Studies on some heteropoly blues—I the
reduction of 12-molybdophosphoric acid with stannous chloride. J. Inorg.
Nucl. Chem. 35, 1227–1237 (1973).
53. Pathak, M. A., Jimbow, K., Szabo, G., Fitzpatrick, T. B. Photochemical and
Photobiological Reviews, pp. 211–239 (Springer, Boston, 1976).

and R.R.) grants. V.B. acknowledges the generous support of the Ian Potter Foundation
in establishing Sir Ian Potter NanoBioSensing Facility at RMIT University. W.Z.
acknowledges RMIT University for the Vice Chancellor’s postgraduate scholarship; R.
R. and S.W. acknowledge RMIT University for Vice Chancellor’s Postdoctoral
Fellowships; M.B. thanks ARC for a DECRA Fellowship. J.M.D-V. acknowledges the
Commonwealth of Australia for an Endeavour Executive Award towards a sabbatical at
RMIT University.

Author contributions
V.B. and J.M.D-V. designed the study. W.Z. performed most the experiments with the
help of other co-authors (A.G. participated in screening electron donors; D.J. and R.R.
participated in reﬂectance measurements; M.T., S.W., S.S. and M.B. participated in UV
dosimetry). W.Z. processed data. W.Z. and V.B. critically analyzed the data and wrote the
manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467018-06273-3.
Competing interests: The work presented in this study has been patented (US 62/
684,045). The authors have interests in developing a commercial solar monitoring sensor
from the results presented in this study.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Acknowledgements
Authors acknowledge the Australian Research Council (ARC) for supporting this work
through Future Fellowship (FT140101285—V.B.) and Discovery (DP170103477—V.B.

10

© The Author(s) 2018

NATURE COMMUNICATIONS | (2018)9:3743 | DOI: 10.1038/s41467-018-06273-3 | www.nature.com/naturecommunications

