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Abstract

:

We report on the room-temperature experimental measurement of THz absorption signatures in aqueous, double-stranded nucleic acid solutions confined to the submicron silica channels on fused quartz substrates using THz frequency-domain (photomixing) spectroscopy. Three sharp (i.e., strong and narrow) signatures, ~10–20 GHz FWHM, are observed in the shortest base pair sample—small interfering, double-stranded (ds) RNA—in the range of 800 GHz to 1.1 THz. Three similar signatures are also observed in a 50-bp dsDNA ladder sample. For a 1-kbp dsDNA ladder sample, the three are still evident, but are broadened and weakened. For a 48.5-kbp sample (λ-DNA), no prominent signatures are observed, but rather a quasi-sinusoidal transmittance spectrum consistent with a substrate etalon effect. The division between sharp signatures and no signatures is consistent with the molecular length being shorter or longer than the persistence length.
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1. Introduction


THz radiation remains of interest for biomolecular sensing because, in principle, it can interact resonantly with collective vibrations that involve hundreds or more atomic constituents. It can therefore be more specific to the secondary structure of the biomolecules, compared to the interatomic vibrations or primary structure sensed by traditional Fourier transform IR (FTIR) spectroscopy. In addition, THz is inherently non-ionizing and, like IR spectroscopy, can detect “label free” (i.e., no stains or dyes are required as in fluorescence spectroscopy). Sub-THz vibrational modes in nucleic acid DNA and RNA have been investigated for several decades, going back to seminal theoretical work by Van Zandt [1] and experimental work by Urabe [2], Lindsay [3] (Raman spectroscopy), Wittlin [4] (FTIR), and others. These early papers emphasized the likely existence of sub-THz optically active phonon-like modes in DNA via the hydrogen bonds distributed between the base pairs. Later, the importance of localized vibrational modes was emphasized [5,6,7], and THz signatures in nucleic acids became a contentious topic in experimental studies, especially the difference between solid-state and aqueous samples. The relatively new technique of time-domain spectroscopy (TDS) provided a tool with unprecedented sensitivity in the THz region, but both supportive [8,9] and contradictory [10] results were published. Importantly, sample presentation, concentration, and the role of liquid water became more emphasized. Precise numerical modelling tools, such as molecular dynamics, were exercised to justify the existence of optically active phonon-like modes, but without accounting for the effect of water [11]. However, many researchers continued to believe that the aqueous state would dampen the nucleic acid THz vibrations to the point of poor- or non-observability.



Fortunately, more recent theoretical and experimental research has suggested otherwise. For example, the utilization of ultrafast optical Kerr-effect spectroscopy has indicated that the temporal dynamic effect of water is reduced significantly in aqueous DNA, by roughly two orders of magnitude compared to conventional estimation [12]. The explanation is rather complex, which is not surprising, since it has long been known that the interaction of biomolecules with liquid water is a highly correlated “dance” [13] involving a thin layer of bound water on the surface of the biomolecule in dynamic interaction with the free (or bulk) water around it. Furthermore, the nano-mechanical properties of the double-stranded nucleic acids have become better understood [14]. A key parameter in this regard is the persistence length—the distance over which the molecules behave like rigid structures subject to classical elastic mechanics, and not dominated by thermal fluctuations and collisions. We will return to this topic later in the Discussion section.



The primary aim of this paper is to present experimental evidence that sharp (i.e., strong and narrow) THz absorptive spectral signatures do exist in aqueous nucleic acid samples. We utilize nanofluidic channel technology, which allows the nucleic acid samples to be investigated in very thin (≈500 nm) and small volume profile, thereby reducing the bulk water absorption to a very low level. Our original work on this topic started over ten years ago, but on silicon-based nanofluidic chips [15]. Here, we report on fused quartz-based chips, which have provided better data on aqueous double-stranded nucleic acids in the range of ~17 base pairs (si-RNA) to 48.5 kbp (λ-DNA). The smaller molecule samples in the range of ~20 to ~500 bp show sharp (strong and narrow) absorption signatures, whereas somewhat longer samples (~1 kbp) display weaker and broader signatures, but are reproducible, nonetheless. The longest DNA molecule tested (48.5 kbp) shows no prominent signatures at all.




2. Methods and Materials


2.1. Wideband THz Transmittance Spectroscopy


Our THz spectrometer is the coherent, frequency-domain, frequency-scanning photomixing transceiver shown in Figure 1 [16,17,18], consisting of a single frequency tunable transmitter; a tunable receiver mutually coherent to the transmitter; and a free space path in between ≈18 inches long. We modified the traditional all horizontal beam path of the spectroscopic instruments and introduced sections of vertical path. This allowed us to orient nanofluidic chips horizontally to alleviate gravitational effects and facilitate the filling of the nanochannels by capillary action. The nanofluidic chip samples of interest were located at the lens port of the transmit photomixer, as shown in Figure 1, just below a Si (hyperhemispherical) lens. Here, the spot diameter is small (~3 mm diameter), which underfills the active aperture of the chip (≈5 × 5 mm). Careful initial alignment of the chip was required to minimize beam steering with respect to the receiver. Moreover, the THz path was not evacuated, so water vapor lines—notorious in the THz frequency region—are expected to be present and are discussed below. Further details on our THz photomixing spectroscopy and its performance metrics are provided in Appendix A, with a photograph of the actual system in Figure A1.



The THz signatures we searched for are those associated with absorption resonances from the nucleic acid samples of interest. Consistent with and as generally practiced by FTIR spectroscopy, the absorption resonances should correspond to “dips” in the transmittance T vs. frequency. Our frequency range for testing was approximately 500–1000 GHz because sharp (i.e., narrow and strong) signatures were initially found from the smaller nucleic acid samples in this range. The larger nucleic acid samples also displayed signatures, although broader and weaker (see the Results section, below). To obtain the transmittance spectrum T(ν), three separate frequency scans were taken, all in 0.5 GHz steps: (1) a “background” spectrum of the received power vs. frequency, PB(ν); (2) a sample spectrum PS(ν) with the sample placed in the path; and (3) a noise spectrum PN(ν) with the transmitter power blocked (by a metal plate) and averaged over many successive scans. The transmittance was then computed as


T(ν) = [PS(ν) − PN(ν)]/[PB(ν) − PN(ν)].



(1)







Our experience with frequency-domain scanning spectroscopy is that this is an accurate technique when the signal-to-noise ratios (SNRs), PS(ν)/PN(ν) and PB(ν)/PN(ν), are at least 2.0 or greater at all frequencies in the scan [17,18].



One key aspect of our spectroscopic technique is frequency resolution. Because the linewidth of the DFB lasers used in the spectrometer is typically 50 MHz or less (see Appendix A), the THz resolution is just the step frequency, provided this is much greater than 50 MHz. Thus, in the present experiments, we set the step frequency to be 0.5 GHz. This is much finer than is typically used in THz spectroscopy (e.g., TDS, FTIR), allowing us to resolve fine signatures that other types of spectroscopy would broaden significantly or miss altogether. Another key aspect is common-mode cancellation, such as water vapor absorption in the open path between the transmitter and receiver. This affects T(ν) through a frequency-dependent factor M(ν) that multiplies both PS(ν) and PB(ν). Hence, provided PS(ν) and PB(ν) are both » PN(ν), M(ν) cancels out in Equation (1) to the first order. The effect of standing waves in the nanofluidic chip etalon is a separate issue and discussed in Section 4.1.




2.2. Nanofluidic Chips


To investigate the absorption signatures in nucleic acid solutions, we utilized a nanoporous silica-on-fused quartz substrate nanochannel technology, as described in Appendix B. An SEM cross-sectional photograph of a representative structure is shown in Figure A2. The substrates were 2 × 2 cm wide by 1 mm thick, but the nanochannel region occupied only the central 5 × 5 mm square. These dimensions were designed to easily accommodate the ~3 mm diameter (1/e2 intensity points) focused THz beam in our spectrometer, so no significant “spill-over” was expected. Because the wavelengths investigated were ~0.5 mm or less, the diffractive effects (from the substrate edges) should be negligible, too. For our particular chips, the nanochannel dimensions were typically 500 nm wide by 600 nm deep, with a period of ≈1.0 μm. For nanochannel dimensions much smaller than this, the capillary flow was usually slow and sporadic, especially for the larger molecule samples tested. This caused a time variation of the THz transmittance that would appear as false signatures when the spectrometer frequency was scanned.



The nanofluidic chips also provided the ability to reduce the effect of substrate standing wave interference and observe the absorption effects primarily of the nucleic acids in solution. This entailed a “pre-wet” step in the sample preparation, whereby the “background” spectrum was the THz transmittance through the nanofluidic chip with its channels filled by a buffer solution of tri-phosphate ethylene-diaminetetraacetic acid (TPE), a common buffer for nucleic acids and compatible with the Tris-HCL ethylenediaminetetraacetic-acid (EDTA) that the samples are delivered in. After measuring the background spectrum PB(ν) with the channels full of buffer, the nucleic acid solution of choice was added to the reservoirs and allowed to flow into the channels for a time of ~20 min before measuring the sample spectrum PS(ν), and subsequently calculating T(ν) via Equation (1).



For this research, we originally used silica nanochannels fabricated on 0.5 mm-thick, high-resistivity silicon chips because of their ease of fabrication and the widespread availability of Si substrates [15]. However, the fluidic flow in the channels could not be observed by simple visible inspection because of the opacity of the Si. Furthermore, there was evidence of standing wave effects in the THz spectrum through the periodic behavior of T(ν), even after nanochannel “pre-wet”. Standing waves occur from multi-pass interference, as occurs in optical etalons, of which the nanofluidic substrate is an example. According to plane-wave propagation theory, they create an oscillating transmittance, having a peak-to-peak separation of Δf ≈ c/(2nd), where n is the refractive index and d is the etalon thickness (substrate + nanochannel layer). The etalon transmittance has a peak-to-trough ratio that increases rapidly with n. High-resistivity Si has a relatively large refractive index n ≈ 3.42 in the sub-THz region, but a very low absorption coefficient (α < 1.0 cm−1) [19]. By contrast, fused quartz has a lower refractive index n ≈ 1.95, but a more significant absorption (α ≈ 2.5–3.0 cm−1) [20]. These lead to an etalon peak separation of Δf ≈ 88 GHz for the Si, and ≈77 GHz for the quartz. As discussed in the Results section below, the strongest absorption signatures measured with our quartz substrate nanofluidic chip are spectrally confined, meaning that they appear in a limited range of frequencies, but either weaken or disappear entirely outside of this range. This is categorically different from the wideband quasi-sinusoidal behavior expected for plane-wave propagation through a low-loss etalon.




2.3. Nucleic Acid Samples


We investigated four different nucleic acid solutions [21], chosen based on the following criteria: they all contained double-stranded RNA or DNA fragments in the range of 17 bp to 48.5 kbp length, all had β helicity, and all were linear, meaning that both ends of each molecule were nominally free and not self-bonded to any other point of the molecule. All nucleic acids showed a tendency to flow freely into our pre-wet nanofluidic channels by capillary action, although this tendency diminished as the length of the fragment increased. The pre-wet step introduced a dilution factor, which we estimated as 50% as approximately equal volumes of pre-wet buffer and nucleic acid sample were always added to the nanochannel reservoir.



A summary of the essential chemical and physical parameters of each nucleic acid sample, such as the concentration and molarity, is provided in Figure 2a. The si-RNA sample contained equal concentrations of 17-, 21-, and 25-bp fragments, the average-length having the 21-mer sequence shown in Figure 2b. The 50-bp DNA sample contained varying concentrations of 17 different fragments between 50 and 1350 bp in length, the average fragment length being 511 bp. The 1-kbp DNA sample contained varying concentrations of 10 different fragments between 500 and 10,000 bp in length, the average fragment length being 3956 bp. Since the λ-DNA sample is homogeneous, the average fragment length is 48.5 kbp—the same as a single molecule. Further details of the samples are provided in Appendix C.



Also listed in Figure 2a is the volume of all nanochannels in the active region, meaning the 5 × 5 mm region that can harbor solution, even if it occurs outside the ≈3 × 3 mm spot size of the THz beam. This was calculated knowing the height, width, and periodicity of the nanochannels, as fabricated on the fused quartz substrate. This enabled a conservative estimate of the number of moles and molecules of each species in the full nanochannels after accounting for the dilution factor of 50%. In addition, although the si-RNA and each of the ladder DNA samples had a different distribution of fragment lengths, each fragment had the identical base pair sequence. For example, each of the three strands in the si-RNA sample all had a common sequence, such as that shown in Figure 2b for the 21-mer strand in the si-RNA.




2.4. Optical Calculations


To quantify the strength of the THz signatures, we calculated the signature absorbance AS, the frequency width Δν, and the quality factor QS, all from the experimental transmittance data, and as displayed graphically in Figure 3. As often occurs in the spectroscopy of solid matter, the signature of interest is embedded in broadband attenuation arising from some other mechanism, be it absorption or scattering. Our experience is that all biological samples, liquid or solid, display this behavior. Thus, we calculated AS through the ratio of the minimum Tmin to maximum Tmax transmittance, Tmin measured at the signature center frequency ν0, and Tmax being measured just outside, but not including the broadband attenuation. This leads to the signature absorbance AS ≡ Amin − Amax = −log10[Tmin/Tmax]. By convention, the signature width is defined by the full width at half-maximum (FWHM), Δν, in the present case defined halfway between Tmin and Tmax, as displayed in Figure 3. The signature quality factor is just QS = (ν0/Δν), again following convention.



Because we are concerned with the signatures of biomolecules in aqueous solutions, the effect of liquid (“bulk”) water cannot be ignored. As is well known, it displays a strong absorption in the THz region, with absorption coefficient α well described by the double-Debye model [22]. At room temperature, this model predicts an increasing α with frequency, and between ≈150 and 200 cm−1 from 500 to 1000 GHz—the range of primary interest in the present research. Salinity increases α somewhat, but not dramatically [23], so α = 200 cm−1 is a good rule of thumb in this range. Consistent with electromagnetic wave propagation, the transmittance through our h = 600 nm-height nanochannels should then be given by T = exp(−α∙ h) = 0.988, or an absorbance A = −log10(T) = 5.2 × 10−3. As we shall see next, many of the nucleic acid signature absorbances reported here are all much greater than this, making the effect of bulk water absorption insignificant by comparison.





3. Experimental Results


The experimental procedure consisted of first mounting the chip with a precision (dovetail) rail that enabled its precise and repeatable positioning in and out of the beam path of the THz spectrometer. The next step was obtaining the “background” power spectrum, with the chip nanochannels pre-wet by the TPE buffer solution. The pre-wetting was carried out by depositing a ~100-μL drop of buffer in the chip reservoir, and then waiting about 20 min, which was the typical time required for the channels to fill. The filling could be observed visibly by a slight darkening of the channel region under test. Then, the same volume of nucleic acid sample was added to the reservoirs, allowed to disperse, and the THz “sample” power spectrum was measured. Finally, the THz beam was blocked to get the “noise floor” power spectrum, and the transmittance was calculated at each frequency using Equation (1). The measurement was often repeated to check for reproducibility.



3.1. si-RNA and 50-bp Samples


Our first compelling data were obtained with the si-RNA solution described above. The raw experimental results are plotted in Figure 4a in the frequency range 500 to 1200 THz—a band having four strong water vapor lines at 557 and 758 GHz, even stronger lines at 1098 and 1164 GHz, and a relatively weak line around 990 GHz. The top curve is the “background” signal PB through the nanochannels containing buffer solution only, the middle curve is the “sample” signal PS with si-RNA in the channels, and the bottom curve is the noise floor PN obtained by blocking the THz path with a metal plate. There is clearly strong absorption from the si-RNA sample between ~700 and 1050 GHz.



Figure 4b shows the transmittance over this range calculated from Equation (1). The transmittance is a mixture of broadband absorption and three prominent signatures centered at 916, 962, and 1034 GHz, and labeled (1), (2), and (3). There is also a broad and weaker signature between 830 and 875 GHz, and narrow but weaker ones around 1075 and 1100 GHz. The latter two are questionable, since they are convolved with strong water vapor lines, evident from the background transmission in Figure 4a. This drives both PS and PB into the noise floor, which invalidates the use of Equation (1).



From Figure 4b, we can calculate the signature absorbance AS, linewidth, and quality factor for each qualified signature. The required values of Tmin and Tmax are shown in Figure 4b as red and green horizontal lines, respectively. This leads to AS = 0.82, 0.86, and 0.88 for the ν0 = 916, 962, and 1034 GHz signatures, respectively. The corresponding signature frequency widths are Δν = 10, 10, and 12 GHz, with corresponding quality factors of QS = 92, 96, and 86. All these parameters are listed in Table 1. We note that the Δν values are even narrower than the sharpest THz signatures measured in solid-state samples, such as the 23-GHz width of the 530-GHz line in lactose monohydrate [24].



The second sample we investigated was the 50-bp DNA ladder. Like the si-RNA, it displayed no sharp signatures below ~700 GHz, just broadband attenuation, so we restricted the scan from 700–1100 GHz and the transmittance is plotted in Figure 5a. The most obvious effect compared to si-RNA is the much higher transmittance in this frequency range, the broadband average being ~75%. However, three sharp signatures are evident in Figure 5a centered at 870, 938, and 993 GHz, and labelled (1), (2), and (3), respectively, with their spectral parameters listed in Table 1. The 993 GHz signature is the narrowest, displaying a Δν of about 12 GHz, and the other two display Δν ≈ 20 GHz. The signature absorbance of all three is more than 2× below those of the si-RNA sample of Figure 4b, and the Δν is larger, too, such that QS = 58, 59, and 50 for (1), (2), and (3), respectively. All these parameters for the 50-bp DNA are also listed in Table 1.




3.2. 1-kbp and λ-DNA Samples


The character of the THz transmittance changed significantly with the measurement of the larger DNA samples: the 1-kbp ladder and λ-DNA. The results for the 1-kbp ladder sample are shown in Figure 5b, and the λ-DNA in Figure 6a over the frequency range 550 to 1000 GHz. Although not as strong as the prominent signatures in the smaller molecule samples, there are still three signatures in Figure 5b significantly deeper than the others, labelled (1), (2), and (3), and centered at frequencies of ν0 = 750, 825, and 910 GHz, respectively. The QS (As) values of these three are 23, 28, and 28 GHz (0.13, 0.12, and 0.12), respectively, as listed along with the other parameters in Table 2.



For the λ-DNA of Figure 6a, there are no prominent signatures, but instead a quasi-sinusoidal behavior with a peak-to-trough transmittance difference of only 0.1. The increased noisiness in Figure 6a compared to the previous transmittance plots is mostly attributed to the magnified vertical scale. Because the peak-to-peak frequency separation is comparable to what is expected for longitudinal modes in the fused quartz substrate (etalon), the λ-DNA sample is likely just displaying broadband absorption modulated by an etalon transmittance. Because of this interpretation, there is no listing of signature parameters in Table 1 and Table 2.



However, since the λ-DNA sample approached the lower limits of the signature strength necessary for confident detection, it also provided an opportunity to study reproducibility. At the signal-to-noise ratios of our spectrometer, reproducibility would mostly be affected by systematic errors, like drift in the THz signal power, or by variation in the nanochannel fluidics. Figure 6b shows the results of two successive transmission scans with the λ-DNA sample. By averaging over frequency, we found that the variation in transmittance was ~5% across this 550–1000 GHz range.




3.3. Optical Cross-Section and Red Shift


Given the absorbance and the molecular concentration ρm, we can estimate the absorption cross-section per molecule, σm, which is a fundamental physical measure of the strength of the absorption (or scattering) at the molecular (or atomic) scale. We apply the Beer-Lambert law for chemical solutions [25]:


   A S  = [ L / ln ( 10 ) ] ·   ∑  i N   ρ  m , i    σ  m , i    



(2)




where L is the physical path length through the absorbing medium, i is the molecule-type index, and N is the number of molecular types. For the si-RNA, the 17, 21, and 25-bp species all have nominally equal concentrations so that we can write As ≈ [L/ln(10)] ρm <σm>, where from Table 1 ρm = 2.0 × 1014 cm−3 is the total (50% diluted) concentration including all three species, <σm> is the average cross-section, and L ≈ h = 0.6 μm, where h is the height of the nanochannels. With this approximation, we obtain <σm> = 1.9, 2.0, and 2.0 × 104 nm2 for the (1), (2), and (3) signatures, respectively. Although less applicable, we make the same approximation for the 1-kbp-DNA using ρm = 6.2 × 1013 cm−3 for the total (50% diluted) molecular concentration from Table 2. We find <σm> = 9.8, 8.9, and 8.6 × 103 nm2 for the (1), (2), and (3), respectively.



A subtle but important aspect of the Beer–Lambert expression of (2) is that the cross section can be represented spatially as a disk, similar to the concept of scattering cross-section in atomic physics. Hence, an interesting quantity is the cross-section diameter D = 2∙(σm/π)1/2. This quantity is also entered in Table 1 and Table 2, and it becomes more interesting when compared to the molecular length, Lm. Fortunately, for our linear ds-RNA and -DNA samples, this length is very well known in aqueous solution. Accurate to about 1%, for linear dsDNA, Lm (nm) = 3.3 × (Nbp − 1) and for ds-RNA, Lm (nm) = 2.7 × (Nbp − 1), where Nbp is the number of base pairs in the double strand. Hence, Lm = 5.4 nm for the si-RNA, 168 nm for the 50-bp DNA, and 1305 nm for the 1-kbp DNA, all based on the average Nbp in each sample listed in Figure 2a. Taking the ratio, we get D/Lm = 29.3 for the si-RNA, = 0.25 for the 50-bp DNA, and =8.1 × 10−2 for the 1-kbp DNA, all calculated for signature (2). Qualitatively, the ratio D/Lm is a measure of the molecular oscillator strength, and in principle can be >> 1.0 for particularly strong absorbers. In the present context, it means that the small nucleic acid molecules are much more effective absorbers than the large ones.



One other interesting aspect of our data is seen by plotting the center frequency for the (1), (2), and (3) signatures vs. sample for the si-RNA, 50-bp DNA, and 1-kbp DNA. As shown in Figure 7, there is a significant decrease in frequency for all three signatures. To the extent that these signatures are associated with the same physical mechanism (see the Discussion below), then this decrease is indicative of a spectroscopic red shift. This is a common effect in damped vibrational oscillators, and even occurs for the simple mass-spring harmonic oscillator of classical mechanics [26].





4. Discussion


4.1. Optical Effects


At first glance, the three prominent absorption signatures of Figure 4 and Figure 5 might appear to be caused by standing wave interference in the substrate etalon, since their peak-to-peak separation is comparable to the plane-wave etalon prediction: Δf ≈ c/(2nd) ≈ 77 GHz for the fused quartz chip. However, on further inspection, we see that the center frequencies are not equally spaced, as one would expect from etalon behavior. In Figure 4 (si-RNA), the separation between signatures (1) and (2) is 46 GHz, and the separation between (2) and (3) is 72 GHz. In Figure 5a (50-bp DNA), the separation between signatures (1) and (2) is 68 GHz, and the separation between (2) and (3) is 55 GHz. In Figure 5b (1-kbp DNA), the separation between signatures (1) and (2) is 75 GHz, and the separation between (2) and (3) is 85 GHz. Furthermore, the precipitous behavior of the signatures in Figure 4 and Figure 5a does not extrapolate to lower or higher frequencies, as one would expect for a strong etalon effect.



This reasoning does not apply to λ-DNA with its quasi-sinusoidal behavior, shown in Figure 6a,b, and its lack of prominent signatures. We reiterate that the background spectrum in Equation (1) (used in the calculation of transmittance) is taken with the nanochannels containing buffer solution, and the sample spectrum is taken with the nucleic acid solution added. Therefore, the transmittance calculation should cancel out the etalon effect, and the undulations of Figure 6 likely arise from weak nucleic acid absorption in the nanochannels comprising the top facet of the etalon. In Figure 6, the uniformity in the peak-to-peak separation and the weakness in amplitude together suggest that the λ-DNA absorption is broadband and lacking in measurable frequency-specific signatures, as displayed especially by the si-RNA and 50-bp DNA samples.



We do not expect high-Q etalon effects in our fused quartz substrates anyway. Because of the moderate refractive index (n ≈ 1.95 at ~1.0 THz), the reflectance at each silica-air interface is only ≈10%. Furthermore, fused silica is somewhat lossy at THz frequencies (α = 2.5–3.0 cm−1 at 1.0 THz; [20]), which dampens the etalon cavity Q, especially compared to the high-resistivity Si substrate in the nanofluidic chip that we studied previously [15]. Hence, we believe it is coincidental that the frequency separations of our three strongest signatures, especially those in Figure 4b and Figure 5a, are comparable to the value expected for the 1 mm-thick fused silica etalon, Δf ≈ 77 GHz.




4.2. Instrumental Effects


A most important result of this research is the identification of narrow absorption signatures in the small nucleic acid samples, siRNA, 50-bp DNA, and 1-kbp DNA. The associated linewidths (FWHM) are surprisingly narrow (10–32 GHz) and represent quality factors in the range of ~20–100. These linewidths are much narrower than have been reported in the literature for aqueous nucleic acids, to the best of our knowledge, and this begs the question: why? Based on our longstanding experience in the THz spectroscopy field, we attribute the observation of such narrow signatures in part to spectral resolution and dynamic range. Most of the reports on nucleic acid signatures have been carried out either by FTIR, THz TDS, Raman sideband spectroscopy, or, more recently, optical Kerr-effect spectroscopy. With all these techniques, there is a spectral resolution limit determined by delay line travel (FTIR and TDS) or pulsed laser sideband noise (Raman and Kerr effects). Without heroic efforts, these generally render a spectral resolution of roughly 0.5 cm−1 (15 GHz) or higher. By contrast, frequency-domain spectroscopy, as utilized in this work, routinely provides a spectral resolution of 1.0 GHz or better (0.5 GHz in our case). So, in the longstanding reports of THz nucleic acid absorptive signatures going back roughly 40 years, there is a possibility that the experiments have been spectroscopically under-resolved.



The second issue is dynamic range, which is related to instrumental SNR in the presence of the sample and all noise effects, random and systematic. Remarkably, many of the THz spectroscopy results do not report this metric, nor do they report an instrumental noise floor spectrum. So, even if a narrow signature were present and the instrument was configured to have suitable spectral resolution, the poor SNR would not allow a positive result.




4.3. Possible Biophysical Mechanism


Nucleic acids have one key attribute which is mechanical stiffness, with DNA having similar elastic moduli to even the stiffer artificial polymers. A well-known measure of this stiffness is the persistence length—the distance over which the molecule maintains elastic integrity, even in aqueous solution. Going back decades, the persistence length has been an important metric in polymer science, and in recent years has been measured to be ≈50 nm (150 bp) in β-helicity dsDNA [14,27], and ≈64 nm (237 bp) in β-helicity dsRNA [28,29]. With 17–25 bp length, our si-RNA sample is entirely within this range, and three of the 50 bp sample strands are within this range, too. However, none of the 1-kbp DNA strands are, and certainly not the λ-DNA sample (48.5 kbp).



On this basis, short strands of dsDNA or dsRNA can be thought of as stiff nanorods with three primary degrees of freedom: (1) compressional, (2) torsional (i.e., twisting), and (3) bending, each providing normal modes and natural resonant frequencies [30]. The compressional motion requires the highest force, so is thought to entail the highest resonant frequencies. Torsional and bending motions require much less force (or torque) and, hence, can display lower resonant frequencies, conceivably in the THz frequency range or lower, but still have high mechanical Q. Furthermore, a coupling between the torsional and bending motions has been identified, leading to the so-called Marko–Siggia model [31]. Although this model has been embellished several times in more recent years, the possibility of three normal modes remains. It also provides a plausible explanation for why, in the present work, we have seen three sharp signatures in the shorter nucleic samples.



Of course, there is also the question of optical activity, since strong interaction with electromagnetic waves always requires polarity in the absorbing species. One source of polarity is the well-known sequence of polar hydrogen bonds between every base pair in the double strand. Another possibility is the following. At the physiologic, slightly basic pH levels of the present samples (7.2 for the si-RNA, 8.0 for the others), the phosphate groups in the backbone of every nucleic acid donate one proton to the aqueous solution, creating a sequence of single negative charges down each strand. When combined with a positive charge from a bound water layer, there will be a high degree of polarity because, like the hydrogen bond sequence, there will be at least one dipole per base pair in the molecule.



There is also the issue of the remaining (weak) signatures that we observed in the larger sample, 1-kbp DNA. Historically, it is tempting to attribute these to the optically active phonon-like modes that have been discussed for decades, as described in the Introduction. However, their proximity in frequency to the sharp resonances of the smaller molecule samples suggests another possibility, which is coupled elastic modes. According to the “worm-like chain” model of polymer physics [32], the stiff sections of DNA or RNA approximately one persistence length long are loosely connected. In other words, the nano-mechanical resonators are coupled resonators, and from the principles of classical mechanics will yield more resonant modes with different frequencies than the uncoupled ones, including lower frequencies. However, by draining vibrational energy from the persistence length sections, the coupled modes should also be more heavily damped and thus have a lower Q, as we have seen experimentally. The higher damping may also explain the red-shift with increasing molecular length, as plotted in Figure 7.




4.4. Nanochannel Effect


But how can such sharp signatures occur at all, at room temperature and in the aqueous state? Conventional wisdom would suggest that vibrational resonances should be overdamped under such conditions, making the quality factor low and the observability of such resonances difficult, if not impossible. Independent of the detailed vibrational mechanism, the nanochannels may be providing an enhancement of the THz signatures, as evidenced by the large ratio of cross-sectional diameter to molecular length for the si-RNA sample summarized in Table 1. We hypothesize that some degree of enhancement is occurring by adsorption and maybe unfolding of the molecules onto the walls of the nanochannels. This should immobilize the molecules to a significant extent, thereby suppressing their random motion and collisional damping compared to bulk aqueous solution. However, the molecules cannot be desiccated, or they would lack the polarity needed to display strong optical absorption. This may also explain why nucleic acids, both in bulk aqueous and fully desiccated (solid-state) samples, have not displayed the sharp resonances reported here. It is a delicate balance that needs to be explored further, so for now, we simply leave it as a hypothesis.





5. Summary


We have presented what may be the sharpest absorption signatures of aqueous nucleic acid samples ever reported in the THz region at room temperature. The nucleic acid samples were tested after filling the nanochannels by osmosis, and then measuring the transmittance in the range of ~500 to 1000 GHz with a 0.5 GHz resolution using a scanning, frequency-domain THz spectrometer. Because the nanofluidic chip is fabricated on a fused quartz substrate, which has small refractive index but moderate THz attenuation, the standing wave effects should be weak, and are further mitigated by using as a “background” scan the chip with nanochannels filled by nucleic acid buffer solution only. We measured three prominent signatures from small interfering RNA, each providing strong absorbance (0.8–0.9) and narrow signature width (10–12 GHz). A 50-bp DNA (ladder) sample displayed three similar signatures with somewhat weaker absorbance (0.28–0.38) and broader frequency width (15–20 GHz). In a 1-kbp DNA (ladder) sample, signatures existed, but they were weaker and broader than the first two samples, and in the λ-DNA (48.5 kbp) samples, sharp signatures were non-existent. The sharp signatures in the smaller molecule samples can be attributed to the nano-mechanical vibrational resonance associated with bending, twisting, or a hybrid between them. This is possible in the smaller molecules because they were shorter than the persistence length of ≈50 nm (150 bp) in dsDNA and ≈64 nm (237 bp) in dsRNA under physiological conditions.
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Appendix A. Frequency-Domain Photomixing Spectrometer


Like TDS, frequency-domain photomixing utilizes ultrafast photoconductive emitters and detectors, but is driven by single frequency temperature-tunable distributed feedback (DFB) semiconductor lasers rather than mode-locked lasers. The photomixer provides a tunable difference frequency output from below 100 GHz to ~1.5 THz, with an instantaneous linewidth of ~50 MHz or better [18,33]. The difference frequency can be monitored accurate to ~100 MHz using a commercial wavemeter, such as the one shown in Figure 1. The photomixers are fabricated at the center of a compact planar square-spiral antenna, which radiates a primarily circular polarized beam above ~200 GHz. Including antenna impedance effects, the bandwidth of each photomixer is roughly 1.0 THz. One photomixer acts as the transmitter (Tx) and the other acts as the receiver (Rx), as shown in the photograph of Figure A1. The radiation from the transmit photomixer is coupled from the antenna to free space through a high-resistivity silicon hyperhemispherical lens. The THz beam is then collimated using an aspherical optic, an off-axis paraboloid. The reverse process occurs between free space and the receive photomixer.



The nanofluidic chip is located immediately below the transmit photomixer coupling lens (a silicone hyperhemisphere) where the spot diameter is small (~3 mm diameter), as determined by the photomixer spiral antenna and the thickness of the lens. Assuming an average power of 1.0 μW and an instantaneous linewidth of 50 MHz, the THz beam at this point has a spatial intensity of ~1.4 × 10−5 W/cm2, and the power spectral intensity is ~0.7 × 10−3 W/cm2-GHz. We have found the latter quantity to be a good performance metric for THz sources in high-resolution spectroscopy.
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Figure A1. THz photomixing spectrometer with a nanofluidic chip in the beam path. 
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Because the lasers driving the transmit and receive photomixers are both single frequency and coherent, the THz beam at the receive photomixer is mixed down in frequency by quasi-homodyne conversion. A simple amplitude modulation of the bias voltage on the transmit photomixer then allows for DC offset and straightforward synchronous detection of the receiver output using a lock-in amplifier, the same benefits as traditional homodyne transceivers. With no samples in the THz path, this spectrometer can produce a high dynamic range, up to 70–80 dB at 100 GHz and 40–50 dB at 1.0 THz. This assumes good alignment of the THz beam between the transmitter and receiver, which is non-trivial when there are substrate-based samples located in the beam path, since such samples can steer the beam. The stated dynamic range values can be achieved without evacuation of the free space portion of the spectrometer so that water vapor absorption lines do appear, especially when the ambient humidity is high. Unless one of these water vapor lines coincides with a signature from the sample of interest, this does not pose a big problem. On the contrary, because the water vapor lines are highly resolved, their known shape and strength is sometimes used to monitor the absolute frequency and dynamic range of the instrument.



An important practical aspect of our photomixing spectrometer is scan time. Because the DFB laser frequencies are temperature tuned, and because the temperature is set by thermoelectric modules, significant time is required for each sample frequency point. For the 0.5 GHz steps in the present experiments, that time is about 1 s per point, so that a 500 GHz scan takes about 20 min. This is why it is important to establish a fluidic steady state in the nanochannels prior to starting the THz frequency scans.




Appendix B. Nanochannel Technology


The motivation for nanofluidic sample presentation goes back to pioneering demonstrations of electrokinetic insertion, uncoiling, and transport of DNA in nanochannels and nanochannel arrays [34,35,36]. The use of nanochannels with negatively charged (i.e., hydrophilic) surfaces, such as silica, is especially advantageous because it overcomes the tendency for the negatively charged nucleic acid molecules to adsorb, and because of the ease with which electro-osmotic flows can be generated. Our innovative nanochannel technology was originally developed at U. New Mexico. A cross-sectional SEM of a fully fabricated array is shown in Figure A2. The nanochannels can be designed to have uniform dimensions across a given chip with widths between 50 and 600 nm, depth between 50 and 600 nm, and pitch typically between 500 and 1500 nm. They were fabricated using a customized process that consisted of the following steps: (1) definition of the submicrometer channel pattern in photoresist using interferometric lithography on fused quartz substrates; (2) spin coating and self-assembly of colloidal silica nanoparticles (multiple coats) on the patterned photoresist; and (3) high-temperature calcination to sinter the nanoparticles and remove the photoresist. Further details on this unique nanofabrication process and observation of DNA motion in nanochannels with fluorescent labeled DNA can be found in references [37,38].
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Figure A2. Cross-sectional SEM of nanochannels after spin deposition of silica nanoparticles and high-temperature calcination to remove the photoresist. The yellow line indicates 1.0 μm length. 
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Appendix C. Nucleic Acid Solutions


The first sample was small interfering (si) RNA containing three fragments of length 17, 21, and 25 base pairs with 2-base, 3′ overhangs on each end [21]. Including the overhangs, the molecular weight of the three fragments was 10,789, 13,369, and 15,941 Da. Assuming equal occurrence of each fragment, the total mass concentration of RNA was 9.0 μg/mL, which corresponds to a molarity of 6.7 × 10−10 mol/mL. The solvent consisted of a 5% glycerol, 1 mM EDTA buffer solution with a pH = 7.2. From a biological standpoint, si-RNA has attracted much interest because of its involvement in RNAi pathways, where it interferes with the expression of specific genes [39]. As such, it could play a key role in gene therapy [40]. It has also been found to be a potent inhibitor of influenza virus replication in embryonated chicken eggs and promises to help prevent and treat influenza virus infections in humans [41]. It has also been found to counteract the Human Immunodeficiency Virus (HIV) [42].



The second sample was a 50-bp DNA ladder containing a distribution of 17 fragments of length 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 766, 916, and 1350 bp, with the 200 and 1350 bp being slightly predominant (to enhance the intensity for electrophoresis applications). Taking a weighted average amongst all fragments, the total mass concentration of DNA was ≈1.0 × 10−3 gm/mL, which corresponds to an average molarity of 3.2 × 10−9 mol/mL. The third sample was a 1-kpb DNA ladder containing a distribution of 10 strands of length 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 8.0, and 10.0 kbp, with the 3.0-kbp sample being slightly predominant. Again, taking a weighted average the total mass concentration of DNA was 0.5 × 10−3 gm/mL, which corresponds to an average molarity of 2.1 × 10−10 mol/mL. Both the 50-bp and 1-kbp samples came in a buffer solution of 10 mM Tris-HCL and 1 mM EDTA with a pH of 8.0.



The largest nucleic acid specimen we investigated was lambda DNA—the phage for the Escherichia coli bacterium. It consists of 48,502 base pairs [43] and is one of the best understood of all naturally occurring and physiologically relevant DNA species. Lambda DNA did not flow as readily into the submicron channels as the smaller species, so a longer waiting time (roughly 20 min) was taken to allow their full penetration. However, all four samples tested are considered biologically relevant. Like the 50-bp and 1-kbp DNA samples, the lambda DNA was obtained commercially, and dissolved in EDTA buffer solution at a pH of 8.0.
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Figure 1. THz photomixing spectrometer with nanofluidic chip in the beam path. The chip dimensions are 5 × 5 mm and the THz beam has a 3 mm diameter, so underfills the chip. The nanochannels are not shown to scale, as there are approximately 5000 parallel nanochannels per chip. 
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Figure 2. (a) Essential chemical and physical properties of four nucleic acid solutions, as provided by New England Biolabs, Inc., Ipswich, MA, USA, and after 50% dilution in the nanochannels. (b) Exact base sequence of the 21-mer fragments of the si-RNA sample including 5′ overhangs on opposite ends (A, C, G, and U stand for adenine, cytosine, guanine, and uracil, respectively). 
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Figure 3. Characteristic of the THz absorption signatures evaluated in this work. 
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Figure 4. (a) Power spectra for background, sample, and noise floor for si-RNA solution in the nanochannel cell. (b) Transmittance using the raw data in (a) and computation with Equation (1). The prominent three signatures are labelled (1), (2), and (3). 
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Figure 5. (a) Transmittance spectrum for the 50-bp DNA sample between 700 and 1050 GHz. (b) Transmittance for the 1-kbp DNA sample between 550 and 1000 GHz. 






Figure 5. (a) Transmittance spectrum for the 50-bp DNA sample between 700 and 1050 GHz. (b) Transmittance for the 1-kbp DNA sample between 550 and 1000 GHz.



[image: Applsci 11 11827 g005a][image: Applsci 11 11827 g005b]







[image: Applsci 11 11827 g006a 550][image: Applsci 11 11827 g006b 550] 





Figure 6. (a) Transmittance spectrum for the λ-DNA sample between 500 and 1000 GHz. (b) Repeat measurement of same λ-DNA sample to check for reproducibility. 
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Figure 7. Center frequency of three prominent signatures vs. sample type. Note that the horizontal axis is not proportionate. 
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Table 1. Spectroscopic and optical parameters for three prominent absorption signatures in si-RNA and 50-bp DNA samples.
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Sample

	
si RNA

	
50-bp DNA






	
Signature

	
(1)

	
(2)

	
(3)

	
(1)

	
(2)

	
(3)




	
Center Freq (GHz), ν0

	
916

	
962

	
1034

	
870

	
938

	
993




	
FWHM (GHz), Δν

	
10

	
10

	
12

	
15

	
16

	
20




	
Quality Factor, QS

	
92

	
96

	
86

	
58

	
59

	
50




	
Tmin

	
0.012

	
0.011

	
0.012

	
0.35

	
0.39

	
0.31




	
Tmax

	
0.080

	
0.080

	
0.090

	
0.75

	
0.75

	
0.75




	
Signature Absorbance, As

	
0.82

	
0.86

	
0.88

	
0.33

	
0.28

	
0.38




	
Molecule/cm3 (diluted), ρm

	
2.0 × 1014

	
2.0 × 1014

	
2.0 × 1014

	
9.6 × 1014

	
9.6 × 1014

	
9.6 × 1014




	
Molecular Cross Sec (nm2)

	
1.9 × 104

	
2.0 × 104

	
2.0 × 104

	
1.6 × 103

	
1.4 × 103

	
1.8 × 103




	
Cross-Sec Diam, D (nm)

	
154

	
158

	
159

	
45

	
42

	
48




	
D/Molecular Length

	
28.5

	
29.3

	
29.4

	
0.27

	
0.25

	
0.29
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Table 2. Spectroscopic and optical parameters for three prominent absorption signatures in 1-kbp DNA sample.
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Sample

	
1-kbp DNA






	
Signature

	
(1)

	
(2)

	
(3)




	
Center Freq (GHz), ν0

	
750

	
825

	
910




	
FWHM (GHz), Δν

	
32

	
30

	
32




	
Quality Factor, QS

	
23

	
28

	
28




	
Tmin

	
0.59

	
0.6

	
0.62




	
Tmax

	
0.8

	
0.79

	
0.81




	
Signature Absorbance, As

	
0.13

	
0.12

	
0.12




	
Molecule/cm3 (diluted), ρm

	
6.2 × 1013

	
6.2 × 1013

	
6.2 × 1013




	
Molecular Cross Sec (nm2)

	
9.8 × 103

	
8.9 × 103

	
8.6 × 103




	
Cross-Sec Diam, D (nm)

	
112

	
106

	
105




	
D/Molecular Length

	
0.086

	
0.081

	
0.080

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Transmittance, T

1.0

e
=)

max

Frequency, v






media/file13.png
Transmittance

1.0

1034
\ 4
]

(3)

(2)8
T . -1
10 _2 1 1 rr“nl 1 1 | 1
700 800 900 1000 1100
Frequency [GHz]

(b)






media/file18.jpg
1.00

095

Transmittance

085

500

600

700 800
Frequency (GHz)
(a)

900

1000





media/file9.png
1.0

1 ‘@ueniwsuel]

S
o

Frequency, v





media/file14.jpg
)

3]

(

&)

1.0

0.9

@
=]

L
8 © o o
dduepwsuel]

ot §
S

o
S

3
=]

750 800 850 900 950 1000 1050
Frequency (GHz)

700

(a)





media/file19.jpg
Second Scan

Transmittance

0.80

0.75
550 600 650 700 750 800 850 900 950 1000
Frequency (GHz)

(b)






media/file23.png
Frequency [GHZz]

1050

1000

950

900

850

800

750

700

r\ Signature

N~ T~

-~
\‘\(2)\
~_

/

(1)

si-RNA

50-bp DNA

1-kbp DNA





media/file5.png
|Wavemeter|

/
I
Fixed DFB | [
Laser [Isolator |' -=r, ; :
A=780 nm : ! !
Beam : Receive |
Combiner --- Photomlxer :
|
; Focusmg | Transmlt I
Tunable :
DFB Laser||solator|~ - '>/ Lens S h°t°m'xer '
A>780 nm

Nanoflwdlc Cell (Top View

||||! il

Silica ==~
Nanochannels

g
5

Transimpedance
Lock-In Amp

* Silicon
- Lens .,

“"
R
_ ‘-

Nﬁnofluidic .

""" Chip

Limiti;\g Aperture.
Chip Holder

-~ THz Path --»

1)
0..
L J
]

—————p

Circular' Polarized
Incident THz Beam

“ Off-Axis "
Paraboloids





media/file11.jpg
Transmittance

1.0

10-1

102

700 800 900 1000 1100

Frequency [GHz]
(b)





media/file15.jpg
= 3 3 s & 3
@ouenwsuel

950 1000

50

8

600 650 700 750

550

Frequency (GHz)

(b)





media/file2.jpg





nav.xhtml


  applsci-11-11827


  
    		
      applsci-11-11827
    


  




  





media/file6.jpg
‘Sample SIRNA 5050 DNA ‘Lkbp DNA ALONA
m/mt 50x10° 10x10° S0x10% 50x107
gm/mole 136x10° 3100100 203100 258107

Molarty [mole/t] 6723107 3amx10 206x10°  18x10°
‘Ave number o base pairs. 2 s11 3956 a0

Ave double.strandlength (] s 1683 13052 160053

molecues/m. a1x10% 19x10% 120104 10x10%

Totalchannel volume [’} 63x10¢ 63x10¢ &3x10¢ 63x10¢

Moles inchannels (duted) 21x10% 10x10% Gaxi0*  s2x107

Moleculesin channels (divted) 3x10 30410 19x10 16x10°

@
20:mer(13,36902)

®)






media/file1.png





media/file16.png
1.0
09t

~

duelliwisuesj

: & = s
© © o o

-
(=)

.
o

750 800 850 900 950 1000 1050
Frequency (GHz)

700

(a)





media/file20.png
1.00

................

.................

............

*
-----------------

AR RN R R N

-------------------------

0.95

.............................

....................................

..............................

o
d-
o

dduejjiwsuels)

|
L
o«
o

900 1000

800

Frequency (GHz)

500

(a)





media/file10.jpg
10t

2

107

102

10°

Transmitted Power [Arb Units]

104

Sample Background

Noise Floor

500 600 700 800 900 1000 1100 1200
Frequency [GHz]

(a)





media/file7.png
Sample siRNA 50-bp DNA 1-kbp DNA A DNA
gm/mL 9.0 x 10° 1.0x 103 5.0x10* 5.0x10*
gm/mole 1.34 x 10° 3.14 x 10° 2.43 x 10° 2.98 x 10’
Molarity [mole/L] 6.72 x 107 3.18x 10°® 2.06 x 107 1.68 x 108
Ave number of base pairs 21 511 3956 48,502
Ave double-strand length [nm] 5.4 168.3 1305.2 16,005.3
molecules/mL 4.1 x 104 1.9 x 10%° 1.2 x 104 1.0 x 10%3
Total channel volume [cm3] 6.3 x10° 6.3x10° 6.3 x10° 6.3 x10°
Moles in channels (diluted) 2.1x107%° 1.0x 10 6.4 x 1016 5.2x 10
Molecules in channels (diluted) 6.3 x 108 3.0 x 10° 1.9 x 108 1.6 x 10’

(a)
21-mer (13,369 Da)

55-AUCUCAACCAGCCACUGCUAA
UUUAGAGUUGGUCGGUGACGA-Y5'

(b)






media/file12.png
10!

100

10 Background

102

Noise Floor

103

Transmitted Power [Arb Units]

10+

500 600 700 800 900 1000 1100 1200
Frequency [GHz]

(a)





media/file3.png





media/file22.jpg
Frequency [GHz]

1050

1000

950

900

850

800

750

700

\

Signature

\ @)

2]

si-RNA

50-bp DNA

1-kbp DNA





media/file17.png
) b
o (S

1.0
9

i - ih
(S ) S

djuepwsues)

600 650 700 750 800 850 900 950 1000
Frequency (GHz)

550

(b)





media/file4.jpg
[fransimpedance
[Wavemeter] Lock-In Amj

y

Fixed DFB 1
Laser [Isolator [~ '
A=780 nm
Beam
Combiner
Tunable
IDFB Laser|isolator] -
1>780 nm

silicon

Nanoflui

Si
Nanochannels

Circular Polarized
Incident THz Beam

Paraboloids





media/file0.jpg





media/file21.png
Transmittance

1.00

0.85

0.75|

0.80

T l

.......................................

! T T

IR N ssessssstansannan

.....................

....... Second Scan _

550 600 650

700 750 800
Frequency (GHz)

(b)





