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Project Goals ,u1dObjectives 
In a_aim.e fabora.to:y, e,:idmfiarrswabs thar may potentially confa.L..,_ human bodily fiuids a:-e. so:~i 

using 1:-oi:h p resumptive .md confinnatozy ti:sts. TI,.o_se tests, such as the acid pho~hatase ~AP) f8t and.th? so-

Recent li!eraluie reports however.have indicated that Raman spectroscopy may have afar lower limit of detection 

than traditional m ethods and. m a y allow .investigators to pe.tfo.."'ll'.l one ty-pe of measurell'lant fo? ill body .fluid s ,_ 

potentially leading to .higha efficiency, more definitive t e'sults~ and high.o?.r .accuracy. Anothc-r recent re.port 

utilized surfaced enhanc.:od R ..unan -spectroscopy (SERS) .as a I™:ans to decrease the limit of detKtion oi certain 

for ensic SaD".ples. SERS,.in which an a.n.tlytc- is p1a<~d on or n ear si nanostntchued metal su r fa<:.<:, has th e potential 

to i:ncu.ase &e Raman· aoss--.s«iiqn ~f the analyt: by many order.s of magnih.td-:~ 

We h-1ve worked to develop SERS-active forensic evideno:? swabs by attaching silvier r .anopa.rticles grown 

via the? hydrogen reduction me.fhod to the. fibers of ooll\l:Mrcially available swabs. We optimized the ~thetic 

p rotocol of the swabs that produced R.arna:n signal of human b iological fluids such as semen while -also ensuii.ng 

that the:r:e were !l'\i:niJnal negative -effi:ects t\t the zi.1.ver swabs on typical DNA extraction and qua.nfi.fication 

prv tocols. STR typ·ing of semen -s..unples -collected on 5-ERS-active sw-abs a.s-well as those rolleded on pristir.: 

s.v.--abs were per.formed to d.etemtine the ~ ect silver .may f,ave on the quality of dafa: that is p roduced using 

t'n S\\•abs. Lih-\\<ise:~ w ,: found litt~ ruiference in th:. ability of SERS-active swabs ta collect =v;-da-ttia.ry material 

AS compared to pnsti!-~ swabs. 

Material, and i rethods 
n-~ nylon ~va}:is ~d iI). this research. we:,: Copan FLOQsw·abs _generally aC'\.JUir.?d from l.ile 

Teclmoicgies. Tru,, silver (I} oxido: L99%) was acquired from Strem Cheuticals..and the silver nit:ate (99%) from 

Fish& Sdenii£.c. Hydrogen gas (rc~a.rch grade, 99.9995%) was .acquind. irom • .:\irg,u . tnhapu.re water was 

always obtailli!d from a. Barnstead NANOp-..ue Diamond. system. \.-.'lth a 02 pm hollow fiber filtei,. at .i m easur.ed 

reSistitify cf18.2 .MD-an... All d..emi~als wae ptm:hased and used ,-.'lthout furthe r purlficati.pn. P00:lei:I human 

sem.m \50 - 40 million cells /ml) ,,vas acquired from Le.e Siosolutions. For the swabbing of d...--ied .seninal fluid 

ThisrescuceW3S p~ by ~&I.VIOl1.s) ~ng F~ funds prwded b'j Ifie U.S. 
OeplrtlTlf:flt of Jusli01=. Opinions er points otv""eN ~-p~~ .:P- th.os.e of tie au~r{s) and do oa 

l'lecessariy ret~t the o:ficial pos'ticn or politjes of the U.S. Oeparlrn€,n.t of Jus6ce. 



from a microscope slide, the slides were sterilized via a SpectrolinkerTM XL 1500 UV Crosslinker before use. 

Falcon conical tubes used for storage were acquired from Fisher Scientific. The 5000 mL heavy wall Pyrex vessel 

was obtained from Ace Glass Inc. Tris(2,2’-bipyridyl)ruthenium(II) chloride (98%) was acquired from Acros 

Organics. 0.45 µm nylon syringe filters from Fisher Scientific were used for swab fiber filtering in silver 

quantification analysis. An Applied Biosystems™ PrepFiler™ Forensic DNA Extraction Kit was used for silver 

analysis and DNA quantification. Likewise, standard protocols using a Quantifiler Trio kit and GlobalFiler kit 

were used for quantification and STR analysis. 

The silver nanoparticles used throughout this research were synthesized using the hydrogen reduction 

method (Evanoff & Chumanov 2004).  Prior to setting up the reaction vessel, the nylon swabs had been prepared 

for the reaction in a two-step process.  The swabs’ applicator shaft was clipped to a shorter size and the remaining 

swab head and applicator were then soaked in ultrapure water for 24 hours to remove any impurities.  Secondly, 

the swabs were soaked in a subsequent 48-hour soak in saturated silver (I) oxide solution to ensure the swabs’ 

surface remains saturated during the reaction and also ensures particles form and continue to grow on the nylon 

fibers. The swabs were stored in a clean container in ultrapure water before being dried for use in a glovebox. 

Once a swab had been used, the swab was allowed to dry on a swab drying rack at room temperature until 

visually dried (typically an hour).  A swab that was allowed to dry during Raman measurements was allowed to 

visually dry on the microscope stage (typically 20 - 30 minutes). 

For Raman and SERS measurements, different methods were employed to obtain Raman and SERS 

signal.  For studies with CV solution, swab tips were soaked in the solution prior to the measurement.  For studies 

with [Ru(bpy)3]2+, samples were swabbed in the following manners: solutions of [Ru(bpy)3]2+ were dropped 

into a petri dish and allowed to dry prior to swabbing.  A moistened swab, wet using ultrapure water, was used 

to collect the dried [Ru(bpy)3]2+ solution.  Additionally, dry swabs were also used with [Ru(bpy)3]2+ solutions 

that had not been allowed to dry for the means of examining the effects of using a wet vs. dry swab.  For semen 

studies, the petri dish swabbing method with either a dry or wet swab was used.  Further studies included 

swabbing semen that had been dried on a hard surface, a glass microscope slide, with a wet swab and also on a 

soft surface in a similar manner.  
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To assess the effects of synthesis temperature on amount of silver leached in the lysis step, three swabs 

from each temperature, 60 ◦C, 70 ◦C, 80 ◦C, 90 ◦C, 100 ◦C and, 110 ◦C were used. Each swab was placed in its own 

1.5 mL eppendorf tube and labeled. 300 µL of PrepFiler™ Lysis Buffer was added to each sample along with 5 

µL of 1.0 M dithiothreitol (DTT). The samples were briefly vortexed (1-2 seconds) and centrifuged (15 seconds) 

then placed in a thermal shaker, heated to 70 ◦C for 90 minutes at 900 rpm. The PrepFiler™ extraction protocol 

suggests that solid substrate be removed by incorporating an extra centrifuge step following incubation. Each 

swab was removed using tweezers and placed in a PrepFiler™ filter column which was then placed back into the 

original centrifuge tube. The samples were centrifuged for 2 minutes at 13,400 rpm. The swabs were then 

transferred to clean Eppendorf tubes and the filter columns were discarded. The remaining contents in the 

original centrifuge tubes contained the lysisbuffer mixture and now a pellet of solid silver that had collected at 

the bottom. The lysis buffer supernatant was aspirated by pipetting and transferred into new Eppendorf tubes. 

Other trials were performed to quantify the amount of silver in purified DNA extracts. 

Project Findings and Data Analysis 
The hydrogen reduction 

method for silver nanoparticle 

synthesis was first outlined by Evanoff 

and Chumanov and allows for the 

synthesis of surfactant-free silver 

nanoparticles with control of 

nanoparticle size. Particular to this 

research, the silver nanoparticles synthesized are attached to the fibers of nylon swabs.  Copan FLOQswabsTM are 

manufactured by spraying nylon onto the tip of the applicator in the presence of an electrostatic field.  The 

nanoparticles attach to the fibers of the nylon swabs as a result of electrostatic interaction by the donation of lone 

pair electrons from the nylon, a polyamide. In Figure 1 is shown swabs before and after silver nanoparticles 

attachment as well as electron micrograms of the Ag-modified fibers. 

Figure 1. unmodified vs. SERS active swab and representative electron micrographs 
of swabs used in the study described below 
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Ru[~]•' was ·used as a model com pound for initi.-il 
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were usad to collecl I&I fol. ol 10• M Ru[bpy,]·', 

dried, and moi1nted on microscope slides. Each 

S\Vab was analyzed at 9 different points, all in 

the same "Sp,?ctral focal p lane, v,1ith 457.9 ru:n 

ex<ita tion p rovided by an argon ion laser. The 

resulting spectra from an indh..idual SVvab were 

aw-ragl?d alon g with the spectra colle..'"'ted £:om 

four other sw·abs o f the same condition. Ei_gure 3 

shows the variation in the integrated intensities 

of- the 14SS cm4 Ru[bpYJ,]' i band for each synth~sis temp,e:ranue swab set. The 1488 an•l band integrated 

in~..nsities for all 45 spectra. in a swab set were awraged together and plotted, sl\owing that the SO 4t, 90 <, and 

100 >Cgiv<: th.e higM'St .average intensities. 

Seminal fluid shldies ~gan by first a ttempting to obtain a Raman -spectrum of sanen to -serve a-s both a 

comparison to a literature s-pectnu:n and a re.feren~ for future studies~ Howevo?:-, a convt:lltional Ra.man spectrum 

could no t b~ obtained \-vith the available instnu:n.enl'ation using the HeNe laser. The H~e las.?.: was chosen as 

the ex<ita tion source for SERS of s-munal fluid as p revious shtdies in the lab h.1.d obtained SERS of seminal fluid 

using that excitation wavelength. So that they could be compared to the r~farence SERS 'Sp,?Ctrum obtained of 

seminal fliUd, all seminal fluid spectra Vv-ere colled ed using a 1 second acquisition time and '15 ac:rumulations, 
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Figure 4. SERS spectrum of a 100 µL sample and Literature Raman vibrational mode assignments of semen. 

and every Raman measurement involved finding the optimum focal plane for measurement by adjusting the stage 

to maximize signal to the detector.  To acquire the initial SERS spectrum of seminal fluid using the swabs, a silver-

modified swab was dipped into 100 µL of seminal fluid and analyzed immediately. The bands in the spectrum 

have been labeled to illustrate the correspondence to that of a literature Raman spectrum, in which bands and 

vibrational modes have been assigned based on data from other literature sources. Figure 5 shows the overlaid 

spectra of the seminal fluid SERS signal and nylon SERS signal that has been normalized.  The SERS spectra of 

semen and nylon are similar as semen is a 

complicated mixture rich with proteins, and 

nylon is a synthetic protein.  However, spectral 

comparison reveals differences, and the bands 

around 653 and 723 cm-1 can be used as 

indication for the presence of seminal fluid as 

they are absent in the nylon substrate.  The 

band indicative of for choline (723 cm-1), a 

Figure 5. Overlaid spectra of 12 µL of semen with the SERS nylon constituent of a neurotransmitter present in 

semen, is especially significant as it’s a unique chemical component to seminal fluid and has been used as a 
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chemical identifier for the presence of semen in past forensic investigation techniques.  Investigations into the 

smallest volume of seminal fluid which would reliably be swabbed and give SERS signal was determined to be 

12 µL and the resulting spectrum is shown in Figure 5, which has also been normalized.  

SERS-active forensic swabs have been shown previously to exhibit SERS enhancement of molecules such 

as Ru[bpy3]+2  and forensically relevant samples such as semen. However, studies are needed to determine 

whether swabs have an effect on the DNA workflow downstream. To probe the effect of the silver on the DNA 

extraction efficiency, a study was developed that compared the extraction of known concentration of DNA doped 

onto plain and silver-modified swabs. During the lysis step of extraction, it was observed that a significant 

amount of silver was leached from the modified swabs into the lysis buffer, essentially contaminating the lysate 

with silver species. As reported previously, low quantities of DNA were obtained from the SERS-active swabs, as 

shown in Figure 6A. Following extraction, purified DNA concentrations were assessed using the QuantFiler Trio 

DNA quantification kit form Life Technologies. This kit enables quantification of total human and total male DNA 

using a large autosomal (214 BP), small autosomal (80 BP), and Y chromosome target. To correct this, a centrifuge 

step and supernatant transfer to a clean tube were performed early in the extraction protocol to remove silver 

from the lysate.  The results of quantification with this additional step is shown in Figure 6B.  As can be seen, the 

DNA retrieved is similar between modified and unmodified swabs. 

To determine whether swabs and/or the Raman measurement had an effect on the remainder of the DNA 

workflow downstream, the following study was carried out twice. In each instance, the measurements were 

carried out in triplicate.  For each experiment, 20 SERS-active swabs were prepared using our previously 

described method. We also prepared 3-fold dilution series of human seminal fluid, creating 10 samples with 

calculated DNA concentrations ranging from 15 ng/µL – 0.7 pg/µL, based on previous extractions of the same 

semen sample.  These ten concentrations were each doped (10 µL each) on 3 different swabs – a plain Copan 4N6 

FLOQswabs and two of the SERS active swabs.  After all semen samples had dried, 1 set of SERS-active swabs 

were exposed to a 632.8 nm laser during a standard measurement sequence (15 minutes for a full 9-point analysis), 
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Figure 6. Quantitation of DNA with silver modified swabs and unmodified swabs without (A) and with (B) a supernatant transfer step 
added to the extraction protocol. 

while the other set of SERS active swabs were not exposed to the laser.  Next all 30 swabs were put through the 

workflow, in which DNA was extracted using the PrepFiler™ Forensic DNA Extraction kit, Quantified DNA 

using the Quantifiler™ Trio kit, and genotyped using the GlobalFiler™ kit.  The data shown below are the results 

of the first of two triplicate experiments, thus a total of 90 swabs were used – 30 plain and 60 SERS-active swabs. 

The quantifiler Trio kit allows for simultaneous assessment of total human and human male DNA.  As we are 

testing only semen, we would expect to see similar results from each of the three targets available, the male target, 

as well as the small (80 bp) and large (214 bp) autosomal targets.  The results of quantification of the small 

autosomal target is shown in the figure below.  Figure 7 shows the results of each of the ten concentrations used, 

labeled A – J.  At each concentration, there are three reported values.  The light grey bars show the results of 

quantification of DNA extracted from SERS-active swabs (labeled SERS+) and exposed to the Raman laser during 

a typical measurement (labeled Raman+).  The hatched bars show the results of quantification of DNA extracted 

from SERS-active swabs that had not been exposed to the Raman laser (labeled Raman-), as well as the control 

experiment of extracting DNA from pristine swabs (black bars labeled as not having been SERS active swabs, nor 

exposed to the Raman laser.  We were able to quantify DNA from all 10 of our concentrations with each swab. 

The error bars represent the standard deviation of the triplicate measurements. In each case, the three bars appear 

similar. Additionally, it does not appear as though there is a consistent decrease in DNA recovered when 

comparing the pristine to SERS-active swabs or when comparing laser exposure to none.  In fact, a nonparametric 

Kruskal-Wallis Test was conducted and rendered a Chi-square value of 0.009. (df = 2, N = 90), p > 0.05 (0.995). The 

distribution of concentrations for the human small autosomal target are not significantly different. Though not 
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plotted here, the 

large autosomal 

target and the male 

target showed 

similar results.  For 

the large autosomal 

target the 

nonparametric 

Kruskal-Wallis Test 

was conducted and 

Figure 7. DNA quantification of the small autosomal target.  DNA was extracted from pristine nylon swabs 
(SERS-Raman-), SERS-active swabs that had been exposed to the Raman laser (SERS+Raman+) and SERS- rendered a Chi-
active swabs that had not been exposed to the Raman laser (SERS+Raman-). 

square value of 

0.104 (df = 2, N = 90), p > 0.05 (0.949), such that the distributions of concentrations for the human large autosomal 

target are not significantly different.  Likewise, for the male target, the nonparametric Kruskal-Wallis Test was 

conducted and rendered a Chi-square value of 0.005 (df = 2, N = 90), p > 0.05 (0.998), again indicating that the 

distributions of concentrations for the human male target are not significantly different. 

As mentioned previously, an advantage to 

using the GlobalFiler Trio kit is the ability to assess DNA 

degradation.  This was quite critical in that there were 

concerns that the exposure to either silver, laser, or both 

may have a degrading impact on the DNA present in the 

bodily fluid.  To assess this question, a degradation 

index (DI) is calculated by dividing the concentration of 

the small autosomal target by the concentration of the 

large autosomal target.  As seen in Figure 8, it appears Figure 8. Comparison of Degradation Indices across swab 
treatments 

that none of the treatments had a noticeable impact on 
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the m
edian degradation index, w

ith each being less than 1, m
eaning no degradation.  G

enerally, it appears that 

the inclusion of the SERS active sw
abs has perhaps a slight increase in the spread of the data, as the quartile boxes 

for the SERS sw
abs appears larger than that of the pristine sw

abs.  N
evertheless, a nonparam

etric K
ruskal-W

allis 

w
as conducted and rendered a C

hi-square value of 0.267 (df = 2, N
 = 90), p > 0.05 (0.875). This w

ould indicate that 

the D
=distributions of degradation indices are not significantly different. 

Figure 9. C
om

parison of A
llele recovery during genotyping at each concentration (A

 – J) for the various sw
ab treatm

ents (Error bars are 
standard deviation of the triplicate averages). 

G
iven the results of D

N
A

 quantification and the know
ledge that the SERS sw

abs, nor the Ram
an 

m
easurem

ent procedure is degrading D
N

A
 or inhibiting PC

R, the results presented in Figure 9 are not 

particularly surprising. 
A

llele recovery percentages for the different concentrations and sw
ab treatm

ents are 

presented.  W
e found no evidence of the ‘ski slope effect’ in the electropherogram

s, providing further evidence 

that degradation of the D
N

A
 is not occurring. Likew

ise, in concentrations A
 – F, w

e received practically 100%
 

allele recovery regardless of the sw
ab type used.  A

t the low
est concentrations, allele recovery dropped 

significantly for all three sw
ab types.  G

iven the extrem
ely sm

all concentrations this is not surprising and w
e 

m
ostly attribute this difference to variations in D

N
A

 input due to sw
ab loading rather than due to issues w

ith 

silver – D
N

A
 interactions. 



Impact of the project on the criminal justice system 

We believe that this project has confirmed our initial hypothesis that SERS-active swabs can be used to 

detect a human bodily fluid such as semen in a non-destructive way and allow for DNA genotyping without 

degradation or interference.  As such, we believe the results of this project give further credence to the notion 

that Raman spectroscopy is a valuable tool in forensic science. 

At this time, we are certainly not able to say that SERS-active swabs have the potential to be 

operationalized.  Candidly, they are not without their problems.  We were not able to solve the issue of silver 

transfer from the swab to the substrate of the sample to be swabbed.  It seems unlikely that the forensic science 

community would embrace a technique that contaminates an evidentiary field of interest with a metal.  Likewise, 

we have found the swabs to be difficult to reliably fabricate, which leads to issues of spectral data collection.  Some 

researchers in our group had more success than others at fabrication, which leads us to suspect that minuscule 

levels of contamination can impact the resulting silver surface and thus the ability for SERS enhancement.  

However, we believe that our biggest contribution to the forensic science community is likely our proof 

that the addition of metallic particles to an evidentiary sample is not detrimental to the genotyping of that same 

sample. Likewise, we proved that laser irradiation does not degrade HBF samples. While we initially set out to 

collect an evidentiary sample on a SERS active substrate, it may be that silver can be added to the swab post 

collection.  This would eliminate the issue of contaminating the field.  A concentrated mist of silver particles, for 

example, may be sprayed onto a swab, still allowing sample and silver to come into close contact.  The addition 

of the silver immediately prior to Raman measurement would also alleviate contamination issues, as well as some 

of the issues with heterogeneity of SERS substrates.   
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