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Detection of UV-induced 
cyclobutane pyrimidine dimers by 
near-infrared spectroscopy and 
aquaphotomics
Noriko Goto1, Gyorgy Bazar2,3, Zoltan Kovacs2,4, Makoto Kunisada1, Hiroyuki Morita2, 
Seiichiro Kizaki5, Hiroshi Sugiyama5, Roumiana Tsenkova2 & Chikako Nishigori1

Ultraviolet (UV) radiation causes cellular DNA damage, among which cyclobutane pyrimidine 
dimers (CPDs) are responsible for a variety of genetic mutations. Although several approaches 
have been developed for detection of CPDs, conventional methods require time-consuming steps. 
Aquaphotomics, a new approach based on near-infrared spectroscopy (NIRS) and multivariate 
analysis that determines interactions between water and other components of the solution, has 
become an effective method for qualitative and quantitative parameters measurement in the 
solutions. NIR spectral patterns of UVC-irradiated and nonirradiated DNA solutions were evaluated 
using aquaphotomics for detection of UV-induced CPDs. Groups of UV-irradiated and nonirradiated 
DNA samples were classified (87.5% accuracy) by soft independent modeling of class analogy 
(SIMCA). A precise regression model calculated from NIR water spectral patterns based on UVC 
doses (r Val = 0.9457) and the concentration of cis-syn cyclobutane thymine dimers (cis-syn T<>Ts; 
r Val = 0.9993) was developed using partial least squares regression (PLSR), while taking advantage 
of water spectral patterns, particularly around 1400–1500 nm. Our results suggested that, in 
contrast to DNA, the formation of cis-syn T<>Ts increased the strongly hydrogen bonded water. 
Additionally, NIRS could qualitatively and quantitatively detect cis-syn T<>Ts in isolated DNA 
aqueous solutions upon UVC exposure.

In recent years, the annual incidence of skin cancer has increased dramatically worldwide1. Ultraviolet 
(UV) radiation is undoubtedly one of the most frequent causes of skin cancer2. Exposure to UV radi-
ation instantly induces dipyrimidine photoproducts, such as cyclobutane pyrimidine dimers (CPDs), 
pyrimidine (6-4) pyrimidone photoproducts (6-4PPs), and Dewar valence isomers, in cellular DNA 
through linkage of two adjacent pyrimidine bases3 upon photoexcitation. Many studies have shown that 
pyrimidine dimers are causes of UV-induced cytotoxicity and mutagenicity. Dipyrimidine photoprod-
ucts cause transition-type (pyrimidine-to-pyrimidine) mutations, namely, cytosine (C)-to-thymine (T) 
or CC-to-TT mutations at dipyrimidine sites4,5; and these types of mutations are referred to as “UV 
signature mutations”. CPDs are the major causative molecules inducing cell killing and play an important 
role in photocarcinogenesis by induction of mutagenicity and immunosuppressive effects6–8. In addition, 
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the abundance of CPD production, coupled with slow repair of CPD lesions and inhibition of replication 
bypass, lead to the development of skin cancer if such lesions occur in crucial genes, such as oncogenes 
or tumor-suppressor genes7,8. A high incidence of UV signature mutations has been found in the TP53 
gene in human non-melanoma skin cancers9,10, and the positions of mutation hotspots in the TP53 gene 
are consistent with sites at which CPD removal is particularly slow11. A recent study has demonstrated 
a high frequency of UV signature mutations in the TRRAP gene in melanoma cell lines, implying the 
importance of CPDs in the development of melanoma12.

Bulky DNA damage, such as dipyrimidine photoproducts, is repaired by the nucleotide excision repair 
(NER) pathway13, one of the primary DNA repair pathways. Patients with xeroderma pigmentosum (XP), 
a hereditary disease caused by deficiency in NER, develop non-melanoma skin cancers and cutaneous 
melanomas of sun-exposed body sites at a 10,000-fold higher frequency and at much younger age than 
individuals without XP14–16. These data indicate that CPDs are closely associated with the development 
of human skin cancers.

Detection of CPDs can be performed using several methods, including immunofluorescence micros-
copy17, enzyme-linked immunosorbent assays (ELISAs)18,19, flow cytometry20 using monoclonal antibod-
ies18, radioimmunoassays (RIAs)21, endonuclease-sensitive site (ESS) assays using alkaline agarose gel 
electrophoresis of DNA incubated with T4 Endonuclease V22, and high-performance liquid chromatog-
raphy with electrospray ionization-tandem mass spectrometry (HPLC-MS/MS)3. Detection of thymidine 
dimers (T< > Ts) using time-resolved infrared spectroscopy in a locked thymine dinucleotide has also 
been reported23. Although most of these conventional methods are useful for detecting and measuring 
CPDs, they require multistep-procedures for sample preparation or expensive devices and some of them 
may only be semiquantitative.

Near-infrared spectroscopy (NIRS) applies the near-infrared region (700–2500 nm) of electromag-
netic radiation for analyzing various molecules. Recently, qualitative and quantitative models have been 
developed using NIRS and multivariate analytical methods24. NIRS measurements are rapid and nonde-
structive and do not require expensive devices. Moreover, various NIRS instruments have been developed 
like contact probes for analysis of human skin25. Aquaphotomics focuses on measurement of induced 
changes in water molecules caused by the solute and described by the respective water spectral patterns 
as an alternative method for quantitative and qualitative analysis of low concentrations of the solute26. 
In aquaphotomics, water is described as multi-element system that has multidimensional spectra. Water 
absorbance bands and their spectral patterns can provide important information on water structure and 
intrinsic interactions between water and other components of solution. Water molecules are always per-
turbed and take on a variety of structures depending on the environment and the solute, effectively acting 
as a molecular mirror27,28. Aquaphotomics uses the spectral patterns of specific structures of water mol-
ecules with different strengths and the number of hydrogen bonds detected experimentally or reported 
previously in the IR range29,30. Aquaphotomics using NIR spectral patterns has been successfully applied 
in diverse life science fields such as the diagnosis of mammary gland inflammation by semiquantitative 
detection of bacteria in cows’ milk31–33 or by direct monitoring of mammary glands of cows34, identifi-
cation of human immunodeficiency virus (HIV) infection35, diagnosis of prion disease36, and forecast of 
the estrus period in giant pandas37.

The objective of this study was to utilize NIRS and aquaphotomics as a new, rapid, simple approach 
to detect and measure CPDs. NIRS combined with multivariate data analysis was used to detect mini-
mal changes in UV-induced DNA modifications qualitatively and quantitatively. In order to accurately 
quantify CPDs, we prepared CPDs by irradiating oligonucleotides containing one dithymine site with 
UVC to produce T< > Ts exclusively.

Results
Quantitative evaluation of DNA solutions using NIRS.  First, we assessed whether a regression 
model for DNA at low concentrations could be developed using NIRS. An accurate NIRS model was fitted 
to the actual concentration of the DNA solution (5–20 μ M) using partial least squares regression (PLSR), 
as shown in Fig. 1A (r Val =  0.9860, SECV =  0.3882). The result of principal component regression (PCR) 
also showed sophisticated modeling (Supplementary Fig. S1A; r Val =  0.9985, SECV =  0.3528). Clear 
peaks were identified at previously described water bands for C5, C7, C8, C9, C10, and C1126 (nm) in 
regression vectors of PLSR and PCR (Fig. 1B and Supplementary Fig. S1B).

Discriminating Milli-Q water and cis-syn T<>T solutions.  NIRS was applied to identify pure 
Milli-Q water and Milli-Q water containing cis-syn T< > Ts (0.77–3.0 μ M). Cis-syn T< > Ts were iso-
lated using HPLC with the DNA sequence of 5′ -GTAATTAC-3′  irradiated with UVC, which is expected 
to produce 5′ -GTAAT< > TAC-3′ . NIR spectra representing Milli-Q water and isolated cis-syn T< > T 
solutions were very well separated by soft independent modeling of class analogy (SIMCA; Fig.  2A). 
The model classified 94.9% of the samples correctly. Peaks showing discriminating power (Fig.  2B) 
were observed at the specific water bands W1, C4, C5, C6, C7, C8, C10, C11, C12, W2, and W326,38,39 
(nm). NIR spectra of Milli-Q water and cis-syn T< > T solutions were also separated by partial least 
squares-discriminant analysis (PLS-DA; ratio of correctly classified samples: 94.9%; Fig. 2C). The regres-
sion vector showed two characteristic water peaks at C5 and C1126 (nm) (Fig. 2D).
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Identification of nonirradiated DNA solutions and UVC-irradiated DNA solutions.  Subsequently, 
NIRS was applied to separate DNA solutions irradiated with UVC 20 kJ/m2 from nonirradiated DNA 
solutions (20 μ M) using different wavelength ranges in order to identify regions containing the most rele-
vant information from the UVC irradiation. The SIMCA model classified 87.5% and 81.3% of the irradi-
ated DNA solutions correctly when the spectral intervals of 1100–1850 nm (Fig. 3A) and 1300–1600 nm 
(Fig.  3C) were used, respectively. The SIMCA interclass distances were 0.9412 and 0.9231 for the two 
spectral regions, respectively. Spike peaks were mostly observed at C5, C6, C7, C9, C11, and C1226 for 
the spectral range from 1100 to 1850 nm, although small peaks were found outside of the 1300–1600 nm 
range (Fig. 3B). For the 1300–1600 nm range, strong peaks were observed at C3, C5, C7, C8, C9, C11, and 
C1226 (Fig. 3D). Peaks of regression vectors of PLS-DA were found at C5, C7, C9, C10, and C1126 for the 
1100–1850 nm range (Supplementary Fig. S2A) and at C5, C7, C9, C10, and C1126 for the 1300–1600 nm 
range (Supplementary Fig. S2B).

HPLC-based determination of cis-syn T<>Ts in the DNA solutions irradiated with UVC.  In 
order to confirm the concentration of cis-syn T< > Ts in the investigated DNA solutions irradiated with 
UVC and to evaluate the correlation with the NIRS model, the cis-syn T< > T concentration of each 
DNA solution (10 or 20 μ M) irradiated with UVC (0, 5, 10, 15, or 20 kJ/m2) was determined by means 
of HPLC-based isolation and quantification. Positive correlations were found between the irradiation 
dose and the concentration of produced cis-syn T< > Ts (Fig. 4). This result is consistent with previous 
reports3.

Quantitative analysis of cis-syn T<>Ts using NIRS and aquaphotomics.  The quantitative data 
for cis-syn T< > Ts isolated by HPLC were used as reference data for NIRS calibration. PLSR models 
were used for quantitative analysis to predict the concentration of isolated CPDs (0.77–3.0 μ M) based 
on the near-infrared spectra of the aqueous samples. Results showed significant correlations and low 

Figure 1.  NIRS regression model according to DNA concentration. (A) Y-fit for DNA concentration of 
partial least squares regression (PLSR) with pretreatment by mean centering, smoothing (21 points), OSC 
(one component), and active class validation. N =  32, number of applied latent variables =  2, r Cal =  0.9978, 
SEC =  0.3882, r Val =  0.9860, SECV =  1.5131. (B) Regression vector of the PLSR calibration model for DNA 
concentration showing characteristic water peaks at the 1400–1500 nm spectral interval.
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error (r Val =  0.9993, SECV =  0.0308; Fig. 5A). Definite peaks were observed in the regression vectors 
at C5, C6, C7, C8, C9, and C1026 at approximately 1400–1500 nm. Characteristic water bands indicated 
relationships between water structures and the dissolved substance (Fig. 5B).

NIRS regression model dependent on the UVC-irradiation dose.  After successful NIRS-based 
quantitative evaluation of cis-syn T< > Ts, quantitative regression models were developed on NIRS data 
of irradiated DNA solutions depending on irradiated UVC doses (0, 5, 10, 15, and 20 kJ/m2). Results of 
the accurate NIRS models fitted on actual UVC doses are summarized in Table 1. The results of PLSR 
for 20 μ M DNA solutions irradiated with each dose of UVC are plotted in Fig.  6A (r Val =  0.9457, 
SECV =  2.3166). Remarkably similar results for PCR (r Val =  0.9550, SECV =  2.1111) were found 
(Supplementary Fig. S3A). Clear peaks were detected at C5, C7, C8, C9, C10, and C1126 in regression 
vectors for PLSR and PCR (Fig. 6B and Supplementary Fig. S3B).

NIRS regression model showing the concentrations of the produced cis-syn T<>Ts in irra-
diated DNA samples.  Correlations were observed between the irradiated UVC doses and cis-syn 
T< > T concentrations in DNA samples measured by HPLC (Fig.  4), and successful NIRS calibrations 
of DNA samples were carried out according to the dose of UVC irradiation (Fig. 6 and Table 1). Next, 
quantitative NIRS models were fitted to the cis-syn T< > T concentration of the investigated DNA solu-
tions. The cis-syn T< > T concentration determined by HPLC was applied as reference data for the 
NIRS calibrations. Results of the PLSR and PCR models fitted to the cis-syn T< > T concentration in 
20 μ M DNA solutions are shown in Fig. 7A (r Val =  0.9472, SECV =  1.7482) and Supplementary Fig. S4A  

Figure 2.  NIRS-based discrimination of Milli-Q water and cis-syn T<>Ts solutions. (A) Soft 
independent modeling of class analogies (SIMCA) using the 1300–1600 nm interval of NIR spectra with 
mean-centering and smoothing (45 points). Factor # =  2 for samples of Milli-Q water and isolated cis-syn 
T< > Ts solutions from separate groups (ratio of correctly classified samples =  94.9%). (B) Discriminating 
power of SIMCA showing previously described peaks around 1400–1500 nm. (C) Partial least squares-
discriminant analysis (PLS-DA) using the 1300–1600 nm interval of NIR spectra with mean-centering, 
smoothing (45 points), orthogonal signal correction (with one component), and leave-one-out cross-
validation; 94.9% of samples were classified correctly in cross-validation. Factor # =  1. (D) Regression vector 
of PLS-DA revealed strong peaks at 1398–1420 nm and 1460–1514 nm.
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(r Val =  0.9399, SECV =  1.7612). Definite peaks were observed at characteristic water bands (C5, C7, 
C8, C9, C10, and C1126) in the regression vectors for PLSR and PCR (Fig. 7B and Supplementary Fig. 
S4B). The results of PLSR and PCR achieved in 10 and 20 μ M DNA solutions are listed in Supplementary 
Table S1. Graphs plotting the average predicted cis-syn T< > T concentrations using NIRS with PLSR 
and PCR as a function of the UVC dose are shown in Fig. 7C (R2 =  0.941) and Supplementary Fig. S4C 
(R2 =  0.956), respectively. The results of HPLC determination showed similar correlations between the 
applied UVC irradiation dose and the generated CPD concentration.

Discussion
The objective of this study was to evaluate UV-induced DNA damage by NIRS and aquaphotomics based 
on the detection of pyrimidine dimers, which are key molecules that cause UV-dependent cytotoxicity 
and mutagenesis and have biological influences on the human body, including induction of photocar-
cinogenesis. To simplify the experimental system, we produced T< > Ts in DNA by irradiating the oli-
gonucleotide sequence 5′ -GTAATTAC-3′  with UVC using germicidal lamps, emitting 240–260 nm; the 
spectral interval of 1100–1850 nm was used for NIRS analysis. This distant, low-energy NIR wavelength 
region was chosen to prevent the interference of strong light in the quantification of T< > Ts and for 
further in vivo analysis. We aimed at measuring CPDs directly by HPLC and indirectly as a mirror image 
of the water molecule system described by the NIR spectral pattern using the concept of aquaphotomics. 
HPLC has been applied as an established method for quantitative measurement of T< > Ts3,40.

Figure 3.  NIRS-based discrimination of irradiated (20 kJ/m2 UVC) DNA from nonirradiated DNA in 
aqueous solutions (20 μM). (A) SIMCA using 1100–1850 nm NIR spectra with pretreatment by mean-
centering and smoothing (45 points). Factor # =  2. Nonirradiated and UVC-irradiated DNA solutions were 
distinguished (total ratio of correctly classified samples =  87.5%). (B) Discriminating power of SIMCA 
(1100–1850 nm) showing characteristic peaks in the first overtone region for water (around 1400–1500 nm), 
with small peaks outside of the 1300–1600 nm interval. (C) SIMCA using NIR data representing the first 
overtone region of water (1300–1600 nm). Pretreatment by mean-centering and smoothing (45 points) were 
applied. Factor # =  2. Nonirradiated DNA solutions and UVC-irradiated DNA solutions were distinguished 
(total ratio of correctly classified samples =  81.3%). (D) Discriminating power of SIMCA (1300–1600 nm) 
showed characteristic water peaks around 1400–1500 nm.
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First, we confirmed that it was possible to evaluate DNA solutions quantitatively (Fig.  1A and 
Supplementary Fig. 1A). Milli-Q water and cis-syn T< > T solutions were successfully separated based on 
their near-infrared spectral data (Fig. 2A), and nonirradiated and UVC-irradiated DNA solutions were 
able to be distinguished using both SIMCA and PLS-DA (Fig. 3A,C). NIRS-based quantitative models for 
isolated cis-syn T< > T concentrations (Fig. 5A), UVC irradiation doses, and cis-syn T< > T concentra-
tions in DNA samples were developed using PLSR and PCR methods (Fig. 6A, Fig. 7A, Supplementary 
Fig. S3A, and Supplementary Fig. S4A). PCR develops regression models using principal components 
derived from spectral data only, while PLSR models generate latent variables that describe the variance 
of both the spectral and reference values. Both of these chemometric approaches yielded correlations 
between NIRS predicted data and reference values as measured by HPLC. These two chemometric meth-
ods demonstrated the stability of the applied methodology, suggesting that NIRS and aquaphotomics 
were capable of analyzing CPDs qualitatively and quantitatively.

Regression vectors for PLS-DA, PLSR, and PCR showed two broad peaks (Figs 1B, 2D, 5B, 6B, and 
7B; Supplementary Figs. S1B, S2A, S2B, S3B, and S4B) at C5 and C1126 (1398–1418 and 1482–1495 nm), 
covering the areas of S0 (free water) and S4 (water molecules with four hydrogen bonds respectively, 
Figs 1B, 5B, 6B, and 7B; Supplementary Fig. S1B, S2A, S2B, S3B, and S4B), and several small peaks in 
between these areas at C5, C7, C8, and C1026 (1432–1444, 1448–1454, 1458–1468, and 1402–1482 nm) 
consistent with S1 (water molecules with one hydrogen bond; water solvation shell, OH-(H2O)4,5); S2 
(water molecules with two hydrogen bonds), and S3 (water molecules with three hydrogen bonds). These 
peaks formed a spectral pattern that represents the interactions between water molecules and DNA in the 
studied DNA concentration range. Specifically, water hydrates DNA, thereby losing strongly hydrogen 
bonded water in the presence of DNA, which results in ion hydration and increasing of weakly H-bonded 
water and water solvation shell structures41. Strong hydrogen bonds are thought to be partially resolved 
by formation of T< > T dimers after UVC irradiation. One possible explanation for the detectability is 
the distortion of DNA and the structure of dithymine sites, which may result in slight changes in the 
interaction with surrounding water molecules, altering the structure of the water matrix. Future studies 

Figure 4.  Results of HPLC analysis of the investigated DNA samples. Cis-syn T< > T concentrations in 10 
and 20 μ M DNA solutions irradiated with UVC (0, 5, 10, 15, or 20 kJ/m2) correlated with UVC dose. Linear 
approximations (R2 values) =  0.865 and 0.9353 for 10 and 20 μ M DNA solutions, respectively.
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are needed to determine the validity of this hypothesis. Strong absorption bands at 1692, 1661, and 
1631 cm−1, indicating double-bond stretching of the two carbonyl groups and the C5 =  C6 double-bond 
of the thymine base, respectively, were found in a previous report23. Furthermore, increased absorption 

Figure 5.  Quantitative analysis of isolated cis-syn T<>Ts using NIRS and HPLC data showing high 
correlations between cis-syn T<>T concentrations determined by the NIR calibration model and 
laboratory reference values (0.77–3.0 μM) determined by HPLC. (A) Y-fit for cis-syn T< > T concentration 
of PLSR with pretreatment by mean centering, smoothing (21 points), OSC (one component), and leave-
one-out cross-validation. N =  24, number of applied latent variables =  2, r Cal =  0.9993, SEC =  0.0267,  
r Val =  0.9993, SECV =  0.0308. (B) Regression vector for the PLSR calibration model of the cis-syn T< > T 
concentration revealed characteristic water peaks at 1400–1500 nm.

DNA concentration

N

5 μM 10 μM 15 μM 20 μM

39 39 39 39

Model PLSR PCR PLSR PCR PLSR PCR PLSR PCR

Factor # 3 3 2 2 2 2 2 3

r Cal 0.9585 0.9583 0.8821 0.8806 0.9693 0.9692 0.9600 0.9635

SEC 2.1418 2.1469 3.4878 3.5098 1.8341 1.8343 2.0727 2.0097

r Val 0.9427 0.9453 0.8558 0.8576 0.9649 0.9654 0.9457 0.9550

SECV 2.3744 2.3226 3.6835 3.6605 1.8805 1.8680 2.3166 2.1111

Table 1.   Calibration and cross-validation results of PLSR and PCR models for the UVC dose at 
each DNA concentration. N =  sample number, Factor # =  number of latent variables, r Cal =  correlation 
coefficient of calibration, SEC =  standard error of calibration, r Val =  correlation coefficient of cross-
validation, SECV =  standard error of cross-validation.
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was observed at approximately 1465, 1402, and 1320 cm−1 for the T< > T lesions23. The harmonic band 
in the NIR region of the aforementioned fundamental bands representing the C5 =  C6 double-bond is 
found between 1488 and 1543 nm42; this range appeared many times in our work, with different absorb-
ance ranges observed for DNA samples with and without UVC irradiation. Peaks appeared between 1482 
and 1495 nm in the regression vector of the model from the sample of T< > Ts and original DNA without 
the formation of T< > Ts (Fig. 6), but were not observed in the regression vector of the model from the 
pure isolated cis-syn T< > T solution (Fig. 5B). However, the weight of the signal was not sufficient for 
creation of a high-accuracy model. While conventional IR analysis aims to find characteristic bands of 
the examined component, NIR spectroscopy and aquaphotomics measure changes in water structure in 
aqueous solutions as molecular vibrational spectral patterns at specific water absorbance bands.

Several types of pretreatments were tested in the present study. Smoothing was applied to reduce 
the noise of spectral data for all types of methods. When more smoothing points (21 or 45 points) 
were applied, peaks around 1400–1500 nm remained, and the noise of the entire region decreased. The 
remaining peaks of discriminating power in SIMCA and regression vectors in PLS-DA, PLSR, and PCR, 
regardless of the points of smoothing, revealed the significance of the first overtone region of water 
(1300–1600 nm) and accentuated the validity of the analyses.

All analyses were conducted using NIR spectra both in the range of 1300 to 1600 nm represent-
ing the first overtone of water (various vibrational bands of O–H bonds) and in the range of 1100 to 
1850 nm representing C–H, N–H, and S–H bonds. In both cases, informative peaks were observed at 
approximately 1400–1500 nm for the discriminating power of SIMCA and regression vectors of PLS-DA 
(Fig.  3B, Fig.  3D, Supplementary Fig. S2A, and Supplementary Fig. S2B), demonstrating the impor-
tance of spectral information in the range of the first overtone region of water (1300–1600 nm). This 
phenomenon was also found in our other analyses, suggesting that DNA damage could be detected 
through changes in the spectral pattern within the characteristic absorbance range of water. The ratio of 

Figure 6.  Results of NIRS regression models dependent on irradiated UVC doses showing correlations 
between the actual doses of UVC irradiation and the levels determined by the NIRS calibration model 
when DNA samples irradiated with UVC at doses of 0, 5, 10, 15, or 20 kJ/m2 were measured in 20 μM 
aqueous solutions. (A) Y-fit of PLSR for UVC doses with pretreatment by mean centering, smoothing (21 
points), OSC (one component), and leave-one-out cross-validation (r Val =  0.9457). (B) Previously defined 
water bands assigned in the regression vector of the PLSR calibration model for UVC irradiation doses.
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correctly classified samples in SIMCA was nearly identical for the spectral intervals of 1300–1600 and 
1100–1850 nm (Fig. 3A,B).

Quantitative analysis of minor changes in DNA caused by the formation of T< > Ts was difficult since 
environmental influences, such as humidity and temperature, could cause relatively large spectral fluctu-
ations compared to those arising from the observable molecular changes. OSC was applied to eliminate 
unwanted spectral effects before PLS-DA, PLSR, and PCR. OSC is regarded as part of the calibration 
process rather than as a pretreatment and is used to remove unnecessary orthogonal factors and maintain 
meaningful information43–45. Application of OSC significantly improved analyses using PLS-DA, PLSR, 
and PCR in the present study.

The experiment was carried out under the simplest conditions using DNA (5′ -GTAATTAC-3′ ) con-
taining one dithymine site, which was expected to produce thymine dimers effectively by UVC irradia-
tion. Because the peak absorbance of DNA is around 260 nm, the dimerization of pyrimidines is most 
effectively produced around 260 nm in a dose-dependent manner3,46. Conventional knowledge dictates 
that UV irradiation with longer wavelengths of light predominantly produces oxidatively damaged DNA 
via indirect mechanisms47. However, recent reports have shown that even UVA causes thymine dimers as 
the primary type of DNA damage in human skin in vivo46,48. Considering that UV light at wavelengths 
longer than 300 nm reaches the surface of the earth, CPD is presumably produced in human skin dur-
ing normal daily life at concentrations much higher than previously expected. Some reports have indi-
cated that reactive oxygen species, particularly singlet oxygen, can be measured by NIRS49,50. However, 
accounting for the combined effects of thymine dimer production and oxidatively damaged DNA is not 

Figure 7.  Results of NIRS regression models for the concentrations of cis-syn T<>Ts in DNA solutions 
showing correlations between the HPLC-based reference data and the NIRS predicted values when 
DNA samples irradiated with UVC at doses of 0, 5, 10, 15, or 20 kJ/m2 were measured in 20 μM aqueous 
solutions. (A) Y-fit of PLSR with mean centering, smoothing (21 points), OSC (one component), and leave-
one-out cross-validation for cis-syn T< > T concentrations (r Val =  0.9472). (B) Previously defined water 
bands assigned using the regression vector of the PLSR calibration model for cis-syn T< > T concentrations 
in DNA solutions. C) Graphs plotting the average predicted cis-syn T< > T concentrations using NIRS with 
PLSR as a function of the UVC dose are shown (R2 =  0.941).
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easy; thus, future studies are required to develop multivariate NIRS analysis methods for detection of 
thymine dimers produced by UVA and UVB.

Our ultimate goal is to measure DNA damage caused by UV radiation using NIRS noninvasively 
in human skin in vivo. However, to achieve this goal, several additional factors have to be taken into 
account. First, in addition to CPDs, 6-4PPs and Dewar valence isomers are produced in vivo by solar 
ultraviolet light. Dewar valence isomers are induced from 6-4PPs mainly by UVA, which accounts for the 
majority of UV that reaches the surface of the earth51. Second, human nuclear DNA has a more complex 
double helical structure than the single-stranded DNA used in this study. Indeed, human nuclear DNA 
contains 3 ×  109 base pairs, and mitochondrial DNA possesses a circular structure with 15,000–17,000 
base pairs52. Third, absorption by the stratum corneum and melanin in cells and skin could affect the 
spectral patterns.

Understanding the influence of these additional factors may not be easy; however, two strategies may 
be helpful. First, generation of a large spectral database from various sample types may allow the devel-
opment of a more accurate and advanced regression model by multivariate analysis. Second, subtraction 
of unnecessary background in NIR spectra may improve the sensitivity of the results, as previously 
described53.

Several in vivo application of NIRS have been reported. For example, diagnosis of early-stage mastitis 
in cows was achieved by analyzing the living body directly using NIRS in real time34. Moreover, vari-
ous NIRS instruments have been developed as contact probes for application to living bodies25. In this 
report, we achieved detection of T< > T dimers qualitatively and quantitatively using NIR spectral data 
of short single-stranded DNA solutions. However, investigating the influence of all factors described 
above may make it possible to measure DNA damage caused by UV radiation in vivo by applying NIRS 
with aquaphotomics.

In summary, the qualitative and quantitative detection of DNA damage induced by UVC irradiation 
was achieved using NIRS with multivariate data analysis based on the aquaphotomics concept. Water was 
discussed as a molecular mirror that amplifies minute spectral variations caused by the solute. Spectral 
patterns of water reflected UVC irradiation-induced changes in the DNA structure. This is the first report 
that investigates photolesion in DNA using NIRS. Potential future applications of NIRS in vivo may pro-
vide a non-destructive, simple evaluation method of damage caused by UV, contributing substantially to 
various biomedical fields.

Methods
DNA solution samples.  A schematic of the study design is shown in Supplementary Fig. S5. The 
DNA sequence used in this study (5′ -GTAATTAC-3′ ; Life Technologies, Carlsbad, CA) consisted of 
eight bases and one dipyrimidine site, which presumably produced T< > Ts by UVC irradiation. The 
stock DNA solution was diluted with Milli-Q water (Direct-Q, Millipore, Molsheim) to a concentration 
of 100 μ M and was then further diluted to each final concentration (15, 30, 45, and 60 μ M) in a 500-μ L 
volume in 3.5-cm dishes (Corning, Sigma-Aldrich, St. Louis, MO) as previously described54. Each dish 
was placed on a cooling plate without a cover under a germicidal lamp (GL-15, NEC, Tokyo), which 
emitted UVC light (240–260 nm, peaking at 253.7 nm). A UVC lamp was used to efficiently produce 
T< > Ts. The doses of UVC were 0, 5, 10, 15, and 20 kJ/m2, as described previously3. The dose rate was 
measured using a UVR-2 instrument (Topcon, Tokyo). After UVC exposure, 1 mL Milli-Q water was 
added to the experimental DNA solutions in order to reach the volume required for NIRS measure-
ments. The final DNA concentrations were 5, 10, 15, and 20 μ M (0.0120, 0.0241, 0.0361, and 0.0482 g/
mL). Nine batches of samples were prepared on different days according to the above-described sample 
preparation protocol.

HPLC analysis.  Since the formation of cis-syn T< > Ts is predominant under our experimental condi-
tions3, only cis-syn T< > Ts were measured by HPLC-MS/MS. For HPLC analysis, representative samples 
(DNA concentrations: 10 and 20 μ M; UVC doses: 0, 5, 10, 15, and 20 kJ/m2) were prepared in duplicate, 
and one sample was subjected to NIRS analysis. HPLC analysis was then carried out using a Jasco 
PU-980 HPLC system and a Chemcobond 5-ODS-H column (4.6 ×  150 mm; Chemco Scientific, Osaka) 
with 50 mM ammonium formate solvent containing 3–10% acetonitrile in a linear gradient at a flow rate 
of 1.0 mL/min for 30 min at 40 °C. Cis-syn T< > T dimers (5′ -GTAAT< > TAC-3′ ) were isolated using 
HPLC and identified using electrospray ionization time-of-flight mass spectrometry (ESI-TOF MS) with 
a Bruker Bio TOF II system (Bruker Daltonics, Billerica, MA).

NIRS detection.  NIRS measurements were performed on eight batches. Each batch was measured 
within 12 h after sample preparation using a FOSS-XDS spectrometer (FOSS NIRSystems, Inc., Hoganas, 
Sweden) equipped with a Rapid Liquid Analyzer module. The samples (1 mL of each) were added into 
1-mm open-top liquid cuvettes and placed into a temperature-controlled cuvette holder (30 °C), where 
each sample was incubated for 90 s for tempering before scanning. Acquisition of absorbance values 
(logT−1) was performed with VISION 3.5 software (FOSS NIRSystems, Inc.). The transmittance spec-
trum of each sample was recorded in the entire spectral range (400–2500 nm), with 0.5-nm steps. A ref-
erence spectrum was recorded before analysis of each sample. Milli-Q water was scanned first, followed 
by the DNA solutions in random order. The spectrum of Milli-Q water was recorded again after every 
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five samples. When a sample was removed from the cuvette, the cuvette was washed first with Milli-Q 
water and then with 500 μ L of the next sample.

Cis-syn T<>T solution samples and detection by NIRS.  DNA containing cis-syn T< > Ts 
(5′ -GTAAT< > TAC-3′ ) were isolated from the representative DNA solution samples (DNA concentra-
tion: 10 or 20 μ M; UVC: 0, 5, 10, 15, or 20 kJ/m2) using HPLC and were freeze dried. Next, 1.5 mL 
Milli-Q water was added to each freeze-dried cis-syn T< > T sample just prior to NIRS measurement. 
Each cis-syn T< > T sample was presented for NIRS scanning twice, as previously described.

Data analysis.  Spectra were imported into the Pirouette 4.0 spectral analytical program (Infometrics, 
Inc., Woodinville, WA), which was used for data transformation and processing for the spectra intervals 
of 1100–1850 and 1300–1600 nm. Principal component analysis (PCA) was used to detect spectral outli-
ers. PCA-based SIMCA and PLS-DA were applied to build supervised multiple classification models for 
qualitative analyses. SIMCA models were evaluated based on the number of misclassifications, level of 
interclass distances, and discriminating power. PLS-DA models were assessed based on the number of 
misclassifications and the regression vectors. Quantitative models were developed using PLSR and PCR24. 
The precision and accuracy of the PLSR and PCR methods were evaluated by determining the correla-
tion coefficient (r) of calibration, cross-validation, standard error of calibration (SEC), standard error of 
cross-validation (SECV), and optimum number of latent variables needed for lowest SEC and SECV24. 
Mean centering and smoothing with varying numbers of points were applied as spectral treatments. 
OSC was used with one component in order to decrease spectral effects that were independent of the 
investigated parameters. OSC was applied in PLS-DA, PLSR, and PCR. Leave-one-out cross-validation 
and active class validation were used for testing the accuracy of the developed PLS-DA, PLSR, and PCR 
models. In order to avoid overfitting, the maximum number of factors was determined in one-tenth of 
the total number of samples in the model. The discriminating powers of SIMCA and regression vectors 
of PLS-DA, PLSR, and PCR models were evaluated to describe the impact of the spectral regions. The 
ranges of peaks were described as follows: C1 (1336–1348 nm: ν 3, H2O asymmetric stretching vibra-
tion), C2 (1360–1366 nm: water solvation shell, OH-(H2O)1,2,4), C3 (1370–1376 nm: ν 1 +  ν 3, symmetrical 
stretching fundamental vibration and H2O asymmetric stretching vibration), C4 (1380–1388 nm: water 
solvation shell, OH-(H2O)1,4 and superoxide, O2-(H2O)4), C5 (1398–1418 nm: S0, free water and free 
OH-), C6 (1421–1430 nm: H-OH bend and O…O), C7 (1432–1444 nm: S1), C8 (1448–1454 nm: water 
solvation shell, OH-(H2O)4,5), C9 (1458–1468 nm: S2), C10 (1472–1482 nm: S3), C11 (1482–1495 nm: 
S4), C12 (1506–1516 nm: ν 1, ν 2, symmetrical stretching fundamental vibration, and doubly degener-
ate bending fundamental), W1 (1342–1360 nm: H15O7, H13O6, H11O5 +  free OH stretch), W2 (1536–
1546 nm: H2O intermolecular bend angling), and W3 (1565–1586 nm: H15O7 +  H-bonded OH stretch). 
C1–C12 were defined based on previous literature26. W1–W338,39 were named expediently. “S” describes 
number of hydrogen-bonded water molecules.
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