
11  IInnttrroodduuccttiioonn
The enhanced fluorescence of ethidium bromide uponbinding to nucleic acids was first exploited for thedetection of DNA in gels following electrophoresis by Sharpet al. in 1973 [1]. Since then, this technique has becomeperhaps the most ubiquitous technique used in MolecularBiology. Unfortunately, not only is ethidium bromide apowerful mutagen but visualization of the fluorescencepatterns of DNA in electrophoresis gels typically requiresthe use of UV light which is potentially hazardous.
In spite of draw-backs of this kind, fluorescence-baseddetection systems are, in general, very attractive becauseof their simplicity, speed, quantitative character andsensitivity of detection. Consequently, in recent years moreand more fluorescence detection-based methods have beenadded to the repertoire of Molecular Biology techniques.Some of these methods rely on standard fluorophors suchas fluorescein and rhodamine but much of the growth in

fluorescence-based detection technology derives from theintroduction of newly developed fluorophors. For example,several novel fluorescent stains for nucleic acids [2-5] andproteins [6, 7, 8] have been recently developed, as well asnew enzyme-l inked substrates such as AttoPhosª(Promega, Madison, WI, USA) [9, 10] and DDAO-phosphate[11], covalent labels such as the BODIPY (Molecular Probes,Eugene, OR, USA) [12] and Cy (Amersham PharmaciaBiotech, Uppsala, Sweden) [13] series of fluorophors, andintrinsically fluorescent proteins such as GFP variants [14-16] and protein-chromophore complexes such as PBXL(Marktek Biosciences, Columbia, MD, USA) [17].
Along with the increasing use of fluorescence techniques,the current explosive growths in the fields of genomics[18] and proteomics [19, 20] is presenting ever-increasingdemands on optical technology to deliver the sensitive,rapid and economical detection and imaging of fluorophorpatterns in 2-dimensions such as gels, blots and even in 3-dimensions such as whole plants and animals.
11..11    VViissuuaalliizziinngg  fflluuoorreesscceennccee

1.1  Visualizing fluorescence

Typically, the direct visual detection of fluorescent speciesdispersed in gels and other media has required the use of aUV transilluminator as the source of excitation. The use ofUV light is not particularly appropriate as, in fact, many
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A whole new way of looking at things:

The Dark Readerª optical system uses relatively low intensity broad-band visible bluelight in combination with broad-band optical filters to detect fluorescence with a levelof sensitivity that often surpasses that of UV transilluminators and can rival that oflaser-based scanners. Applications of DRª devices include the detection of SYBR¨-stained nucleic acids and SYPRO¨-stained protein samples following, and also during,electrophoresis. Unlike laser-based imaging systems, the fluorescence is directly visibleto the user as well as being fully compatible with CCD and Polaroid camera-baseddetection and imaging. Additionally, the DR optical system functions well in  multi-colorfluorophor environments. Because the Dark Reader does not emit any UV light, theextent of DNA damage incurred when visualizing DNA samples is drastically reducedcompared to the damage produced by a UV device and this can have a significantbenefit on downstream cloning protocols. Furthermore, dye photobleaching is minimal,extending the length of time that a fluorescent sample is visible. The inherent flexibilityof the DR optical system allows many different configurations of the Dark Reader to beconstructed such as transilluminators, hand lamps and integrated transilluminator-electrophoresis units.
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fluorophors used in the biosciences are more effectivelyexcited by visible light. Figure 1 shows the excitationspectra of several popular fluorophors from the UV regionthrough the visible. It is clear from a consideration of theexcitation profiles that most of these fluorophors areexcited to a significantly greater extent in the visible regionthan in the UV.
Until recently the only instruments available for thedetection of fluorophor patterns that used visible lightexcitation were scanning laser- or light-emitting diode(LED)-based systems combined with photomultiplier-baseddetection such as the FMBIOII from Hitachi  GeneticSystems (Alameda, CA, USA) and the Storm 840 fromMolecu lar  Dynamics  (Sunnyva le ,  CA,  USA) .  Suchinstrumentation has several disadvantages, the main onebeing that a fluorescent sample cannot be directly viewedby the naked eye. Consequently, it is not possible toexamine the pattern of fluorescence in a gel directly or cutout bands from the gel. Other disadvantages of laserscanning-based detection instruments include the longacquisition times required (typically around 5 minutes isrequired for a typical mini-gel). The devices are alsorestricted to imaging samples close to the focal plane andcannot be used with three-dimensional samples orspecimens.  In addition, the complex scanners areprohibitively expensive for many laboratories. Also of noteis the fact that the efficiency of a laser excitation isconstrained by the very wavelength precision that is thehall-mark of these devices: because laser light  hasintrinsically a very narrow band-width of just a fewnanometers,  a laser light source is unable to excite afluorophor over the entire wavelength range of theexcitation spectrum which typically covers 100 nm ormore.
Fluorescence spectroscopy, which is routinely used toquantitate fluorescence intensities in solution, typicallyemploys instrumentation equipped with high intensity verybroad-band visible light (Ôwhite lightÕ) sources for theexcitation of fluorophors in combination with either narrowband-pass filters or monochromators for wavelengthselection and photomultipliers for detection. Fluorometers,of course, can only be used to measure the fluorescenceintensities of homogenous solutions and are of no use forrecording images of fluorophor patterns in gels. In anapproach taken from the basic principles of fluorometry,an imager can be constructed from a high intensity (~150W) xenon arc source combined with a scanning CCD cameraas, for example, in the Arthurª 1442 Multi-WavelengthFluorimager (PerkinElmer, Inc.). Both the lamp and detectorare equipped with an  inter-changeable selection of narrowband-pass filters. The use of narrow band-pass filters is

necessary to reduce the ÔleakageÕ of light from the lightsource that would result in an unacceptably h ighbackground signal from the powerful lamp and hencereduce the detectable fluorescence signal. Typically, narrowband pass filter transmit light only over a region of ~10 -15 nm.   The inef f i c iency  of  th i s  type of  opt ica lconfiguration is reminiscent of that found in laser-basedsystems and indeed, powerful visible light source imagingsuffers from many of the same drawback as laser-basedscanning: the narrow wavelength selection reduces theamount of useful light, multiple scans are required to imagemultiple dyes, the devices are complex, cumbersome andexpensive and it is not possible for the user to directly viewthe gel.
A somewhat less complicated approach described recently[21] utilized 2 x 100 W halogen lamps and a fixed CCDcamera, all equipped with the appropriate narrow band-passfilters. Unfortunately, this device proved very inefficientand required 30 minute exposure times to achieve thehighest levels of detection. Clearly, such a time-scale ford a t a  a cqu i s i t i o n  i s  imp r a c t i c a l  f o r  r o u t i n e  g e ldocumentation, kinetics experiments,  delicate samples, orif the sample moves (e. g., live organisms). Furthermore,the device cannot be used to effectively view fluorescenceemission patterns by the naked eye.
Because of these drawbacks, the UV irradiation off luorescent  samples ,  in  the form of  a  s imp le  UVtransilluminator or UV hand lamp, has been the onlypractical alternative for many laboratories for thevisualization and imaging of fluorophor patterns inelectrophoresis gels. This approach has the advantage thatsamples  can be seen d i rect ly ,  and when used incombination with a CCD or Polaroid camera, provides areasonable level of sensitivity of detection. The majordrawback, of course, is the potentially harmful nature of UVlight. This danger has been largely ignored but canpotentially have a deleterious impact on both the user andthe integrity of biological samples.
11..22    AA  nneeww  aapppprrooaacchh

1.2  A new approach

A unique approach has been taken recently to the problemof imaging fluorescent patterns that is based on aconsideration of the entire wavelength ranges of the lampand fluorophor spectra rather than narrowly-definedexcitation and emission maxima. This approach resulted inthe development of an intrinsically safe,  low-intensityoptical system that uti l izes the maximum possiblewavelength regions of both the light source and theexcitation and emission spectra of fluorescent dyes toa ch i e ve  t h e  max imum  f l u o r e s cen t  s i g n a l  wh i l esimultaneously minimizing the background light caused by



the exciting light ÔleakingÕ through to the viewer. In asimple, single configuration, this approach is applicable to abroad range of fluorophors, even those with small StokesÕshifts, and provides a very high level of sensitivity ofdetection both by the naked eye as well as CCD or Polaroidcamera imaging systems. The optical system is referred toas Dark Readerª.
22    HHooww  DDaarrkk  RReeaaddeerr  tteecchhnnoollooggyy  wwoorrkkss

2  How Dark Reader technology works

The ubiquity of UV transilluminators in Molecular Biologylaboratories for the direct visualization of fluorescent gels,and the lack of any practical alternative, has caused manyresearchers to forget the fact that the excitation maximafor many popular fluorophors are in the visible region of thespectrum, not in the UV (Figure 1). The Dark Reader opticalsystem is specifically designed for such Ôvisible regionÕfluorophors.

22..11    OOppttiiccaall  ccoommppoonneennttss

2.1  Optical components

As shown in Figure 2, the lamps used in Dark Readerdevices generate maximum light output over a fairly broadrange between 400 and 500 nm - close to where manypopular dyes such as SYBR Green, SYPRO Orange, red-shifted GFPs, and fluorescein are maximally excited. UVtransilluminators, on the other hand, typically output lightaround 300 nm, well removed from the absorption maximaof many common dyes.
If one attempts to a view fluorescent sample using a visiblelight excitation source alone, the fluorescence is barelyvisible to the naked eye due to the large amount of lightfrom the light source itself that reaches the observer andeffectively swamps the intrinsically very low intensityfluorescence emission. The Dark Reader transilluminatorsand other DR devices achieve the removal of lamp light in 2steps (Figure 3). A broad-band blue filter is situatedbetween the excitation light source and the fluorophorsample. This filter absorbs any residual  green and redcomponents emitted by the lamp and allows through to thesample only blue excitation light. Depending on the DRdevice, the blue filter can also act as the transilluminatorsurface or electrophoresis gel bed. The ability of the opticalfilters to act as integral structural components of DRdevices is a natural consequence of the material from whichthe filters are manufactured - plastic - and consequentlythere are few, if any, constraints on the size, shape ordesign of the types of DR devices that can be constructed.This situation is in contrast  to the small, delicate andexpensive band-pass filters used in conventional visible-lightimaging instrumentation.
A second optical filter is placed between the sample andthe observer. This long-pass, amber filter effectively
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Figure 1.

 Fluorescence excitation spectra from the UV into thevisible wavelengths for a number of popular and widely usedfluorophors. For many fluorophors, the major excitation regionis in the visible wavelengths between 400 and 500 nm. Evenmany of the fluorophors with excitation maxima in the red stillexhibit substantial excitation between 400 and 500 nm. Thespectra should be compared with the lamp output spectra inFig. 2.
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Figure 2.

 Lamp output intensity spectra for UV and DR lamps.The spectra should be compared with the fluorescenceexcitation spectra in Figure 1.



removes the blue lamp light but allows passage of almostall the red and green fluorescent components from thesample allowing the sample to be clearly visualized. As withthe blue filter, the amber filter may be configured to justabout any design. Versions of the second filter include theglasses worn by the viewer, a simple screen that covers thetop  o f  a  t r ans i l l um ina to r  and  the  sa fe ty  l i d  onelectrophoresis-transilluminator units.
Because of the high efficiency of the DR filter system intransmitting useful light and blocking spurious backgroundlight, a  high intensity light source is not a requiredcomponent in the DR optical system and most Dark Readerdevices are based on a 9 W lamp. This is at least 10 timesless powerful than the lamps that are necessary in narrowband-pass filter systems to compensate for the intrinsicinefficiency of this type of filter which block a largepercentage of both the usable excitation and emissionlight.
In general, the intensity of fluorescence emission is directlyproportional to the intensity of the excitation light and afirst analysis might suggest that the use of a morepowerful excitation source in Dark Reader devices wouldresu lt  in  a  correspond ing increase in  detectab lefluorescence from samples. In fact, a plot of the detectionlimit of a fluorophor by eye versus light intensity isdistinctly biphasic. (Fig. 4). At lower excitation light levelsthe fluorescence emission is too feeble to be detected bythe human eye except in the most concentrated samples.As the excitation intensity is increased, the fluorescenceemission attains a sufficient level to register on the retinaand the detection limit increases rapidly as a function ofexcitation intensity. As the intensity is increased further,however, the leakage of excitation light through the filtersystem becomes significant. In this situation it is necessary

for the eye to distinguish fluorescence from a visiblebackground. Consequently, the detection limit becomesrelatively insensitive to further increases in light intensity.Indeed, it can be predicted that at yet higher light levelsthe detection limit will actually be worse as the eye willhave to distinguish a small difference between tworelatively high light levels. The background leakage cannotbe reduced by, for example, increasing the filter density asany subsequent reduction in background also results in acorresponding reduction in either excitation or emissionintensity.
A camera, of course, does not have the same limitations asthe human eye. However, there are still several practicalrestrictions to consider: when using low intensity excitationlight, recording the correspondingly weak fluorescence canrequire an inordinately long integration time and theaccumulation of excessive noise in the image. With highintensity excitation light, the situation in analogous to thatwith the human eye and it becomes necessary todistinguish actual fluorescence from relatively intensebackground leakage.
The use of a blue phosphor in the DR lamp with maximumoutput concentrated in the wavelength region between 400- 500 nm is a key feature of the Dark Reader optical design:not only is the maximum output aligned with the excitationspectra of many fluorophors, but the intensity of the lamp
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Figure 4.

 The detectability of fluorescence by eye as a functionof the intensity of the excitation light. A set of 100 uL samplesof a serial dilution of fluorescein (50 nM - 0.3 nM) in 200 uLplastic tubes were distributed on the surface of a DR45transilluminator in which the intensity of the excitation light wasvaried by the use of attenuating screens, and examined by eye.A set of tubes containing buffer only was also mixed in amongthe fluorescent samples. At each light intensity those tubescontaining detectable fluorescence were selected anddocumented.



in the fluorescence emission region (above 500 nm) is verylow, minimizing the potential background. The efficiency ofthe blue lamp is illustrated by a simple comparison: a 400W (Ôwhite lightÕ) halogen lamp excitation source, even whenequipped with appropriate broad-band filters, is 5 to 15-fold less sensitive than the Dark Reader configuration forthe detection of fluorescein and tetramethylrhodamine, andwhen equipped with narrow band-pass filters the sensitivityof detection using the halogen lamp is at least 25-foldlower (unpublished results).
In summary, until the development of the Dark Readeroptical system, the conventional wisdom has been that themost sensitive visualization or imaging of a fluorophorrequired an optical configuration in which a high intensityexcitation light is tightly restricted to the excitationwavelength of the fluorophor by a narrow band-pass filterand the fluorescence detector is, likewise,  constrained bya narrow band-pass filter chosen for its alignment with theemission maximum of the particular fluorophor.  In fact, thistype of optical configuration eliminates much of the usefulexcitation and emission light,  not only lowering thesensitivity of detection but also making the instrumenthighly Ôfluorophor specificÕ unless the specific filters arechanged accordingly.
The design of the Dark Reader optical system goes againstmuch of the generally accepted principles of fluorescenceimaging in its use of broad-band / long-pass filters thatexploit the maximum possible regions of both theexcitation and emission spectra of a fluorophor. Incombination with a relatively low intensity lamp with outputconcentrated in the blue, the Dark Reader optical systemprovides a sensitivity of fluorophor detection that, in manycases, often surpasses that of UV transilluminators and isequal to that of laser-based systems.
22..22    IImmaaggiinngg  aa  bbrrooaadd  rraannggee  ooff  fflluuoorroopphhoorrss

2.2  Imaging a broad range of fluorophors

Dark Reader technology can be used to detect manydifferent fluorophors. In general, the ideal spectralcharacteristics for a ÔDR-dyeÕ are an excitation maximumbetween 420 - 500 nm and an emission maximum above520 nm.  It should be emphasized, though, that the DarkReader can also be effectively used to detect dyes withmaxima outside the above ranges. The only criteria forviewing a fluorophor are that at least a portion of thefluorescence excitation spectrum is between 420 - 500 nmand a portion of the emission spectrum is over 520 nm.Stated another way, Dark Reader devices can be used todetect almost any dye excited in the visible range thatdoes not emit exclusively in the blue. Table 1 lists a fewcommonly used dyes and their viewability using the DarkReader.

Dye Ex/EmMaxima (nm) Viewability
acridine orange 500/526 + + +aminoacridone 425/531 + + +AttoPhos¨ 440/560 + + +ATTO-TAGª 486/591 + + +BODIPY¨ FL 502/510 + +Cy3 552/568 + +DDAO 478/628 + + +DsRed 558/583 + + +EBFP 380/440 +ECFP 434/477 + +EGFP 488/507 + + +eosin 524/544 + +Ethidium bromide 518/605 + +EYFP 513/527 + + +fluorescamine 381/470 -fluorescein 492/525 + + +GelStar¨ 493/527 + + +Hoescht 33258 350/460 -lucifer yellow 428/533 + + +NanoOrangeª 485/590 + + +NBD 465/535 + + +OliGreenª 498/518 + + +PicoGreen¨ 502/523 + + +PyMPO 415/570 + + +SYBR¨ Gold 495/537 + + +SYBR Green I 494/521 + + +SYPRO¨ Orange 470/570 + + +SYPRO Ruby 450/610 + + +SYPRO Tangerine 490/640 + + +Tetramethylrhodamine 555/580 + +Vistra¨ Green 497/520 + + +

+++, highly sensitive; ++, sensitive; +, can be used in someapplications; -, not compatible; DDAO, 1,3-dichloro-9,9-dimethylacridin-2-one-7-yl, DsRed, a Red Fluorescent Proteinfrom Discosoma striata; ECFP, enhanced cyan fluorescentprotein; EGFP, enhanced green fluorescent protein; EYFP,enhanced yellow fluorescent protein; NBD, nitrobez-2-oxa-1,3-diazole derivatives.
It should be emphasized that the excitation and emissionmaxima provide only a rough guide to the utility of the variousdyes with Dark Reader devices and complete spectral profilesshould be studied to determine suitability.

TTaabbllee  11..

Table 1.

 Common fluorophors and their compatibility  with the Dark Reader optical system



22..33  DDeetteeccttiioonn  ooff  fflluuoorroopphhoorrss  iinn  tthhee  llaabboorraattoorryyeennvviirroonnmmeenntt
The handling and viewing of fluorescent dyes in thelaboratory typically involves numerous types of media andcontainers including electrophoresis apparatuses, blottingmembranes, test-tubes, etc. Consequently, the practicallimits of fluorescence detection depend on a variety offactors besides the intrinsic optical properties of the dyeand the viewing device. These factors include attenuationof the fluorescence excitation and emission as well asbackground fluorescence from the medium or container.
The experimental data summarized in Table 2 compare the

sensitivity of DR and UV devices for the direct visualdetection of fluorescein (FL, ex / em maxima = 492 / 525nm) and tetramethylrhodamine (TMR, ex / em maxima =555 / 580 nm) in a variety of typical laboratory settings.
The StokesÕ shifts of both FL and TMR are relatively small(~25 nm) - a situation that conventional wisdom wouldsuggest is not amenable to the use of the broad-band /long-pass visible light used in the Dark Reader. Furthermore,the TMR excitation maximum lies well outside the outputrange of the DR blue lamp and consequently it would bepredicted, based on the excitation maximum alone, that useof a DR device would result in a poor fluorescence signal.The collected data show, however, that the performance ofthe Dark Reader optical system with both FL and TMR is, inmany instances, significantly better than that of a UVdevice. This is directly attributable to the blue excitationband employed by the DR optical system which efficientlyexcites the fluorophors - even TMR (which does, in fact,have a significant blue component to its excitationspectrum).  In addition, the blue exciting light of DR devicesis not significantly blocked by plastic or glass, whereas 300nm UV light does not penetrate well through suchmaterials.
In a second measure of the performance of the DR opticalsystem a comparison was carried out between a  DRtransilluminator, in combination with a CCD camera, and avisible laser scanner with photomultiplier detection. Theresults of a study on the ability of the two devices to

TTaabbllee  22..

Table 2.

   A comparison  of the  sensitivities of detection by  eye for 2 common fluorophors using Dark Reader   or 312 nm UV devices.
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plastic wrap (trans)nitrocellulose membrane (epi)vertical electrophoresisglass plate (trans)96-well plate (trans)1.5 mL polypropylene tubes (trans)nitrocellulose membrane (trans)horizontal electrophoresisacrylic (trans)
2-fold dilution series of fluorescein (FL) and tetramethylrhodamine(TMR) were variously aliquoted onto several media or laboratory-ware including plastic wrap, nitrocellulose membrane, 1 mm thickvertical electrophoresis glass plate,  6 mm thick horizontal gelapparatus clear acrylic, 96-well plate and 1.5 mL polypropylenetubes. The dilution series were then viewed by eye in either aÔtransÕ configuration on a DR transilluminator or a 312 nm UVtransilluminator or in an ÔepiÕ configuration using either a DR handlamp or a 312 nm UV handlamp to illuminate from above, and thelowest detectable amounts of FL and TMR were recorded. For thesake of clarity, the results in the table are presented as the ratio ofthe lowest detectable amount of fluorophor using a DR deviceversus that using a UV device. The actual volumes used and theconcentrations representing the minimum detection limits using theDR devices were as follows: plastic wrap - 1 uL, 62 nM FL, 312 nMTMR; nitrocellulose (epi) - 0.5 µL, 62 nM FL, 39 nM TMR;nitrocellulose (trans) - 0.5 µL, 125 nM FL, 156 nM TMR; glass plate- 2 µL, 62 nM FL, 312 nM TMR; 96-well plate -100 µL, 16 nM FL, 39nM TMR; 1.5 mL tubes - 400µL, 4 nM FL, 10 nM TMR; acrylic sheet -2µL,  62 nM FL, 312 nM TMR.
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Figure 5.

 A comparison of the detection limit of a DR device anda laser scanner. 100 µ L samples of a serial dilution offluorescein were placed in a 96-well plate and imaged usingeither ( ) a DR45 transilluminator in combination with a CCDcamera, or ( ) a laser scanner (FMBIOII, Hitachi GeneticSystems). The DR transilluminator performs as well as the laserscanner and can be used to reliably detect fluorescein down toa concentration of less than 1 nM (0.1 pmoles).



detect fluorescein emission is shown in Figure 5. The limitof detection with both devices is very similar at about 0.1nM. The ability of the broad-band DR transilluminator todetect comparable levels of fluorophor as the extremelynarrow-band laser-based instrumentation illustrates theinherent efficiency of the broad-band optical system usedin the Dark Reader.
2.4  Viewing and imaging multiple fluorophors
simultaneously

The importance of  multi-color fluorescence detection willincrease significantly in the future as the demands of large-scale projects in genomics, proteomics and drug-screeningseek to maximize through-put. The broad wavelength rangecovered by the Dark Reader optical system permits thevisualization and discrimination of multiple fluorophors in asingle image without the need to change filters. Incontrast, when instrumentation using either CCD camerasor photomultiplier tubes equipped with narrow band filters,it is necessary to either acquire and then process multipleimages or to increase the number of light sources ordetectors in the instrument to achieve this goal.
The ability of the Dark Reader optical system to detect and

distinguish multiple fluorophors simultaneously was testedusing a pair of SYBR Green- and SYBR Gold-stained DNAelectrophoresis gels. The emission maxima of these dyesare 521 and 537 nm respectively - a separation of just 16nm. Images of the 2 gels were recorded side-by-side on aDR transilluminator using a Ôconsumer-gradeÕ color  CCD-based digital camera (Olympus, Inc.). The fluorescenceintensities recorded in the red and green channels of thecolor images were then plotted separately. Figure 6 showsthe clear difference in the relative intensities of the red andgreen channels for the 2 fluorophors. The SYBR Gold-stained DNA exhibits a higher  red channel intensity thandoes SYBR Green, as would be predicted based on theslightly red-shifted emission spectrum of this dye.
33    TThhee  hhaarrmmffuull  eeffffeecctt  ooff  rraaddiiaattiioonn

3  The harmful effect of radiation

Many users of standard UV transi l luminators haveexperienced, at one time or another, either a mild case ofsun-burn or Ôspots before the eyesÕ as a result of spendingtoo long either examining a gel or cutting out bands andmost Ôcloning manualsÕ warn of these dangers. Thepotentially harmful effects of shorter wavelength light arewell documented [22-25] and were the subject of a reportfrom the Council on Scientific Affairs of the AmericanMedical Association [26]. High-intensity UV radiation cancause erythema, degenerative and neoplastic changes inthe skin, retinal damage and cataracts, and modification ofthe immunologic system of the skin. Even the fluorescentlamps commonly used in homes and businesses emitsufficient UV light to cause mutagenesis in Salmonella  [27]upon prolonged exposure. This latter effect is eliminated bythe use of a filter that blocks light of less than 370 nm.
As shown in Figure 7, the emission spectrum of the lamp /blue filter system used in the Dark Reader optical systemcontains less UV light than the standard fluorescent lightingused in most offices and laboratories. Because the DarkReader transilluminator emits almost immeasurably lowlevels of light below 400 nm, there is essentially zero riskof UV radiation causing eye or skin damage, making it muchsafer to use than a traditional UV transilluminator.
33..11    IInn  vviittrroo  DDNNAA  ddaammaaggee

3.1  In vitro DNA damage

It is well known that DNA samples undergo a number ofreactions when exposed to UV light (see [28] for a review)including pyrimidine dimerization, breaks in the sugar-phosphate backbone and interstand cross-links and therehave been several reports in the literature regarding thedeleterious effects of UV irradiation on the biologicalintegrity of DNA samples and cloning protocols. In an earlystudy Brunk & Simpson [29] concluded that the extent of

FFiigguurree  66..

Figure 6.

 An illustration of the utility of the DR optical systemfor the imaging of patterns containing multiple fluorophors. ASYBR Green-stained gel (A) and a SYBR Gold-stained gel (B) oflambda DNA cut with SauI/StyI were photographed side-by sideon a DR transilluminator using a color CCD camera (Olympus,Inc.). The pixel values in the individual red (solid line) and green(dashed line) channels of the color images were plotted for asub-section of the gels containing several DNA bands. The redchannel intensity is significantly higher in the Gold-stained gel(emission maximum ~537 nm) than in the Green-stained gel(emission maximum ~521 nm).
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DNA damage caused by 300 nm light was minimal. Theextent of nicking was measured by velocity sedimentationof UV-exposed DNA samples in an alkaline sucrose densitygradient and photodimer formation was measured by directmeans. In both cases, the DNA samples were irradiatedwith UV light in solution, not in gels.
More recent studies make clear that there is, in fact,considerable damage to DNA samples that significantlyimpacts down-stream protocols. Cariello et al. [30] useddenaturing gradient gel electrophoresis, which can resolvebase pair substitutions, single base pair mismatches andmethylation states, to reveal damage to a small (169 bp )dsDNA fragment within 10 sec of exposure to 300 nmlight. Hartman [31] studied the effect of UV irradiation onseveral plasmids by measuring the transformationefficiency of treated samples. The results revealed up to a100-fold reduction in transformation efficiency afterexposure on a 302 nm UV transilluminator for less than aminute. Furthermore, the inactivation rate increased as afunction of plasmid size. Hoffman [32] measured theextent of DNA damage caused by UV light using T4endonuclease V (Endo V). This enzyme breaks thephosphodiester bond adjacent to pyrimidine dimers that areformed as a result of UV irradiation. A 1.2 kb fragmentencoding the chloramphenicol acetyltransferase (CAT)gene was purified by gel electrophoresis and excised fromt h e  e t h i d i u m - s t a i n ed  g e l  u s i n g  a  305  n m  UVtransilluminator. The excision took 10 - 20 seconds. TheDNA was then incubated with Endo V and subsequentlyelectrophoresed in a denaturing agarose gel. The resultsshowed extensive formation of pyrimidine dimers in thesamples that were briefly UV-irradiated. Furthermore, thenumber of chloramphenicol resistant colonies obtainedupon transformation was reduced 50-fold showing that bio-activity can be severely compromised by exposure to UVlight. In another recent study, Grundemann and Schomig

[33] subjected plasmid DNA or cDNA samples to agarosegel electrophoresis and then exposed the gels for 20-45sec to 312 nm UV light on the surface of a transilluminatorwhile the fluorescent DNA bands were visualized andexcised from the gel. The isolated DNA was used as asubstrate for either transcription, transformation or PCRreactions. The efficiency of these procedures was reduced2 - 3 orders of magnitude compared with unexposed DNAsamples.
Because the Dark Reader transilluminator does not emit anyUV light, it can be predicted that the extent of damage toDNA when viewed on a Dark Reader device wil l  bedrastically reduced compared to the damage produced bythe use of a UV table. This is borne out by the results ofthe simple experiment shown in Fig. 8 in which supercoiledplasmid was exposed to DR or UV light for various timesand then incubated with T4 endonuclease V. This enzymeexcises any pyrimidine dimers that are formed in the DNA[32], generating the relaxed form of the plasmid which canthen be resolved from the intact supercoiled form byagarose gel electrophoresis. It was found that as little as a5 sec exposure to UV light is sufficient to allow conversionof almost 100% of the supercoiled plasmid (sc) into therelaxed form (rx) by endonuclease V. After 300 sec of UVexposure the DNA was completely fragmented. In contrast,a 300 sec exposure on the Dark Reader transilluminatorresulted in no detectable DNA damage. This result suggests
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Figure 7.

 A comparison of the radiation intensity produced bystandard overhead office lighting (dashed line) and a DR45transilluminator (solid line) in the UV region.
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Figure 8.

 A comparison of the effect of exposure to DR or UVlight. 100 ng of supercoiled (sc) plasmid was placed on either aDa rk  Reader  t r ans i l l um inato r  (DR)  o r  a  312 nm UVtransilluminator (UV) for various times. The DNA was thendigested with T4 endonuclease V, which excises T:T dimers, andrun on an agarose gel, stained with SYBR Green I stain andviewed. Upon exposure to UV light for 5 s, the supercoiledplasmid (sc) can be almost entirely converted to the relaxedform (rx) by endonuclease, indicating that pyrimidine dimerformation occurs extremely rapidly. After 300 s of UVexposure, the DNA can be almost completely fragmented bythe endonuclease. In contrast, the DR-exposed plasmidremained intact over the entire time-course.



that the efficiency of downstream cloning protocols can beenormously improved by using a DR transilluminator, ratherthan a UV device, to visualize and excise DNA bands fromgels after electrophoresis. This is confirmed by  detailedstudies on cloning efficiencies and DNA sequencing gelquality that will be the subject of a separate report (R.Mies, H. Daum, M. Fiandt, J. Jendrisak, L. Hoffman,manuscript in preparation).
Other area of research in which minimizing damage to DNAsamples  during processing is of prime concern and,therefore, the use of Dark Reader devices  can be highlybeneficial, include human population genetics [34] andmechanistic studies of DNA repair [35].
44     SSoommee   aapppp ll iiccaatt iioonnss   ooff   DDaa rrkk   RReeaaddeerrtteecchhnnoollooggyy

4  Some applications of Dark Reader

This section briefly describes some of the applications ofDark Reader devices with the new generation of fluorescentstains that are becoming popular for the ultra-sensitivedetection of nucleic acids and proteins following (and evenduring) electrophoresis.
44..11  NNuucclleeiicc  aacciidd  ssttaaiinnss

4.1 Nucleic acid stains

Ethidium bromide (EtBr) has long been the DNA stain ofchoice for many Molecular Biologists. However, it isgradually being replaced by a new generation of stainswhich are more sensitive and reportedly less toxic. Theseinclude Vistra¨ Green, GelStar¨, PicoGreen¨, OliGreenª,SYBR¨ Green I, SYBR Green II, and SYBR Gold stains.

The fluorescence enhancement of EtBr upon binding tonucleic acids is only on the order of 30-fold. Consequently,the background fluorescence from unbound ethidiumdispersed throughout the gel is significant. The newgeneration of stains, on the other hand, are almostcompletely non-fluorescent in the absence of nucleic acidsbut, upon binding to nucleic acids, the fluorescenceintensities are enhanced approx. 1000-fold, resulting invery high signal-to-background ratios [4]. Furthermore thequantum yields of the stain-nucleic acid complexes are 0.7or greater, compared with 0.3 or less for EtBr-nucleic acidcomplexes [4].
44..11..11    SSYYBBRR̈̈   GGrreeeenn  II  ssttaaiinn

4.1.1  SYBR

SYBR Green I stain was the first of the new generation ofDNA stains introduced by Molecular Probes in 1994 [2, 3]and since then has been adopted by many researchers forthe detection of DNA in electrophoretic gels. It has alsofound numerous other  app l icat ions inc lud ing thequantitation of PCR amplification of DNA [36] and DNAquantitation [37].
The fluorescence intensity of SYBR Green is enhanced over2 orders of magnitude on binding to dsDNA. When used tostain DNA fragments separated by electrophoresis, theresult is bright fluorescent DNA bands against a very darkgel background. Using a Dark Reader transilluminator it ispossible to detect less than 100 pg of SYBR Green-stainedDNA by eye (Table 3) and tens of picograms using a CCD orPolaroid camera system as shown in Figure 9.
Apart from its superior sensitivity, SYBR Green stain has anumber of other advantages over EtBr:

SYBR GreenSYBR GoldGelStarethidium bromide

CCD Polaroid
DR            UV            DR          UV         DR                   UV

Eye
amount of DNA detected (pg)Dye

999623

15151589

191515500

443431125

6035442560

11973120500

TTaabbllee  33..

Table 3.

 Sensitivity of detection of dsDNA stained with various dyes after gel electrophoresis using either a Dark Reader orUV transilluminator and using various methods of detection

A summary of the minimum amounts of DNA visible in the CCD and Polaroid images shown in Figures 10, 11, 12 and 13. Alsoincluded are the amounts directly visible to the naked eye. For this purpose, gels were examined in a darkened room. Otherexperimental conditions are described in the legends to the relevant Figures. The sensitivity of detection was defined as the smallestamount of nucleic acid fluorescence that was clearly distinguishable in the image above background.



It is much less mutagenic, as shown by researchers atMolecular Probes, Inc. who compared the mutagenicity ofSYBR Green I stain with that of EtBr in Salmonella /mammalian microsome reverse mutation assays (Amestests). They concluded that SYBR Green I stain is only aweak mutagen and appears to be much less mutagenic thanEtBr [38]. One possible explanation for the reducedmutagenicity is that the SYBR Green stain does notintercalate between the DNA bases but, instead, bindinginvolves surface or groove interactions.
A unique advantage of SYBR Green I stain is that, becauseit binds very tightly to dsDNA, it can be added directly tothe DNA sample prior to electrophoresis and will remainbound during the separation run [39, 40].  This techniqueallows DNA fragments to be directly visualized as theymigrate through the gel (Figure 10).  Consequently, anelectrophoresis run to be halted as soon as the desiredDNA bands are separated - often within 30 minutes or lessand electrophoresis results are thus obtained very quickly.Furthermore, unlike EtBr, which when used as a pre-stainmust be added to the gel and the running buffer, SYBRGreen stain need only be added to the DNA samplesthemselves. This drastically reduces the amount of dyerequired and virtually eliminates the risk of toxic spills.There is some retardation of the DNA (as there is withEtBr) during migration as shown in Figure 11. However, forloads below about 100 ng per band this effect is fairlySt

FFiigguurree  99.. The sensitivity of DNA detection using SYBR Green Istain. A 2-fold dilution series of l DNA cut with StyI/SauI (Rochemolecular weight marker IV) was subjected to electrophoresis in1% SeaKem LE agarose (ADB, Inc.) in 1 x TAE buffer for 50minutes at 5 V/cm. The total amount of DNA loaded per laneranged from 12.5 ng down to  0.39 ng. The several gels weresubsequently stained with a 1:10,000 dilution of SYBR Green Istain in 1 x TAE for 30 minutes. A gel was then placed on eithera 312 nm UV transilluminator or a Dark Reader transilluminator(DR180M, Clare Chemical Research, Inc.) (DR) and an image ofthe fluorescent DNA bands recorded using a Polaroid DS34camera and 667 film (Pol) or an Olympus 3000 digital camera(CCD). In addition, a gel was imaged using a Storm 840 imager(St). When using the UV transilluminator, the cameras wereequipped with a Wratten #15 plus #12 filter or a Wratten #9(Kodak, Inc.) for photography. In addition, an IR-blocking filter(#IF800, Clare Chemical Research, Inc.) was required forimaging with the CCD camera. The Dark Reader-illuminated gelwas photographed with the amber screen provided. An f-stop of2.8 - 5.6 was used for photography. The exposure time wasvaried as needed to achieve the longest exposure time that didnot increase the background fluorescence level from the gel tosuch an extent that it masked the fluorescence from the DNAbands. Typical exposure times were 2 -5 s using the UVtransilluminator and 4 - 6 s using the DR transilluminator.
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Figure 10.

 The utility of the Dark Reader ETU to monitor DNAfragment migration in real-time. 100 ng of lambda DNA cut withSauI/StyI was incubated briefly with a 1:1,000 fold dilution ofSYBR Green I stain and loaded on a 1% agarose gel in a DRelectrophoresis-transilluminator unit (ETU) (Clare ChemicalResearch, Inc.) and electrophoresed at 5 V/cm. The extent ofmigration of the DNA fragments was recorded using a CCDcamera at the time points indicated.



linear and deviations are only seen at higher loading levels[40]. It should be noted that the sensitivity of DNAdetection using a DR transilluminator or ETU is not quite ashigh when the samples are pre-stained (about 300 pg ofdsDNA directly by eye using a DR device). Also, it hasbecome apparent recently that the DNA productsgenerated using some typical laboratory protocols, such asrestriction digestion and PCR,  may migrate anomalously ifpre-stained with SYBR Green. The reasons for this areunclear at the present time. If accurate DNA fragment sizedeterminations are required, the use of GelStar as a pre-stain (see section 4.1.3) is the preferred technique.
44..11..22    SSYYBBRR¨̈  GGoolldd  ssttaaiinn

4.1.2  SYBR

SYBR Gold stain is one of the most sensitive of the newgeneration of dyes for the direct visual detection of dsDNAin gels [4] and it is possible to see less than 50 pg ofdsDNA by eye using a Dark Reader transilluminator (Table3). In combination with a CCD or Polaroid camera it ispossible to detect as little as 10 pg of dsDNA as shown inFigure 12.
SYBR Gold stain is also reported to work well with RNA andssDNA [4] and detection levels of 480 pg and 110 pgrespectively have been reported. The stain enters gels veryrapidly and major DNA bands can be seen within 5 minutes.

Unfortunately, SYBR Gold stain cannot be used as a pre-stain as it severely retards DNA migration.
44..11..33    GGeellSSttaarr̈̈   ssttaaiinn

4.1.3  GelStar

GelStar stain (BMA, Inc.) can be used for the sensitivedetection of dsDNA, ssDNA, oligonucleotides and RNA ingels [5]. The detection limit of dsDNA stained with GelStarand viewed using a Dark Reader is comparable to that ofSYBR Green and SYBR Gold stains as shown in Figure 13.GelStar stain can be used as a pre-stain, if added to theagarose, allowing DNA migration to be directly monitored.The presence of GelStar stain in the agarose duringelectrophoresis does not appear to result in any anomalousDNA migration behavior - a phenomenon that can occurwith SYBR Green-stained DNA samples. Consequently, pre-
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Figure 11.

 The effects of pre-staining samples with SYBR Greenstain on the migration rates of DNA fragments. DNA molecularweight standards from Gibco Life Sciences (100 ng) wereincubated with a 1:1,000 dilution of SYBR Green stain and runon a 12% non-denaturing polyacrylamide gel. A second aliquotof DNA, that was not incubated with SYBR Green stain, was runsimultaneously. After electrophoresis, the gel was stained withSYBR Green (1:10,000) and the migration distance of the pre-stained ( ) and post-stained ( ) fragments measured.
St

Polaroid CCD

FFiigguurree  1122.. The sensitivity of DNA detection using SYBR Goldstain. The experimental conditions were identical to thosedescribed in the legend to Figure 9 except that the gels werestained in a 1:10,000 dilution of SYBR Gold stain.



staining with GelStar is the preferred technique for thequick and accurate determination of the sizes of DNAfragments.
44..11..44    EEtthhiiddiiuumm  bbrroommiiddee

4.1.4  Ethidium bromide

Ethidium bromide (EtBr) is intrinsically not as good a stainfor the detection of DNA as the new generation of dyesdescribed above. This is mainly due to the fact that thebackground fluorescence from unbound EtBr (i. e.,fluorescence from EtBr free in the agarose gel) is relativelyhigh. This is a consequence of the relatively smallfluorescence enhancement of EtBr upon binding to dsDNAwhich is only round 20 - 30 fold. In addition,  the quantumyield of EtBr is relatively low (~ 0.3) [4]. The background

fluorescence problem is greatest when viewing EtBr-stainedDNA gels with a DR transilluminator. As a result, DarkReader transilluminators are not as sensitive as 300 nm UV-based devices for the detection of EtBr-stained DNA.(Figure 14 and Table 3.) The background problem can beminimized by using a lower concentration of EtBr to stainthe gel. Staining a gel with an EtBr solution of 0.1 ug / mL(rather than the typical 0.5 - 1.0 µg  / mL) significantlyenhances the viewability of DNA bands. Though staining
DR

UV
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Figure 13.

 The sensitivity of DNA detection using GelStar stain.The experimental conditions were identical to those described inthe legend to Figure 9 except that the gels were stained in a1:10,000 dilution of GelStar stain.
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Figure 14.

 The sensitivity of DNA detection using EtBr. Theexperimental conditions were identical to those described in thelegend to Figure 9 except that the gels were stained in a 0.1 ug/ mL solution of EtBr. In addition, when using the UVtransilluminator, the cameras were equipped with a Wratten#23A filter. In addition, an IR-blocking filter (#IF800, ClareChemical Research, Inc.) was required for imaging with the CCDcamera. The Dark Reader-illuminated gels were photographedwith the amber screen provided together with an additional red-enhancing filter (#AF09, Clare Chemical Research). Typicalexposure times were 2 - 6 s using the UV transilluminator and 5- 10 s using the DR transilluminator.



times are a little longer (45 - 60 min),  using theseconditions, there is no need to destain the gel prior toviewing.
44..22    PPrrootteeiinn  ssttaaiinnss

4.2  Protein stains

Following sodium dodecyl sulfate-polyacrylamide gelelectrophoresis (SDS-PAGE) of protein mixtures theindividual protein bands are typically visualized using eitherCoomassie brilliant blue R-250 [41], which is perhaps themost widely used protein stain, or silver staining [42] whichprovides a higher degree of sensitivity. Several newfluorescent protein stains have been recently developed byMolecular Probes, Inc. [6, 7, 8, 43]. These SYPRO¨ stainsdisplay excellent sensitivity similar to that of silver staining,less protein-to-protein variability than silver,  a greaterquantitation range, a simple one step staining procedure,

and do not interfere with subsequent downstreamcharacterization techniques. These stains are nowbecoming widely used in proteomics studies [44] and canbe effectively  detected using Dark Reader devices [43].
44..22..11    SSYYPPRROO¨̈  OOrraannggee  ssttaaiinn

4.2.1  SYPRO

SYPRO Orange is a novel fluorescent stain for the detectionof prote ins separated by SDS polyacry lamide gelelectrophoresis [6]. The staining procedure is simple, rapidand sensitive. The detection limit for Orange-stainedproteins using a DR transilluminator is around 2 - 4 ng bothby eye and using either a CCD or Polaroid camera (Figure15). This level of sensitivity, especial ly by eye, issignificantly greater than that obtained using a UVtransilluminator (about 15 ng by eye).
The photo-bleaching of fluorophors upon exposure to lightcan become a significant problem, particularly when theexperimental protocol is prolonged. This situation arises, forexample, when proteins are being isolated from 2-D

FFiigguurree  1155. The sensitivity of protein detection using SYPROOrange stain.  A 2-fold dilution series of molecular weightstandards (Molecular  Probes,  Inc.)  was subjected toelectrophoresis in a 0.05% SDS, 10-20% polyacrylamide gel inTris-glycine buffer for 50 minutes at 100 V. The amount ofprotein per band ranged from 32 ng down to  1 ng. The gel wasstained in 1:5,000 dilution of SYPRO Orange in 7.5% acetic acidfor 30 minutes. The gel was then placed on either a 312 nm UVtransilluminator or a Dark Reader transilluminator (DR180M,Clare Chemical Research) (DR) and an image of the fluorescentDNA bands recorded using an Olympus 3000 digital camera.When using the UV transilluminator, the camera was equippedwith a Wratten #9 filter plus an IR-blocking filter (# IF800, ClareChemical Research, Inc.). The Dark Reader-illuminated gel wasphotographed with the amber screen provided. An f-stop of 2.8was used for photography. The exposure time was varied asneeded to achieve the longest exposure time that did notincrease the background fluorescence level from the gel to suchan extent that it masked the fluorescence from the proteinbands. Exposure times were 8 s using the UV transilluminatorand 6 s using the DR transilluminator.
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FFiigguurree  1166.. The extent of photo-bleaching of SYPRO Orange-stained proteins by UV and DR light was measured. An SDSpolyacrylamide gel was loaded with 3 aliquots of proteinmolecular weight standards (15 ng per band), subjected toelectrophoresis and then stained with SYPRO Orange (1:5,000).Two complete protein lanes were cut out from the gel andexposed on either a 312 nm UV transilluminator (UV) or a DRtransilluminator (DR) for 8 minutes. The various protein laneswere then all photographed together on a DR transilluminator.



electrophoresis gels for downstream analysis. Clearly, ifphotobleaching can be minimized then the usable life of agel can be extended accordingly, without the need to re-stain the gel. To determine the extent of photobleachingthat occurs upon exposure of Orange-stained proteins toDR and UV light, samples were variously exposed for  8minutes on either a DR or a 312 nm UV transilluminator.The results (Figure 16) show that UV exposure causes a~40% decrease in the fluorescence intensity of the proteinbands. Interestingly, some proteins appeared to be moresignificantly affected than others and were almostundetectable after 8 minutes of UV exposure. The DRexposure, on the other hand, resulted in a ~10% or lessdecrease in band intensity, indicating that the DRtransilluminator is a more appropriate device for proceduresthat require extended exposure to exciting light.
44..22..22    SSYYPPRROO  RRuubbyy  ssttaaiinn

4.2.2  SYPRO Ruby stain

The family of SYPRO Ruby stains are new, luminescentmetal chelate protein stains that can be used to detectproteins in SDS-polyacrylamide gels, isoelectric focusinggels and on membranes [7, 43]. The dyes are maximallyexcited at 470 nm and the emission peak is about 610 nm.About 2 ng of SYPRO Ruby-stained protein can be detecteddirectly by eye in an SDS-polyacrylamide gel using a DarkReader transilluminator and about 8 ng after transfer to aPVDF membrane (unpublished results). This group of stainshas become particularly popular for the detection ofproteins following the 2-D electrophoretic separation ofsamples in proteomic studies.
55    CCoonncclluussiioonnss

5  Conclusions

The Dark Reader optical system provides for uniqueinstrumentation to both view and image fluorophorpatterns in electrophoresis gels and other biologicalsamples with a sensitivity of detection that rivals that ofany other optical system available. The key design featuresincorporated into the Dark Reader optical system include arelatively low power visible light excitation source andbroad-band / long-pass filters. The inherent efficiency ofthis optical design enables users to directly view low levelfluorescence emissions by eye in the most demandingapplications including small StokesÕ shift dyes and multiplefluorophors simultaneously.
The increasing awareness of the potential health hazardsinvolved with the use of UV transilluminators is likely toresult in their replacement, in the future, by DR devices.This is particularly true in university and high schoolteaching laboratories where student safety is of paramountimportance. Even in research laboratories, the need for

biological intact DNA samples to improve the efficiency ofdownstream cloning protocols, as well as the demand forthe highest level of fluorophor detection will result in theincreased use of DR transilluminators and other devices.
The unique filter construction used in the DR optical systemand the ease with which they can be integrated into a widevariety of structures leads to almost complete freedom ininstrument design. In combination with the low powerrequirements of DR lamps,  many kinds of DR-basedinstrumentation are possible ranging from rugged, portabledevices for field use, all the way up to entire room facilities.Indeed, several novel constructs are already underdevelopment by Clare Chemical Research, Inc.
This article is dedicated to the memory of S. W. Seville(1927-1997) who played an important role in the initialdevelopment of the Dark Reader.
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