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    Abstract     During    the past several years we have utilized fl uidic-chip and waveguide- 
concentrator technology in combination with high-resolution frequency-domain THz 
spectroscopy to detect absorption signatures in biomolecules and bioparticles of vari-
ous types, especially the nucleic acids and bacterial spores. Some of the  signatures have 
been surprisingly narrow (<20 GHz FWHM), leading to the hypothesis that the fl uidic 
chips can enhance certain vibrational resonances because of their concentrating and 
linearizing effects. For solid or moist bio-samples, circular waveguide coupling allows 
signature detection of small quantities with some degradation of sensitivity but no loss 
of resolution. It concentrates the radiation, not the biomaterial. This method was used 
to demonstrate strong THz signatures in bacterial spores (e.g.,  Bacillus thuringiensis ).  
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2.1         Background 

 THz radiation remains of great interest for biomolecular sensing because it 
interacts resonantly with collective vibrations that involve hundreds or more 
atomic  constituents. They are therefore more specifi c to the  primary structure  of the 
 biomolecules, compared to the interatomic vibrations sensed by traditional IR 
spectroscopy (e.g., FTIR). In addition, THz is inherently non-ionizing to biomole-
cules, and like IR spectroscopy, can detect “label free” targets. Sub-THz vibrational 
modes in the nucleic acids DNA and RNA have been investigated for several 
decades going back to seminal work by Van Zandt [ 1 ] and Wittlin [ 2 ]. The former 
emphasized the existence of sub-THz polar optical phonon modes in aqueous DNA, 
while the latter emphasized an optically active hydrogen bond between the base 
pairs. Later, the study of localized vibrational modes became of interest, and in 
more recent work narrow signatures have been observed [ 3 – 4 ].  

2.2     Introduction 

2.2.1     Sample Presentation 

 More recently the importance of sample presentation and concentration has become 
better appreciated, leading to our investigation of new techniques for THz measure-
ment of biomolecules. This paper reviews two such techniques, displayed schemati-
cally in the system block diagram of Fig.  2.1 . The fi rst is a nanochannel, fl uidic-chip 
platform for the aqueous nucleic acid samples and proteins. The second technique 
concentrates the THz radiation into circular metal waveguide structures where 
vibrations can be excited effi ciently in sub-wavelength dry samples, such as pow-
ders. The second technique concentrates the THz radiation into circular metal wave-
guide structures where vibrations can be excited effi ciently in sub-wavelength 
dry-powder or grainy samples. In other words, the fi rst technique is concentrating 
the biomaterial, and the second technique is concentrating the THz electric fi eld.

2.2.2        High-Sensitivity THz Spectrometry 

 Our spectrometer of choice is the state-of-the-art coherent frequency-domain 
 transceiver shown in Fig.  2.1  [ 5 – 7 ]. Because of spectral and spatial coherence, it is 
amenable to both sample-presentation techniques just described. Like time-domain 
spectroscopy, photomixing utilizes ultrafast photoconductive emitters and detectors 
but driven by single-frequency temperature-tunable distributed-feedback (DFB) 
semiconductor lasers rather than mode-locked lasers. It provides a continuously 
tunable coherent tone from below 100 GHz to ~2.0 THz with instantaneous linewidth 
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of ~100 MHz or better [ 8 ]. The photomixers are fabricated at the center of an 
 ultra-compact planar square-spiral antenna which radiates a primarily circular 
polarized beam above ~200 GHz. Including antenna impedance effects, the band-
width of each photomixer is approximately 1.0 THz. One photomixer acts as the 
transmitter and the other acts as the receiver. The radiation from the transmit photo-
mixer 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, usually an off-axis paraboloid. The reciprocal process occurs between free 
space and the receive photomixer. 

 Because the lasers driving receive and transmit photomixers are mutually coher-
ent, the THz beam into the receive photomixer is mixed down in frequency by 
homodyne conversion. A simple amplitude modulation on the transmit photomixer 
then allows for dc offset and straightforward synchronous detection with all the 
benefi ts of traditional homodyne transceivers. With no samples in the THz path, this 
spectrometer produces a high dynamic range, typically in the range 70–80 dB at 
100 GHz, and 50–60 dB at 1.0 THz. This range is 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 
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  Fig. 2.1    Block diagram of THz coherent transceiver showing optimum location of the nanofl uidic 
chip adjacent to the transmit photomixer, and the conical-horn waveguide coupler at the middle of 
the THz path (only one method used at a time)       
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vapor lines coincides with a signature from the sample-of-interest, this does not 
pose a problem. On the contrary, because the water vapor lines are highly resolved, 
their known shape and strength is often used to monitor the frequency metrology 
and dynamic range of the instrument. 

 The samples of interest are mounted in one of the three positions shown in 
Fig.  2.1 . The fl uidic chips are usually located at the lens port of the transmit or 
receive photomixer where the THz beam diameter is ≈3 mm, which underfi lls the 
nanochannel aperture of the chip. As shown in Fig.  2.2a , the chip is mounted on a 
precision dovetail slide for accurate and repeatable placement in the THz beam 
path. The circular-waveguide coupler is always located at the half-way point 
between the transmit and receive photomixers where the beam is collimated with a 
spot size of ≈1 cm. The insertion loss of the fl uidic chip is ≈2–3 dB, whereas the 
waveguide coupler loss is >20 dB. Nevertheless, the waveguide coupler transmits 
enough power to maintain signal strengths at least ~20 dB above the noise fl oor out 
to 1.0 THz. This takes advantage of the high-dynamic range of the instrument, 
which is typically 80 dB at 200 GHz, 60 dB at 1.0 THz, and 40 dB at 1.6 THz.

2.3         Sample Methods and Results 

2.3.1     Fluidic Chips 

 The intent of the fl uidic chips is to concentrate and possibly linearize nucleic-acid 
molecules in nanochannel arrays, while maintaining effi cient coupling to free-space 
THz radiation. To fabricate the nanochannels at the micron scale and below, we have 
applied submicron-interference lithography and silica-nanoparticle calcination tech-
niques [ 9 ]. In the present samples the channels were approximately 800 nm wide by 

  Fig. 2.2    ( a ) Fluidic chip lying on precision dovetail slide. ( b ) Close-up of fl uidic chip showing the 
transparent quartz substrate, metal strips (connected by electrodes), and gaps between the strips 
through which the THz propagates       
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1,000 nm deep, on a pitch of ~1,200 nm, and separated from opposing reservoirs by 
about 5 mm. It takes ~15 min to fi ll the channels by capillary action [ 10 ], and the 
fi lling and concentrating effects have been confi rmed by fl uorescence imaging [ 10 ]. 
The THz transmission is then measured with the beam aligned at the center of the 
nanochannel array. The spatially-coherent, focused THz beam is typically 3 mm in 
diameter, so much smaller than the ~5 × 5-mm aperture of the fl uidic chip. 

 Historically, this fl uidic-chip platform quickly displayed strong signatures in 
the smaller nucleic-acid samples, such as those for small-interfering RNA shown 
in Fig.  2.3a  [ 11 ]. This particular sample was a mixture of 17-, 21-, and 25-bp 
 ds- siRNA molecules. The signatures are the strongest and narrowest (<20 GHz 
FWHM) we have ever observed in nucleic acid solutions. And three of them 
stood out in terms of absorption depth, labeled S1, S2, and S3 in Fig.  2.3a , and 
centered at 916, 962, and 1,034 GHz, respectively. In the meantime we have 
searched for signatures of larger molecules, starting with double-stranded DNA 
in the range between 50 and 1,000 bp. Most of these appeared similar to the 
transmission spectrum for 50-bp DNA shown in Fig.  2.3b . Three prominent sig-
natures tended to appear between 850 and 1,000 GHz, the three in Fig.  2.3b  being 
centered at ≈870, 938, and 993 GHz, and labeled in correspondence with those 
of si-RNA. Note however that the signatures in Fig.  2.3b  are signifi cantly weaker 
and broader than those of Fig.  2.3a  (which is why the vertical scale in Fig.  2.3a  
is logarithmic and in Fig.  2.3b  linear).

   The largest nucleic-acid specimen studied to date is Lambda DNA – the bacte-
riophage for the  Escherichia coli  bacterium, which consists of 48,502 base-pairs 
[ 12 ]. A typical transmission spectrum for Lambda DNA is shown in Fig.  2.3c  
between 0.8 and 1.1 THz. Again, there are three prominent signatures, but they are 
even weaker and broader than those in Fig.  2.3b , and not very distinguishable from 
the typical transmission-spectrum undulations. However, it is compelling to com-
bine all of the center frequencies in Fig.  2.3  to compose the trend chart shown in 
Fig.  2.4 . Here we see the tendency for the center frequency to shift downward 
between the smallest DNA (17-bp) and the largest (48.5-kbp) tested.

2.3.2        Waveguide Concentrator 

2.3.2.1     Dry Control Sample 

 The circular-waveguide coupler is displayed in Fig.  2.5a , consisting of two conical 
horn antennas aligned back-to-back and separated by a thin circular waveguide sec-
tion located near the throat of each horn. The thin waveguide section contains the 
biosample with two very thin (~12 μm thick) plastic windows held taut by the wave-
guide fl anges. Because of the high radiative condensing capability of horn antennas, 
this technique is well suited to coupling limited THz power to a small volume fi lled 
with a solid sample. Our fi rst investigation of this method utilized a 500-μm-diameter 
circular-waveguide section that was 380 μm thick. This corresponds to a sample 
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  Fig. 2.4    The three signature 
center frequencies, S1, S2, 
and S3 from Fig.  2.3  plotted 
vs size of the nucleic acid 
sample in units of base-
pairs [bp]       
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volume of ≈77 μl, which is small enough that dangerous or expensive samples can 
be used with relative impunity.

   The experimental protocol was to start with the horn coupler located as shown in 
Fig.  2.1  but without any sample, and then measure transmission relative to a 
 background consisting of the open-path spectrum. As always the noise fl oor was 
measured with the THz path blocked, resulting in the horn-coupler transmission 
spectrum shown in Fig.  2.5b . There are two notable aspects of this spectrum. The 
fi rst is a precipitous turn-on in the transmission around 320 GHz that rises by about 
40 dB starting from just above the noise fl oor. This is the expected cut-off frequency 
f c  of the TE 11  mode of the 500-μm diameter circular waveguide at the throat of the 
horn. Electromagnetic theory [ 13 ] predicts this as f c  = (1.841/d)* c/(π) = 346 GHz, 
assuming d = 0.020 in. (508 μm), the nominal radius of the circular waveguide 
according to the machine tools used. The discrepancy between the experiment and 
theory is explained by the machining tolerance of ≈+5 %. Adding this to the nomi-
nal diameter, we get d = 0.021 in (r = 533 μm), or f c  = 330 GHz, as shown by the 
vertical dashed line in Fig.  2.5b  and in good agreement with experiment. 

 The second notable aspect is a roll-off in transmission with frequency up to 
1.0 THz, and a maximum transmission of only ≈ 7 × 10 −3  around 340 GHz. The 
gradual roll-off in transmission is attributed to excitation of higher-order modes in 
the circular waveguide. The cut-off frequency for each successive mode is shown in 
Fig.  2.5b  (assuming d = 508 μm). The fi rst debilitating drop in transmission occurs 
around 1.0 THz where the TM 21 , TE 12  and TM 02  cut-off frequencies are in close 
proximity. The low maximum transmission is attributed primarily to mismatch and 
misalignment between the quasi-Gaussian beams in the coherent THz spectrometer 
and the horn coupler. This misalignment is a consequence of too many degrees-of- 
freedom. The guided-wave portion of the horn coupler is mounted in a gimbal, so 
must be adjusted in both azimuth and elevation, which is diffi cult to optimize. In 
spite of the mismatch loss, the instrument still produces the radiative concentration 
effect we seek, and achieves useful transmission levels because of the high dynamic 
reserve of the coherent photomixing spectrometer. 

 To demonstrate spectroscopic capability on solids, we fi lled the circular- 
waveguide section with lactose monohydrate powder using a needle. The monohy-
drate-crystallized form of lactose (milk sugar) has become a standard THz absorber 
because of its two strong and narrow signatures centered at 530 and 1,369 GHz, 
respectively [ 14 ,  15 ]. In our experiment, the transmission through the lactose was 
computed relative to a background scan through the empty horn coupler, and to the 
instrument noise fl oor. As displayed in Fig.  2.5c , the lactose signature centered at 
530 GHz is fully resolved in depth and width. This is believed to be the smallest 
volume of lactose monohydrate ever detected in the THz region.  

2.3.2.2     Wet Sample 

 The interest in THz bacterial spectroscopy started in earnest with the anthrax 
pathogen ( Bacillus anthracis ) domestic-terror events in the U.S. shortly after 
9/11/2001. This event proved that a simple postal letter could disguise the presence 
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of the deadly anthrax spores from conventional biosensors. The high transparency of 
paper and similar dry insulating materials to THz radiation begged the question of 
whether Anthrax offered any radiative signatures. So some experimental studies 
were conducted on an innocuous Anthrax simulant,  Bacillus subtilis  (Bg), and 
 signatures were measured at or near 415 and 1,035 GHz [ 16 ,  17 ]. However, these 
signatures were rather weak and diffi cult to reproduce, in addition to the fact that 
(Bg) was diffi cult to obtain outside of a biological laboratory. 

 Therefore, more recently we investigated another species of genus  Bacillus, 
B. thuringiensis  (Bt), also a candidate surrogate for anthrax, but much easier to 
obtain and less controlled. In fact, it is a common “green” pesticide used through-
out the world, and widely cultured for agriculture and plant sciences. Our fi rst 
sample had a pasty consistency so was readily smeared into Whatman TM -5 fi lter 
paper. To our delight, this provided the interesting THz transmission spectrum 
shown in Fig.  2.6a , with unmistakable and reproducible signatures centered 
around 410, 915, and 1,050 GHz [ 18 ]. The signature at 915 GHz was, in fact, the 
strongest THz biosignature we had ever measured up to that point. To elucidate 
the origin of the strong signature, we obtained a scanning-electron micrograph 
of the sample as shown in Fig.  2.6b . The spores are clearly visible as prolate 
spheroids, and occupy approximately 50 % of the biomass, the remainder of 
which is mostly obliterated cell-wall and cytoplasmic material.

   To determine whether the signatures in Fig.  2.6a  are independent of the fi lter- 
paper method, we took a very small amount of the moist, pasty Bt material and 
located it in the sample holder of the waveguide coupler of Fig.  2.5a . Although 
tedious and imprecise, the waveguide-coupler was able to maintain the moisture 
level for a long time (~1 h). We then obtained the spectrum in the lower part Fig.  2.7  
showing the strongest signature centered around 910 GHz, which is reduced below 
that in Fig.  2.6a  by more than the frequency uncertainty in our experiment (0.5 GHz). 
Analysis of this signature has led to its model as a surface-phonon polariton 
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resonance on the outer coat of the  Bacillus  spore. Although this was fi rst proposed 
in 2006 for  B. subtilis  [ 19 ], it could never be proven because of the relative 
weakness of the signatures.

   Believing that the hydration level could be responsible for the frequency shift, 
we maintained the same sample in the waveguide coupler for ~44 min just to de hydrate 
with no other changes in the experiment. The spectrum shown in the upper part of 
Fig.  2.7  was obtained. As expected, with less hydration there was signifi cantly 
higher transmission through the sample across the entire band since liquid water is 
very absorbing in the THz region. However, to our surprise the strong signature at 
910 GHz disappeared, proving that hydration level affects the signature strength 
signifi cantly. This may also be consistent with the surface-phonon polariton 
mechanism since in the moist state liquid water will likely bind to the spore coat, 
polarizing its surface. And when dried, the surface proteins on the spore collapse 
their normal structure.    

2.4     Conclusion and Future Work 

 Our research has focused on the detection of signatures in biomolecules and 
 bioparticles, especially nucleic acids and bacterial particles (i.e., spores). Our quest 
has been aided signifi cantly by the development of concentration methods both for 
the biomaterial itself and the THz radiation. The preferred concentration method for 

  Fig. 2.7    THz transmission through small quantity of Bt paste in circular waveguide coupler while 
moist ( lower ,  red ), and 44 min later after drying ( upper ,  blue )       
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liquid samples has been the fl uidic chip fabricated in quartz. This was useful in 
detecting strong signatures in double-stranded nucleic acids up to 48.5-kbp, 
although the detectability appears to decrease with molecular size. The preferred 
radiative concentration method has been the circular waveguide with conical-horn 
coupling. This was useful in detecting the first signatures in bacterial spores 
( B. thuringiensis ) and demonstrating their sensitivity to hydration. 

 Future work will focus fi rst on improving these sample presentation methods, 
starting with the use of electrophoresis on the fl uidic chips to further concentrate 
and linearize the biomolecules, and also establish concentration control. The wave-
guide concentrator will be improved by reducing its insertion loss via quasi-optical 
(i.e., lens) coupling between the spectrometer THz beam and the conical horns. 
Then we will be in a position to assess these methods and the associated THz signa-
tures as a viable sensor technology. This must include estimates of the  sensitivity  
with respect to sample concentration, and  selectivity  with respect to other signatures 
and the background clutter that is so pervasive in THz spectroscopy.     
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