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Abstract	

Forensic	laboratories	are	overwhelmed	with	sexual	assault	DNA	evidence	that	requires	processing,	
thus	exacerbaKng	the	need	for	a	streamlined	process	that	delivers	high	quality	results	with	reduced	
cost	 and	 analyst	 Kme.	 	 The	 currently	 uKlized	 differenKal	 extracKon	 (DE)	 methodology,	 while	
effecKve,	 is	 labor-intensive,	Kme-consuming,	presents	a	higher	risk	 for	contaminaKon,	and	 infuses	
significant	inefficiency	to	the	overall	workflow	of	forensic	evidence	processed	in	many	laboratories.		
While	moderate-to-high	throughput	systems	have	been	developed	(e.g.,	roboKc	96-well	plate)	with	
convenKonal	DE	chemistry,	the	cost	can	be	prohibiKve	for	many	laboratories.		Consequently,	a	need	
existed	 for	 methods	 with	 reduced	 analysis	 and	 analyst	 Kme,	 to	 deconvolute	 ‘mixed	 STR	
profiles’	(perpetrator	+	vicKm	DNA).	 	Microfluidics	was	an	a^racKve	opKon	for	this	as	 is	combines	
low	volume	chemistry	with	minimal	reagent	and	sample	consumpKon,	while	in	an	automated	closed	
(no	 intermediate	sample	transfer)	system	that	can	potenKally	be	 interfaced	with	a	fully-integrated	
microfluidic	STR	profiling	system	[see	Le	Roux	et	al.,	Integrated	sample-in-answer-out	microfluidic	chip	
for	Rapid	Human	IdenKficaKon	by	STR	analysis.		2014.		Lab	Chip		14:4415–4425].		

NIJ	 funding	 in	 2006	 allowed	 us	 to	 carry	 out	 a	 Phase-1	 proof-of-principle	 effort	 on	 a	 high	 risk	
approach	termed	acous&c	differen&al	extrac&on	(ADE)	-	a	method	that	exploited	acousKc	energy	to	
trap	and	 isolate	 intact	 sperm	cells	 in	a	 sea	of	 female	cell	 lysate.	 	AddiKonal	 (non-DOJ)	 funding	 in	
2009	allowed	a	Phase-2	effort	with	research	focused	on	instrument/microfluidic	device	engineering	
and	piezo-transducer	(PZT)	physics,	to	the	point	where	we	felt	we	were	able	to	address	forensically-
relevant	samples.		As	a	result	of	this,	an	NIJ-funded	Phase-3	effort	allowed	us	to	develop	the	SONIC	
system	 (Sex	 Offender	 Nodal	 Isola&on	 of	 Cells)	 ⁃	 a	 microfluidic	 system	 that	 couples	 the	 basic	
chemistry	in	current	differenKal	extracKon	(DE),	with	the	direct	isolaKon	of	sperm	cells	via	acousKc	
trapping.		The	SONIC	system	developed	in	this	effort	is	a	generaKon-1	(SONIC	Mach-1)	system	that	is	
not	producKzed.	 	However,	 is	has	been	engineered	and	built	by	a	PhD-level	Mechanical	Engineer	
(with	7	years	of	industrial	experience),	thus,	engineered	well	enough	to	be	placed	in	forensic	labs	for	
tesKng	and,	 if	desired,	easily	producKzed.	 	 	The	system	 is	composed	of	a	microfluidic	chip	 that	 is	
used	for	 isolaKon	of	the	male	fracKon	from	a	sample,	along	with	the	hardware	that	facilitates	the	
microfluidics	under	 the	 control	 of	 a	 customized	 sonware.	 	 The	prototype	uses	 a	 laptop	graphical	
user	 interface,	where	the	user	can	 input	 the	necessary	 informaKon	needed	for	execuKng	acousKc	
trapping.	 	 With	 this	 system,	 we	 have	 successfully	 demonstrated	 the	 isolaKon	 of	 adequate	 male	
fracKon	from	mock	samples	where	the	female:male	DNA	raKo	is	as	high	as	100:1.		
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1.		EXECUTIVE	SUMMARY	
The	backlog	of	 samples	 awaiKng	 forensic	DNA	analysis,	 both	 casework	and	 convicted	offender	or	
arrestee,	 conKnues	 to	 be	 a	 significant	 social	 problem	 in	 the	 US	 [5,1].	 	 Despite	 the	 technological	
capabiliKes	 of	 forensic	 laboratories,	 a	 recent	 summary	 from	 153	 labs	 reporKng	 end-of-year	
casework	backlogs,	 indicate	that	>150,000	samples	await	DNA	analysis,	with	greater	than	half	 the	
labs	 reporKng	 turnaround	Kmes	 of	 four	months	 (or	 less)	with	 some	 reaching	 as	 far	 as	 9	months	
[6,2].	 	 A	 sizable	 subset	 of	 the	 samples	 comprising	 the	 backlog	 involve	 sexual	 assault	 evidence	
(>27,500	of	the	~150,000	samples),	where	roughly	40%	of	these	samples	contain	DNA	evidence	and	
require	Kmely	analysis	for	effecKve	prosecuKon	of	suspected	perpetrators	[6,7	2,3].		There	has	been	
a	realizaKon	that	backlog	reducKon	will	not	likely	come	from	increasing	the	number	of	analysts,	but	
from	 technology	 improvements	 that	 provide	 automaKon,	 decreased	 labor	 requirements	 and	
enhanced	throughput.	

With	 sexual	 assault	 evidence,	 obtaining	 a	 full,	 single-source	 DNA	 profile	 is	 dependent	 on	 the	
efficient	separaKon	of	sperm	cells	from	female	epithelial	cells	or	lysate.	 	DifferenKal	extracKon	(DE)	
is	the	most	widely-used	method	of	choice,	employing	proteinase	K	and	an	anionic	detergent	to	elute	
material	 from	 a	 co^on	 swab	 collected	 from	 the	 vicKm,	 selecKvely	 lysing	 epithelial	 cells,	 leaving	
sperm	 cells	 from	 the	 perpetrator	 intact.	 	 It	 also	 involves	 numerous	 sample	 handling	 and	
centrifugaKon	 steps,	 leading	 to	 the	 potenKal	 for	 contaminaKon	 and	 loss	 of	 valuable	 sample.	 	 In	
addiKon,	 it	 can	 suffer	 from	 a	 lack	 of	 separaKon	 specificity,	 with	 carryover	 from	 the	 female	 DNA	
someKmes	seen	in	the	male	fracKon.	

An	iniKal	round	of	NIJ	funding	(2006-DN-BX-K021)	allowed	for	a	Phase-1	proof-of-principle	of	a	‘high	
risk’	concept	that	could	provide	an	alternaKve	approach	for	DE	-	we	termed	this	acous&c	differen&al	
extrac&on	(ADE).	 	This	exploited	acousKc	energy	to	 	trap	 intact	sperm	cells	 in	a	sea	of	female	cell	
lysate,	ulKmately	isolaKng	the	male	and	female	fracKons.	 	That	funding	evolved	ADE	from	concept	
to	a	stage	where	we	could	demonstrate	that	sperm	cell	trapping	could	be	accomplished	-	this	was	
described	 in	 a	 publicaKon	 in	 2009	 [9].	 	 AddiKonal	 (non-DOJ)	 funding	 allowed	 us	 to	 progress	 the	
technology	 (as	 a	 Phase-2	 effort)	 with	 research	 focused	 on	 instrument/microfluidic	 device	
engineering	 and	 PZT	 physics,	 to	 the	 point	 where	 we	 felt	 we	 were	 able	 to	 address	 forensically-
relevant	samples.		

Platorms	that	exploit	fluid	flow	and	chemical/biochemical	reacKons	in	the	microfluidic	regime	offer	
a	number	of	characterisKcs	that	address	drawbacks	of	the	standard	DE	method.		Immediate	benefits	
include	 reducing:	 1)	 sample	 and	 reagent	 volumes,	 2)	 contaminaKon	 in	 a	 ‘closed	 system’,	 3)	 the	
number	 of	 sample	 transfer	 steps	 and,	 4)	 potenKal	 sample	 loss	 [5-11].	 	While	 several	 cell	 sorKng	
techniques	have	been	demonstrated	on	microfluidic	devices,	 the	use	of	acousKc	 trapping	 is	most	
applicable	to	DE.	 	With	Acous&c	Differen&al	Extrac&on	(ADE),	low	power	acousKc	energy	is	applied		
by	a	PZT	to	a	fluid-filled	microchannel	generaKng	a	standing	acousKc	wave	that	creates	low	pressure	
zones	capable	of	trapping	parKcles	 in	a	size-selecKve	manner	[12].	 	We	demonstrated	preliminary	
success	 with	 ADE	 showing	 rapid	 extracKon	 of	 sperm	 cells	 out	 of	 lysate	 from	 a	 swab	 containing	
epithelial	and	sperm	cells.				
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The	current	project	(2013-NE-BX-K027)	built	on	efforts	between	2009-2012	(funded	but	not	by	NIJ).		
In	 that	 Kme-frame	 we	 addressed	 some	 of	 the	 more	 detailed	 aspects	 of	 the	 trapping	 process	
including	 the	 acousKcs-microchip	 interface,	 acousKc	 energy	 delivery	 to	 the	 trap	 zone,	 sample	
delivery	methods	and	male/female	fracKon	collecKon.	 	Having	worked	through	these	fundamental	
challenges,	the	stage	was	set	to	address	residual	trapping	parameters	that	needed	to	be	opKmized	
before	tesKng	on	bona	fide	 forensic	samples.	 	These	parameters	included:	1)	Sample	delivery	flow	
rate	 for	 sample	 loading	 in	<10	minutes;	 	 2)	 improved	cell	 trapping	capacity	by	 seLng	mul&-node	
trapping	 zones;	 3)	 improved	 sperm	 cell	 trapping	 efficiency	 with	 low	 sperm	 cell	 number	 samples	
(total	cells	<100)	;		4)	the	effect	of	non-sperm	cell	cons&tuents	in	the	sample	on	trapping;	5)	pre-chip	
sample	 prepara&on	 for	 op&mal	 trapping;	 6)	 post-SONIC	 sample	 prepara&on	 for	 direct-to-PCR	
analysis;	7)	 trapping	 sperm	 cells	 from	mock	 samples	with	 varied	 female:male	 cells	 ra&os;	 and	8)	
placement	of	a	SONIC	DE	system	in	two	forensic	labs.	

With	the	development	of	analyKcal	microfluidic	systems	for	any	form	of	biochemical	analysis,	there	
are	 four	 fundamental	 ‘X-ware’	 components	 -	 the	 ‘chipware’,	 the	hardware,	 the	 soSware,	and	 the	
‘chemware’.		This	applies	equally	to	the	SONIC	system.	

The	 ‘chipware’	 is	 the	microfluidic	 chip	 and,	 arguably	 the	most	 important	 development	 in	 the	
overall	system.	The	SONIC	chip	is	simple	in	design	(relaKve	to	other	systems	we	have	built)	with	
six	reservoirs	connected	to	a	single	U-shaped	channel	that	allows	exposure	of	a	flow	stream	to	
an	acousKc	piezo	transducer	in	inKmate	contact	with	the	channel.	 	Fluid	flow	is	controlled	by	a	
solenoid	pumping	system	that	is	housed	in	the	instrument	and	designed	to	avoid	contact	of	fluid	
(sample,	reagents)	with	the	chip,	thus	avoiding	cross-contaminaKon.			

The	hardware	 involves	 the	usual	 components	 -	electronics,	power	supply,	 communicaKon	and	
slave	 boards,	 mechanical	 interfaces,	 fluidic	 and	 pneumaKc	 components	 and	 opKcal	
(observaKon)	electronics.	 	The	SONIC	system	possesses	pumps	fluids	with	‘off-the-shelf’	syringe	
pump-driven	 hardware	 that	 easily	 allows	 independent	 control	 of	 flow	 between	 the	 six	 chip	
reservoirs.	 	CriKcal	to	avoiding	cross-contaminaKon	of	the	system,	the	syringe	pumps	pump	air,	
not	fluids,	thus	providing	‘pneumaKc’	(as	opposed	to	hydraulic	with	pumped	liquids)	control	of	
fluid	flow	at	all	 steps	 in	 the	ADE	process.	 	Advances	 in	delivery	of	 the	acousKc	energy	 to	 the	
trapping	node	in	the	channel	is	facilitated	by	a	small	PZT	that	is	minuscule	in	size	relaKve	to	that	
uKlized	 in	 earlier	work	 [9],	 and	 cost-effecKve	 enough	 to	 be	 part	 of	 the	 single-use,	 disposable	
chip.		Finally,	a	stand-alone	cell	phone	camera	has	been	built	into	the	system	to	allow	the	user	to	
visualize	the	trapping	process	in	real	Kme.	

The	sonware	 is	 laptop-driven	 (currently)	and	composed	of	a	graphical	user	 interface	 (GUI)	 for	
the	 user,	 and	 back-panel	 code	 that	 runs	 the	 system	 from	 sample	 input	 to	 male	 fracKon	
collecKon.		The	GUI	is	designed	to	be	user-friendly	and	allows	the	analyst	in	input	criKcal	sample	
informaKon,	 see	 icon	 indicators	 that	 show	 the	 progress	 of	 the	 trapping	 process	 and	 a	 screen	
connected	to	the	embedded	camera	that	allows	the	user	 to	observe	the	real-Kme	trapping	of	
sperm	cells.			

The	‘chemware’	is	novel	chemistry	that	involves	the	STR	kit	used	for	development	of	the	SONIC	
system,	as	well	as	pre-	and	post-SONIC	processing.		There	is	a	short	(10	min)	pre-SONIC	step	that	
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prepares	the	sample	for	 loading	 into	the	chip	 in	a	 form	that	opKmizes	sperm	cell	 isolaKon	via	
trapping.	 	 There	 is	 also	 a	 short	 (10	 min)	 post--SONIC	 chemistry	 that,	 while	 not	 an	 absolute	
requirement	for	SONIC-based	ADE,	processes	the	 isolated	male	fracKon	so	that	 it	contains	the	
male	DNA	in	a	form	that	is	ready	for	direct-to-PCR	analysis.		Finally,	we	uKlize	a	5-	and	6-plex	STR	
kit	 (developed	 in	 collaboraKon	 with	 Promega	 Corp)	 for	 the	 SONIC	 method	 development,	
primarily	for	budgetary	purposes.	

All	combined,	from	a	swab	containing	a	mixture,	the	SONIC-based	ADE	process	should	yield	a	male	
fracKon	that	is	ready	for	PCR	in	45-50	minutes.	 	The	effecKveness	of	this	SONIC	system	was	tested	
by	 delivering	 prototypes	 to	 two	 forensic	 labs	 -	 Kim	 Fiorucci-Meza	 at	 the	 Mesa	 Police	 Forensic	
Services	 (Arizona)	 and	 Dr.	 Cecelia	 Crouse	 at	 the	 Palm	 Beach	 County	 Sherriff’s	 Office	 Crime	
Laboratory.		The	details	and	results	of	those	evaluaKons	are	found	in	secKon	6	of	this	report.	
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2.			INTRODUCTION	
The	backlog	of	 samples	 awaiKng	 forensic	DNA	analysis,	 both	 casework	and	 convicted	offender	or	
arrestee,	 conKnues	 to	be	a	 significant	 social	problem	 in	 the	US	 [1,13].	 	Despite	 the	 technological	
capabiliKes	 of	 forensic	 laboratories,	 a	 recent	 summary	 from	 153	 labs	 reporKng	 end-of-year	
casework	backlogs,	 indicate	that	>150,000	samples	await	DNA	analysis,	with	greater	than	half	 the	
labs	 reporKng	 turnaround	Kmes	 of	 four	months	 (or	 less)	with	 some	 reaching	 as	 far	 as	 9	months	
[2,12].	 	 A	 sizable	 subset	 of	 the	 samples	 comprising	 the	 backlog	 involve	 sexual	 assault	 evidence	
(>27,500	of	the	~150,000	samples),	where	roughly	40	%	of	these	samples	contain	DNA	evidence	and	
require	Kmely	analysis	for	effecKve	prosecuKon	of	suspected	perpetrators	[3,4	 	14,15].	 	There	has	
been	 a	 realizaKon	 that	 backlog	 reducKon	 will	 not	 likely	 come	 from	 increasing	 the	 number	 of	
analysts,	 but	 from	 technology	 improvements	 that	 provide	 automaKon,	 decreased	 labor	
requirements	and	enhanced	throughput.	

With	 sexual	 assault	 evidence,	 obtaining	 a	 full,	 single	 source	 DNA	 profile	 is	 dependent	 on	 the	
efficient	 separaKon	of	 sperm	 cells	 from	 female	 epithelial	 cells.	 	DifferenKal	 extracKon	 (DE)	 is	 the	
most	 widely-used	 method	 of	 choice,	 employing	 proteinase	 K	 and	 an	 anionic	 detergent	 to	 elute	
material	 from	 a	 co^on	 swab	 collected	 from	 the	 vicKm,	 selecKvely	 lysing	 epithelial	 cells,	 leaving	
sperm	cells	from	the	perpetrator	intact.	 	DE	involves	numerous	sample	handling	and	centrifugaKon	
steps,	 leading	 to	 the	potenKal	 for	 contaminaKon	and	 loss	of	 valuable	 sample.	 	 In	addiKon,	 it	 can	
suffer	from	a	lack	of	separaKon	specificity,	with	carryover	from	the	female	DNA	someKmes	seen	in	
the	male	fracKon,	potenKally	making	prosecuKon	more	challenging.			

2A.		CONVENTIONAL	DIFFERENTIAL	EXTRACTION
Forensic	 laboratories	 receive	 and	 process	 a	 wide	 variety	 of	 biological	 samples	 for	 short	 tandem	
repeat	 (STR)	 analysis.	 	 The	majority	 of	 these	 samples	 are	 single-source	 samples,	 however,	 those	
which	 contain	 cells	 from	mulKple	 individuals	 yield	mixed	 STR	profiles	 -	 this	 is	 the	 case	 for	 sexual	
assault	 samples	 where	 vaginal	 swabs	 contain	 both	 perpetrator	 (male;	 sperm	 cells)	 and	 	 vicKm	
(female;	epithelial	cells),	complicaKng	direct	idenKty	linkage	to	the	suspect(s).		

The	 currently	 uKlized	 differenKal	
extracKon	 (DE)	 methodology,	 while	
effecKve,	 is	 labor-intensive,	 Kme-
consuming,	 presents	 a	 higher	 risk	 for	
contaminaKon,	 and	 infuses	 significant	
inefficiency	 to	 the	 overall	 workflow	 of	
forensic	 evidence	 processed	 in	 many	
laboratories.	 	Table	2-1	 	summarizes	the	
details	 for	 some	of	 the	more	 commonly	
used	 DE	 processes.	 	 A	 well-developed	
roboKc	96-well	plate	method	provides	a	
moderate-to-high	 throughput	 system	
using	 convenKonal	 DE	 methods	 and	 a	
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commercialized	system	(i.e.,	Qiagen)	that	is	ideal	for	running	up	to	96	samples	in	approximately	>4	
hours	 [3,14]).	 	An	alkaline	modificaKon	procedure,	 for	separaKon	of	male	and	 female	 fracKons,	 is	
compaKble	with	the	roboKc	96-well	plate	method	and	reduces	the	sample	preparaKon	Kme	by	2-
fold	 [4,15].	 	 This	 process,	 however,	 requires	 an	extensive	number	 (>16)	of	 sample	 transfer	 steps,	
which	 significantly	 increases	 the	 suscepKbility	 to	 error	 propagaKon	 and	 sample	 contaminaKon	
[3,14].	 	Moreover,	it	requires	mulKple	centrifugaKon	steps	for	purificaKon.	 	As	a	result,	the	method	
is	 not	 actually	 fully-automated,	 as	 samples	 are	manually	 transferred	 between	 the	 roboKc	 system	
and	the	centrifuge.			In	addiKon,	the	sensiKvity	of	the	two	methods	is	limited	to	>10	sperm	cells/µL,	
therefore,	recovery	of	sperm	cells	from	a	dilute	forensically-relevant	sample	remains	a	fundamental	
challenge	[3,14].	Finally,	the	cost	of	such	roboKc	platorms	can	be	prohibiKve	for	many	laboratories.		
Consequently,	 a	 need	 exists	 for	 a	 method	 that	 can	 eventually	 provide	 higher	 throughput	 with	
reduced	 analyst	 Kme,	 while	 avoiding	 generaKng	 a	 ‘mixed	 STR	 profile’	 (perpetrator	 DNA		
contaminated	with		vicKm	DNA).	

With	most	forms	of	DE,	differences	 in	the	stability	of	the	cell	membrane	between	these	epithelial	
and	sperm	cell	 is	exploited	to	separate	male	and	female	cells	by	differenKal	extracKon	(DE).	 	This	
method	uses	proteinase	K	(ProK)	in	combinaKon	with	a	detergent	(sodium	dodecyl	sulfate;	SDS)	to	
elute	cellular	material	from	the	co^on	swab	while	selecKvely	lysing	the	epithelial	cells	[15,16].		The	
sperm	cells	are	pelleted	by	centrifugaKon,	and	the	supernatant	(containing	DNA	from	the	female)	is	
removed.	 	Following	wash	steps,	a	 reducing	agent	 (e.g.,	DTT)	 is	used	 to	 lyse	 the	sperm	cells,	and	
both	‘fracKons’	progress	through	the	remaining	DNA	preparaKon	steps	(extracKon,	PCR)	to	generate	
STR)	profiles	of	the	vicKm	and	the	perpetrator	via	5-color	electrophoreKc	separaKon.			

Although	DE	is	the	most	common	method	for	the	analysis	of	sexual	assault	samples,	the	method	is	
hampered	 by	 repeated	 sample	 handling	 (wash	 and	 centrifugaKon)	 steps,	 resulKng	 in	 an	 overall	
process	that	is	suscepKble	to	contaminaKon	and	is	Kme-consuming	[16,17].		Furthermore,	if	there	is	
a	 large	 excess	 of	 epithelial	 cells	 present	 relaKve	 to	 a	 low	 number	 of	 sperm	 cells,	 DE	 may	 be	
ineffecKve	at	producing	a	male	fracKon	which	contains	only	male	DNA,	resulKng	in	the	preferenKal	
amplificaKon	 of	 female	 DNA	 during	 PCR,	 obscuring	 the	 male	 STR	 profile	 [17,18].	 	 As	 a	 result,	
significant	effort	is	being	exerted	by	a	number	of	groups	to	improve	the	processing	of	sexual	assault	
samples	with	DE	 for	 enhanced	 recovery	 of	 sperm	 cells	 and/or	 	 improving	 the	purity	 of	 the	male	
fracKon	and	reducing	analysis	Kme.	

To	enhance	the	recovery	of	the	male	DNA,	Tereba,	et	al.	[18,19]	developed	the	Differex™	System,	for	
efficient	 separaKon	 of	male	 and	 female	 DNA	 using	 a	 Separa&on	 Solu&on	 that	 is	 less	 dense	 than	
sperm	cells,	but	more	dense	than	water.	 	During	centrifugaKon,	the	sperm	cells	are	passed	through	
the	Separa&on	 Solu&on	 and	 form	a	pellet	 at	 the	bo^om	of	 the	 tube,	while	DNA	 from	 lysed	 cells	
remains	 in	the	aqueous	 layer.	 	Although	this	method	does	provide	separaKon	of	male	and	female	
DNA,	there	is	sKll	some	carryover	of	female	DNA	into	the	male	fracKon.		

AlternaKve	 approaches	 opt	 to	 NOT	 separate	 the	 epithelial	 cell	 lysate	 from	 the	 sperm	 cells,	 and	
simply	 ‘remove’	 female	DNA	by	degrading	 it	with	DNase	 I	 [19,20	 	20,21].	 	Following	epithelia	cell	
lysis,	degradaKon	with	 female	DNA	by	DNase	 I	and	 inacKvaKon	of	 the	DNase,	a	 reducing	agent	 is	
added	 to	 lyse	 the	 sperm	 cells,	 and	 both	 the	 female	 and	male	 fracKons	 are	 carried	 through	 the	
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remaining	DNA	analysis	steps.	 	However,	if	female	DNA	was	not	adequately	degraded,	a	mixed	STR	
profile	results	from	the	sperm	cell	lysate.	

Our	 laboratory	has	 focused	on	 the	enhancement	of	 sperm	cell	eluKon	and	recovery	by	modifying	
the	chemistry	of	the	DE	process.	 	This	has	included:	a)	the	use	of	cellulase-based	enzyme	mixtures	
to	dissolve	 the	fibrous	cellulose	network	of	 the	co^on	swab	 [21,22],	b)	 the	uKlizaKon	of	different	
detergents	as	eluKon	agents	to	enhance	sperm	cell	 recovery	[22,23]	and,	c)	 	 leveraging	b),	a	one-
step	cell	 eluKon	and	preferenKal	 lysis	method	 to	 recover	up	 to	85%	of	 sperm	cells	 from	a	 co^on	
swab	matrix	while	comprehensively	lysing	the	epithelial	cells	in	a	30	min	incubaKon	[13,10].	 	With	
this	last	method,	a	porKon	of	a	co^on	swab	containing	both	epithelial	and	sperm	cells	was	added	to	
the	 one-step	 buffer	 (10	mM	Tris;	 10	mM	MES)	with	 1	%	 SDS	 and	 ProK.	 	 The	majority	 of	 cellular	
material	 is	 eluted	 and	 epithelial	 cells	 are	 selecKvely	 lysed	 during	 the	 30	 min	 incubaKon	 (42°C),	
reducing	sample	prep	Kme	and	maximizing	recovery	of	intact	sperm	cells.	

2B.		MICROSCALE	SPERM	CELL	ISOLATION	METHODS	

Along	 with	 the	 chemical	 techniques	 described	 in	 the	 previous	 secKon,	 there	 are	 physical	
manipulaKon	 methods	 for	 the	 separaKon	 and	 isolaKon	 of	 sperm	 cells.	 	 Precise	 isolaKon	 and	
gathering	 of	 sperm	 cells	 has	 been	 achieved	 using	micropipe^es	 and	microspheres.	 	 PeKt,	 et	 al.	
demonstrated	isolaKon	of	single	sperm	cells	that,	aner	whole	genome	amplificaKon,	allowed	for	the	
generaKon	of	parKal	profiles	 [23	 	24].	 	More	recently,	Schneider,	et	al.	demonstrated	 isolaKon	by	
‘picking’	 sperm	 cells	 from	 a	 mixed	 sample	 using	 microspheres.	 	 Sperm	 cells	 adhere	 to	 the	
microspheres,	manipulated	 by	 custom	 grippers,	 allowing	 for	 careful	movement	 of	 the	 spheres	 to	
only	collect	sperm	cells.	 	Aner	collecKon,	full	STR	profiles	were	obtained	from	as	few	as	20	sperm	
cells	with	no	evidence	of	epithelial	cell	DNA	carryover	[24	 	25].	 	 In	addiKon,	 laser	microdissecKon	
[25	 	 25a]	 has	 become	 a	 popular	 technique	 for	 isolaKng	 sperm	 cells	 from	 microscope	 slides.		
Generally,	mixed	 samples	 are	 smeared	 and	dried	 on	 a	 polyethylene	napthalate	 (PEN)	microscope	
slide.	 	Sperm	cells	are	laser-cut	from	the	slide	and	a	defocused	laser	pulse	catapults	the	cells	into	a	
waiKng	aliquot	of	buffer	directly	above	the	locaKon	of	the	cell.	 	STR	profiles	obtained	from	sperm	
cells	isolated	by	this	method	also	show	li^le	evidence	of	epithelial	cell	DNA	carryover.	 	However,	in	
general,	 these	 methods	 require	 costly	 instrumentaKon	 and/or	 a	 highly	 trained	 analyst	 to	 select	
which	 and	 how	 many	 sperm	 cells	 are	 to	 be	 captured,	 and	 thus,	 are	 not	 amenable	 to	 high	
throughput	analysis.			

Fluid	 flow	 and	 chemical/biochemical	 reacKons	 in	 the	 microfluidic	 regime	 offer	 a	 number	 of	
characterisKcs	 that	 address	 drawbacks	 of	 the	 standard	 DE	method.	 	 Immediate	 benefits	 include	
reducing:	1)	sample	and	reagent	volumes,	2)	contaminaKon	in	a	 ‘closed	system’,	3)	the	number	of	
sample	 transfer	 steps	and,	4)	potenKal	 sample	 loss	 [5-11	 	 1-3,6-8].	 This	 is	 parKcularly	 the	 case	 if	
integrated	with	more	than	one	analysis	step,	yielding	the	possibility	for	faster	analysis	Kmes	[29		26].		
Cell	manipulaKon	and	sorKng	techniques	have	been	demonstrated	on	microfluidic	devices	[30	 	27]	
using	 techniques	 such	 as	 dielectrophoresis	 [31,32	 	 28,29]	 and	 fluorescent-acKvated	 cell	 sorKng	
[33,34	 	 30,31].	 	 Dielectrophoresis	 uKlizes	 a	 non-uniform	 electric	 field	 to	 separate	 cells	 based	 on	
differences	 in	dielectric	properKes	[35	 	32]	and	has	been	used	to	separate	 live	and	dead	cells	 [36		
32b]	or	cells	in	different	cell-cycle	phases	[37		33].		A	drawback	to	dielectrophoresis,	however,	is	that	
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cells	may	adhere	to	the	microchannel	walls	at	the	trapping	site,	decreasing	the	effecKveness	of	the	
separaKon	 method	 [38	 	 33b].	 	 In	 contrast,	 fluorescent-acKvated	 cell	 sorKng	 (FACS)	 uses	 a	
fluorophore-labeled	anKbody	which	interacts	with	the	target	cell	type.	 	A	laser	is	used	to	excite	the	
fluorophore	and	the	flow	is	switched	to	direct	the	targeted	cells	to	a	separate	reservoir	[39		34].	This	
method	 has	 been	 successful	 in	 separaKng	 E.	 coli	 cells	 expressing	 green	 fluorescent	 protein	 from	
non-fluorescent	E.	coli	cells	[40		35].		However,	microfluidic	FACS	(µFACS)	uses	a	mulKlayer	microchip	
structure	[41	 	36],	requiring	numerous	fabricaKon	steps	(hence,	expense)	and	an	increased	risk	of	
clogging	in	the	microchannels	[39		34].			

In	 a	 different	 approach,	 we	 demonstrated	
successful	 separaKon	 of	 sperm	 and	
epithelial	 cells	 on	 a	 microdevice	 by	
exploiKng	 differences	 in	 their	 physical	
properKes	with	 focus	 on	 two	 approaches.		
The	first	allowed	epithelial	cells,	with	their	
inherent	 larger	 size	 and	 higher	 density,	 to	
se^le	and	adhere	to	the	bo^om	of	an	inlet	
reservoir	 while	 buffer	 flowed	 through	 the	
device	 mobilized	 sperm	 cells	 towards	 the	
outlet	 reservoir	 [42	 	 37].	 	 This	 method	
required	 adequate	 Kme	 for	 the	 epithelial	
cells	to	se^le,	assumed	minimal	lysis	of	the	
epithelial	cells	during	the	process,	and	had	
a	 relaKvely	 poor	 volume	 throughput	 [42		
37].	 	 A	 second	 method	 developed	 in	 our	
laboratory	exploited	an	acousKc	energy	 to	
trap	 sperm	cells	 from	a	 cell	 lysate.	 	While	
several	 cell	 sorKng	 techniques	 have	 been	
demonstrated	 on	microfluidic	 devices,	 the	
use	 of	 acousKc	 trapping	 was	 parKcularly	
a^racKve	 because	 of	 its	 simplicity	 -	 low	
power	 acousKc	 energy	 applied	 to	 a	 fluid-
filled	 microchannel	 generaKng	 a	 standing	
acousKc	 wave	 that	 creates	 low	 pressure	
zones	 capable	 of	 trapping	 parKcles	 in	 a	
size-selecKve	 manner	 [12	 	 9].	 	 The	
applicability	of	this	to	DE	led	us	to	explore	
ADE	 as	 a	 potenKal	 method	 for	 rapidly	
extracKng	sperm	cells	out	of	 lysate	 from	a	
swab	containing	epithelial	and	sperm	cells	
in	 the	 form	 of	 an	 NIJ	 ‘proof-of-concept	
(POC)’	 grant	 for	 ADE	 (2006-DN-BX-K021),	
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Figure 2-1. Proof of principle for ADE from Norris et al. (12). (A) The 
microdevice operation is shown in 3 steps: 1. the transducer is actuated to retain 
sperm cells as the epithelial cell lysate is flowed through the device; 2. cells are 
retained in the trap as clean buffer is infused; and 3. the transducer is turned off 
and flow is directed to the sperm cell outlet (SO) to collect trap contents. (B) 
Cofiler STR profile of the original sample (SA), with the amelogenenin peak 
enlarged (inset). (C)STR profile for clarified epithelial cell lysate. (D) STR 



where	we	developed	a	breadboard	and	demonstrated	 the	effecKve	 trapping	of	 sperm	cells	 in	 the	
presence	 of	 lysed	 epithelial	 cells.	 	 CollecKon	 of	 the	 trapped	 sperm	 cells	 occurred	 by	 simply	
terminaKng	 voltage	 to	 the	 transducer,	 and	 switching	 the	flow	 (laminar	flow	valving)	 to	direct	 the	
sperm	cells	to	a	separate	outlet	reservoir.		This	is	summarized	in	Figure	2-1	which	shows	the	results	
from	that	original	work	(using	what	we	now	consider	to	be	a	primiKve	fluidic	architecture),	where	
the	processing	of	a	mixed	sample	resulted	in	a	male	fracKon	with	a	purity	as	high	as	92%,	a	4-fold	
increase	over	the	original	sample	[12		9].	

2C.		ACOUSTIC	CELL	TRAPPING	THEORY	
AcousKc	 cell	 manipulaKon	 techniques	 employ	 the	 use	 of	 standing	 acousKc	 waves	 generated	

within	a	resonant	cavity	to	move	or	capture	parKcles	and/or	cells	as	they	pass	through.	 	AcousKc	
standing	waves	have	been	extensively	used	on	the	macroscale	to	aggregate	and	sediment	cells,	such	
as	 yeast	 [43,44	 38,39]	 and	 red	 blood	 cells	 [45,46	 40,41],	 allowing	 collecKon	 at	 the	 bo^om	 of	 a	
stagnant	 chamber.	 	 While	 an	 in-depth	 understanding	 of	 the	 physics	 of	 acousKc	 trapping	 is	 not	
essenKal	to	this	proposal,	suffice	to	say	that	cell	movement	is	dictated	by	the	primary	axial	radiaKon	
force	(Fr)	acKng	on	it	in	an	acousKc	standing	wave	described	by:	

� 		 	

where	P0	is	the	applied	acousKc	pressure	amplitude,	Vc	is	the	volume	of	the	parKcle	(i.e.,	size),	λ	is	
the	acousKc	 standing	wavelength,	k	 is	 the	wavenumber	defined	by	2π/λ,	x	 is	 the	distance	 from	a	
pressure	node,	ρc	and	βc	are	the	density	and	compressibility	of	a	parKcle,	respecKvely,	in	a	fluid	with	

density	ρw	and	compressibility	βw,	and	 	is	the	acousKc	contrast	factor	and	is	given	by:	

� 	

This	axial	force	acts	in	the	direcKon	of	propagaKon	of	the	acousKc	wave	field	and	is	responsible	for	
the	movement	of	the	parKcles	and/or	cells	to	the	nodes	or	anK-nodes	of	the	wave	(see	Fig.	2-2B).		
As	 evident	 from	 the	 equaKons	 above,	 the	 axial	 radiaKon	 force	 (i.e.,	 the	 trapping	 force,	 Fr)	 is	
dependent	on	a	number	of	parKcle/cell	factors,	including	the	compressibility,	density,	size	and	shape	
of	 the	 parKcle	 as	well	 as	 the	 parKcle	 size,	 where	 a	 decrease	 in	 size	 results	 in	 a	 decrease	 of	 the	
acousKc	force.	 	In	addiKon	to	the	Fr,	there	are	also	secondary	acousKc	forces	acKng	upon	a	parKcle	
that	result	from	the	sca^ering	of	acousKc	waves	by	other	parKcles,	causing	parKcles	to	be	a^racted	
to	or	repulsed	from	one	another.	 	Although	these	interparKcle	forces	are	much	weaker	than	the	Fr,	
they	 are	 significant	 when	 a^empKng	 to	 aggregate	 and	 sediment	 cells	 [47,42].	 	 Also,	 note	 the	
dependence	 of	 the	 acousKc	 factor	 on	 the	 density	 (ρw)	 and	 compressibility	 (βw)	 of	 the	 fluid	
surrounding	 the	 cells.	 	 This	 indicates	 that	 strict	 a^enKon	 be	 paid	 to	 the	 soluKons/buffers	 used	
during	a	trapping	event.	
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2D.		APPLICATIONS	OF	CELL	MANIPULATION	VIA	ULTRASONIC	STANDING	WAVES	
There	are	 two	main	operaKonal	modes	 for	 cell	handling	 in	microfluidic	acousKc	wave	 resonators:	
focusing	 and	 trapping	 [46-51	 41-46].	 	 AcousKc	 forces	 may	 be	 used	 in	 a	 flow-through	 technique	
called	free	flow	acoustophoresis,	where	an	ultrasonic	standing	wave	is	established	along	the	enKre	
length	of	a	microchannel	with	parallel	walls.	 	This	mode,	carried	out	at	lower	acousKc	frequencies	
(~2	MHz),	does	not	trap	but,	instead,	focuses	parKcles	to	the	center	or	to	the	walls	of	microchannel.		
While	effecKve	for	resolving	bacteria	from	viruses	[52,47],	separaKng	blood	cells	from	fat	globules	
[53,48],	 and	 achieving	 buffer	 exchange	 [54,49],	 it	 does	 not	 enhance	 cell	 concentraKon	 per	 unit	
volume,	 hence,	 is	 not	 exploited	 in	 this	 proposal.	 	 In	 contrast,	 acousKc	 trapping	 occurs	 at	 higher		
acousKc	 frequencies	 (~10	MHz)	 and	 uKlizes	 a	 standing	wave	 that	 is	 established	 in	 very	 localized	
zones.		Thus,	as	the	cell	suspension	is	infused	through	the	microdevice,	parKcles	above	a	certain	size	
(dictated	by	the	interplay	between	acousKc	and	viscous	drag	forces	as	describe	above)	will	become	
trapped	 at	 the	pressure	node(s)	within	 the	 channel.	 	 AcousKc	 trapping	has	 been	used	 to	 culture	
yeast	cells	[51,46]	and	again,	based	on	development	with	past	NIJ	funding,	used	to	separate	sperm	
cells	from	buccal	swab	lysate	using	the	ADE	method	described	above	[12,9].	 	We	have	selected	the	

trapping	mode	because	it	can	accept	a	wider	range	of	input	cell	concentraKons	while	producing	the	
same	output	concentraKon	of	cells	(as	determined	by	trap	contents	and	trap	to	collecKon	tube	dead	
volume).	 	 This	 is	 a^racKve	 for	male	 STR	 typing,	 as	 the	 output	 DNA	 concentraKon	may	 be	 semi-
quanKtaKvely	judged	from	the	number	of	trapped	cells.	

The	proposed	developments	will	uKlize	a	 low-cost,	easy-to-fabricate	microfluidic	acousKc	 trapping	
device	 that	 is	 fully-enclosed	 and	 disposable	 (avoid	 cross-contaminaKon)	 made	 from	 glass	 and	 a	
flexible	 silicone	 (polydimethylsiloxane;	 PDMS).	 	 We	 have	 refined	 the	 fabricaKon	 of	 these	 glass-
PDMS-glass	(GPG)	hybrid	devices	[68,71-73	 	 	50,51-53]	using	a	laser	ablaKon	system	to	create	the	
microfluidic	 structures	 in	 the	 silicone	 layer,	 sandwiched	 by	 glass	 layers	 provide	 the	 features	 that	
allow	for	access	to	the	microfluidic	structures,	as	well	as	the	ceiling	and	floor	of	the	resonator	cavity	
for	acousKc	standing	wave	generaKon	(Fig.	2-2).	 	These	devices	are	capable	of	 trapping	cells	with	
greater	 throughput	 and	 trapping	 efficiency	 relaKve	 to	 our	 previous	 ADE	 work	 [12,9].	 	 The	 GPG	
devices	will	 feature	a	microchannel	architecture	that	allows	for	faster	sample	flow	rates,	and,	as	a	
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Figure 2-2. Fabrication of a glass-PDMS-glass microdevice.  (A) Laser ablation and assembly of the layers to generate a microfluidic device with 
an acceptable resonator cavity.  (B) Side-view of the resonator cavity with a standing acoustic wave generated by a piezo (PZT). 
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result,	accommodaKon	of	samples	up	to	milliliter	volumes,	onen	representaKve	of	samples	that	a	
forensic	 laboratory.	 	 The	 implementaKon	 of	 bead-assisted	 trapping	 will	 allow	 for	 the	 capture	 of	
sperm	 cells	 from	 samples	 containing	 trace	 number	 of	 sperm	 cells	 (<1	 cell/µL).	 	 In	 addiKon,	 the	
geometrical	 arrangement	 of	 mulKple	 transducers	 (up	 to	 4)	 will	 be	 evaluated	 to	 determine	 the	
opKmal	geometry	of	the	transducers	needed	to	provide	high	trapping	efficiencies	(≥60	%).	 	Finally,	
since	 ADE	 is	 dependent	 on	 efficient	 recovery	 of	 intact	 sperm	 cells	 from	 the	 co^on	 swab	 and	
comprehensive	 lysis	 of	 epithelial	 cells,	 the	 recovery	 of	 sperm	 cells	 and	 the	 preferenKal	 lysis	 of	
epithelial	 cells	using	an	enzyme-based	DNA	preparaKon	method	will	be	evaluated.	 	 In	addiKon,	a	
modified	enzyme-based	DNA	preparaKon	technique	employing	TCEP	as	the	reducing	agent,	will	be	
used	to	provide	on-chip	lysis	of	the	sperm	cells	aner	trapping	and	washing,	minimizing	sample	loss	
to	the	walls	upon	release	of	the	cell	bolus.		

2E.		FURTHER	DEVELOPMENT	IN	THE	INTERVENING	TIME	BETWEEN	NIJ	AWARDS	
With	 funding	 obtained	 aner	 the	 previous	 2006	NIJ	 funding	 period	 ended,	we	made	 a	 number	 of	
significant	advances	beyond	the	proof-of-principle	reported	in	the	Norris	et	al.	paper	[12,9].	 	They	
can	be	summarized	as:	(i)	obtaining	the	first	evidence	of	trapping	sperm	cells	at	flow	rates	as	high	as	
60	μL/min,	(ii)	obtaining	efficient	trapping	of	cells	in	diluted	semen	at	concentraKons	<1	cell/μL,	(iii)	
creaKng	 smart-engineered	 circuit	 board-supported	 transducers,	 and	 (iv)	 creaKng	 a	 primiKve	 GUI	
program	for	remote	control	of	the	ADE	process.	 	This	provides	the	framework	upon	which	we	carry	
out	the	final	R&D	required	to	generate	prototype	ADE	devices	and	instrument	for	tesKng	in	forensic	
labs,	preferably	from	commercial-of-the-shelf	(COTS)	components.		

In	the	intervening	Kme	between	the	ending	of	the	2006	and	the	award	beginning	in	2013,	progress	
conKnued	on	the	acousKc	DE	system.		That	effort	was	directed	at	improving	the	acousKcs-microchip	
interface,	 acousKc	 energy	 delivery	 to	 the	 trap	 zone,	 sample	 delivery	 methods	 and	 male/female	
fracKon	collecKon.	 	This	work	was	primarily	funded	through	a	one	year	subcontract	with	Lockheed	
MarKn.	 	This	placed	us	in	a	posiKon	where	we	had	adequate	confidence	on	the	ability	of	acousKcs	
to	provide	physical	separaKon	of	the	male	and	female	fracKons,	supported	by	preliminary	data,	to	
propose	a	 second	round	of	NIJ	 funding	 that	would	allow	 for	us	 to	create	 three	prototype	devices	
that	would	allow	us	to:	1)	define	the	ulKmate	parameters	for	efficient	sperm	cells	capture	on	mock	
samples	over	a	rang	of	female:male	cell	raKos,	and	2)	place	two	instruments	 in	reputable	forensic	
laboratories	for	tesKng	on	bona	fide	forensic	samples.			

We	 experienced	 some	 major	 challenges	 in	 terms	 of	 obtaining	 efficient	 trapping	 and	 physical	
separaKon	 of	 the	male	 and	 female	 fracKons	when	 the	 sperm	 cells	were	 in	 a	 over	 abundance	 of	
epithelial	 cells.	The	first	year	of	 this	 to	your	effort	 involved	opKmizing	 trapping	efficiency	under	a	
variety	of	condiKons	and	in	the	presence	of	other	contaminaKng	cells.		By	the	beginning	of	Q2	in	the	
second	year,	we	had	overcome	the	challenges	associated	with	the	‘chemistry’	and	physical	trapping	
of	the	male	fracKon.		It	was	at	this	point	that	we	begin	the	design	and	engineering	of	an	instrument	
that	could	be	delivered	to	other	labs	for	tesKng	–	in	other	words,	an	instrument	that	wasn’t	simply	
built	 on	 a	 solid	 aluminum	 	 opKcal	 breadboard	 with	 screw-holes	 that	 allowed	 for	 the	 mounKng	
components	in	three	dimensions.		This	effort	consumed	the	la^er	part	of	the	funding	period.
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3.	METHODS	

3A.		MOCK	SAMPLES	

Informa(on	Gathering	
Due	to	the	sensi8ve	and	8mely	nature	of	sexual	assault	kits,	bona	fide	 forensic	samples	were	not	
used	 during	 the	 development	 of	 this	method.	 	 Rather,	mock	 samples	were	 generated	 in	 various	
states,	using	 the	best	 informa8on	available	 to	mimic	 realis8c	 scenarios.	 	We	spoke	with	 forensics	
experts	 in	mul8ple	 state	 and	 federal	 labs	 (6	 analysts	 in	 4	 different	 forensic	 labs;	 iden8ty	 held	 as	
confiden8al)	to	ascertain	what	a	“typical”	swab	sample	would	be,	and	found	that	the	defini8on	of	
typical	 swab	was	very	 lab-dependent.	 	However,	 the	 responses	did	provide	 informa8on	 regarding	
average	sample	composi8on,	sperm	cells	recovery	efficiency,	and	general	ra8os	of	female:male	cells	
present	 on	 a	 swab.	 	 The	most	 important	 informa8on	 gleaned	 from	 these	 responses	 was	 that	 a	
typical	sexual	assault	kit	sample	(cuWng	of	1/2	of	a	co[on	swab)	will	contain	anywhere	from	300	
sperm	cells	up	to	17,000	sperm	cells,	at	a	female:male	cell	ra8o	of	10:1	up	to	50:1.		Based	upon	this	
informa8on,	mock	samples	were	formulated	within	the	relevant	forensic	range	for	total	cell	number	
and	ra8o	of	female:male	cells.	

Acquisi(on	of	Swabs	
Cheek	 swabs	were	 collected	 in	 a	manner	 consistent	with	 an	 IRB	 established	 for	 this	 project,	 and	
reference	STR	profiles	obtained	for	comparison	purposes.	 	Post-coital	vaginal	swabs	were	obtained	
through	a	collabora8on	with	Dr.	Kathryn	Laughon	
of	 the	 UVA	Medical	 Center	 (under	 her	 IRB).	 	 All	
swabs	 were	 de-iden8fied,	 with	 sample	 tracking	
carried	out	using	the	donor	ID	number,	swab	type,	
and	 cell	 yields;	 examples	 are	 displayed	 in	 Table	
3-1.	

It	 should	 be	 noted	 that	 we	 trialed	 two	 different	
kinds	of	swabs	-	the	more	tradi8onal	co[on	swab	
used	extensively,	 and	a	flocked	 swab	 from	Copan	
Italia	spa.	 	While	the	flocked	swab	provided	more	
cells	 (by	 more	 than	 2-fold),	 tradi8onal	 co[on	
swabs	 are	 used	 in	 Virginia	 criminal	 forensic	 labs.		
For	this	reason,	co[on	swabs	were	primarily	used	
to	generate	mock	samples.	

Acquisi(on	of		Semen	
A	 lis8ng	 through	 UVA	 Clinical	 Trials	 resulted	 in	
semen	dona8on	from	anonymous	males.	 	The	cell	
count	 from	 this	 donor	 was	 determined	 to	 be	
160,000	sperm	cells	per	microliter	in	one	batch,	and	91,000	sperm	cells	per	microliter	in	the	second	
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Table 3-1.  Cataloged sample submission information.  

Donor ID Cell Type Swab Type Cell Count 
(per uL)

K15J Cheek Cotton 1025

A08T Cheek Cotton 222

003 Vaginal Cotton 306

004 Vaginal Cotton 744

004 Vaginal Cotton 2167

010 Vaginal Cotton 546

006 Vaginal Cotton 588

013 Vaginal Cotton 405

015 Vaginal Cotton 189

012 Vaginal Flocked 1428

012 Vaginal Cotton 656

017 Vaginal Cotton 738



collec8on.	 	 The	 semen	was	 split	 into	 50	 μL	 aliquots,	 and	 stored	 at	 4°C	 between	 uses.	 	 Prior	 to	
genera8ng	mock	samples,	aliquots	of	neat	semen	were	diluted	to	a	final	concentra8on	of	2,000	cells	
per	microliter.	 	 Direct	 comparison	 between	 samples	 showed	 that	 sperm	 cell	 viability	 diminished	
rapidly	once	diluted	(compare	profiles	of	same	dilu8on,	1	week	apart).	 	As	a	result	of	our	sample	
degrada8on,	a	new	aliquot	of	neat	semen	was	freshly	diluted	for	each	trapping	experiment.		

Liquid	vs	Dried	Samples	
The	presence	of	sperm	cells	in	the	post-coital	swab	samples	obtained	from	Dr.	Kathryn	Laughon	at	
the	UVA	Medical	Center	was	unknown.	 	Unfortunately,	no	sperm	cells	were	present	on	any	post-
coital	 swabs,	 forcing	 us	 to	 u8lize	 these	 to	 create	mock	 samples	 by	 spiking	with	 semen	 (that	 had	
been	assessed	in	terms	of	sperm	count).	 	In	some	cases,	sperm	cells	were	spiked	directly	onto	the	
swab	 and	 allowed	 to	 dry	 overnight	 -	 we	 refer	 to	 these	 as	 “dried”	 samples.	 	 These	more	 closely	
mimicked	a	bona	fide	sexual	assault	kit	swab,	with	the	advantage	of	knowing	the	number	of	sperm	
cells	added.	 	With	some	knowledge	of	the	epithelial	cell	count	(hemocytometer),	the	female:male	
cell	ra8o	was	could	be	es8mated.			

Samples	were	also	prepared	by	recons8tu8ng	the	swabs	in	water;	these	were	referred	to	as	“liquid”	
samples.		Again,	knowing	the	number	of	sperm	cells	added	to	a	known	amount	of	epithelial	cells,	a	
more	accurate	female:male	cell	ra8o	for	a	sample	could	be	established.		

3B.		STR	PROFILES	FOR	EVALUATION	ADE		 
Use	of	a	Custom	6-plex	STR	Kit	
A	custom	6-plex	kit	(courtesy	of	Promega,	Corp)	was	used	for	this	work,	primarily	because	we	had	
an	 ample	 supply	 of	 this	 par8cular	 chemistry	 kit	 in	 the	 lab.	 	 It	 was	 our	 opinion	 that,	 given	 this	
involved	development	of	a	‘first-of-its-kind’	instrument	and	methodology	that	would	require	~$30K	
if	 the	 currently	 used	mul8plex	
reagents	 (e.g.,	 GlobalFiler)	
were	 used.	 	 Given	 the	
limita8ons	 of	 budget,	 we	
opted	 for	 the	 lower-plex	
system.		The	loci	involved	were	
amelogenin,	 (AMEL)	 D18S51	
(D18),	 D2S1338	 (D2),	 D21S11	
(D21),	 D8S1179	 (D8)	 and	
D12S391	 (D12).	 	 The	 6-plex	
primer	 mix	 was	 used	 with	 a	
proprietary	 master	 mix	 based	
on	 the	 PowerPlex®	 Fusion	
System,	but	enhanced	posi8on	
the	 SONIC	 chip	 for	 poten8al	
on-chip	PCR.	 	The	chemistry	exploited	composed	of	three	dyes	-	two	standard	dyes	(FAM,	JOE)	and	
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Figure 3-1.  STR profile of extracted semen from donor 5YOB.  Strong peak 



one	 energy	 transfer	 dye	 (ET-CRX).	 	 The	 amplifica8on	 was	 performed	 in	 49	 minutes	 using	 an	
Eppendorf	Mastercylcer.	The	thermocycling	parameters	were:	30	cycles	of	94°C	for	10	seconds,	60°C	
for	60	seconds,	and	a	final	extension	at	60°C	for	5	minutes.			

The	products	from	all	PCR	amplifica8ons	were	analyzed	using	an	ABI	3130	Gene8c	analyzer	(Life	
Technologies,	 Carlsbad,	 CA,	 USA).	 The	 injec8on	 and	 separa8on	 condi8ons	 were	 15	 KV	 for	 5	
seconds	and	15	KV	for	1680	seconds,	respec8vely.	 	Genemarker	HID	souware	(Sougene8cs	LLC,	
State	College,	PA,	USA)	was	used	to	analyze	the	profiles	with	a	binning	pale[e	that	was	manually	
created	 to	 fit	 the	 new	 6-plex.	 	 An	 allelic	 ladder	 was	 provided	 by	 Promega	 to	 create	 this	 new	
binning	pale[e	containing	the	6	markers.		An	example	of	the	profile	generated	with	this	STR	kit	is	
seen	 in	Figure	 3-1.	 	 As	will	 be	 described	 in	 a	 subsequent	 sec8on,	 the	 presence	 of	 primers	 for	
D18S51	wreaked	havoc	on	 the	overall	efficiency	of	 the	PCR,	hence,	 for	 some	experimental	 sets	
this	has	been	removed.	

3C.		SAMPLE	PROCESSING	 

Sperm	Cells	on	Mock	Dry	Swabs	
For	mock	samples	that	had	sperm	cells	dried	directly	onto	the	swabs,	a	cuWng	was	taken	to	obtain	
cells.	 	Using	 a	disinfected	 surface	 and	 fresh	 razor	blade,	 the	 co[on	 swab	was	 sliced	 ver8cally	 on	
each	side,	allowing	for	half	of	the	swab	to	be	separated.	 	This	swab	cuWng	was	then	suspended	in	
liquid	for	cell	lysis,	as	detailed	below.	

Sperm	Cells	in	Mock	Liquid	Samples	
The	SONIC	system	is	designed	to	accommodate	anywhere	from	30	to	120	μL	of	sample	volume.		Its	
size	 is	 commensurate	with	 future	developments	where	we	plan	 to	perform	all	 pre-SONIC	 sample	
prepara8on	on-chip.		In	these	studies	described	here,	samples	were	prepared	at	an	ini8al	volume	of	
60	 μL	with	 differing	 numbers	 of	male	 and	 female	 cells	 -	 this	 ranged	 from	 1,000	 -	 50,000	 female	
epithelial	cells,	and	200	-	2,000	sperm	cells.		The	volume	of	cells	added	to	create	each	sample	varied	
with	 the	 donor,	 dependent	 upon	 the	 concentra8on	 of	 cells	 recovered	 from	 the	 cheek	 or	 vaginal	
swab.			

Preferen(al	Lysis	
The	first	step	in	any	differen8al	extrac8on	is	to	lyse	in	solu8on	all	of	the	female	cells	which,	in	most	
cases,	 is	 dominated	 by	 epithelial	 cells.	 	 Conven8onal	 differen8al	 extrac8on	 u8lizes	 a	 detergent	
concentra8on	that	lyses	epithelial	cells	while	leaving	perm	cells	intact.	 	Recall	(sec8on	2C)	that	the	
acous8c	 contrast	 factor	 and,	 hence,	 trapping	 efficiency,	 was	 influenced	 by	 the	 proper8es	 of	 the	
buffer.	 	 As	 a	 result	 of	 this,	 we	 u8lized	 a	 unique	 chemistry	 for	 epithelial	 cell	 lysis.	 	 This	 involved	
prepGEM	 enzyme	 and	 ZyGEM	 Blue	 Buffer	 (ZyGEM	 NZ	 Ltd),	 incubated	 at	 75°C	 for	 15	minutes	 to	
rupture	the	epithelial	cells,	and	95°C	for	5	minutes	to	heat-kill	the	enzyme.	 	Following	this,	sarkosyl	
was	added	so	that	the	final	concentra8on	was	at	0.6%;	this	served	to	solubilize	cellular	membrane	
debris,	which	could	adversely	affect	trapping	of	sperm	cells.	 	With	this	ini8al	lysis	step	completed,	
the	sample	was	ready	for	trapping	on	the	SONIC	instrument.	 	If	the	lysis	was	performed	on	a	swab	
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cuWng	rather	than	a	liquid	sample,	the	cuWng	was	removed	auer	this	lysis	step.	 	For	reasons	that	
will	 be	 clear	 later,	 6	 μm	 polystyrene	 spheres	 1	 were	 added	 to	 samples,	 in	 order	 to	 ini8ate	
aggrega8on	of	sperm	cells	 in	the	trap	site,	something	that	is	cri8cal	when	a	low	number	of	sperm	
cells	are	present.		

Materials	for	Chip	Fabrica(on	
The	bo[om	glass	layer	of	the	acous8c	resonator	is	a	piece	of	uncut	180	µm	thick	borosilicate	glass,	
and	 the	 top	 glass	 layer	 is	 a	 piece	 of	 180	 µm	 thick	 borosilicate	 glass	 that	 is	 cut	 through	 by	 laser	
abla8on	to	make	6	access	holes	for	the	6	reservoirs	on	top	of	the	GPG	assembly.		The	PDMS	layer	is	
made	from	a	280	µm	thick	commercially	available	PDMS	film	and	all	the	channels	are	generated	by	
laser	abla8on.		The	reservoir	layer	is	made	from	a	1/8	inch	PMMA	sheet	that	has	been	pre-adhered	
to	a	layer	of	double	side	pressure	sensi8ve	adhesive	(PSA)	on	one	surface	and	cut	through	by	laser	
abla8on.	

Instrument	Opera(on	
The	 SONIC	 instrument	 (Fig.	 3-2)	must	 be	 powered	 up	 30	 seconds	 before	 the	 computer,	 to	 allow	
boo8ng	of	all	necessary	drivers.		Auer	both	the	instrument	and	laptop	are	powered	up,	the	LabView	
applica8on	can	be	operated	for	sample	trapping.		The	first	step	for	the	user	is	to	ini8alize	the	syringe	
pumps,	which	draw	back	to	a	volume	of	100	μL.		It	is	impera8ve	that	this	step	be	completed	prior	to	
loading	 the	 chip	 onto	 the	manifold,	 or	 else	 sample	 could	 be	 drawn	 into	 the	 pumps	 and	 system	
contamina8on	could	occur.	 	Auer	ini8aliza8on	the	chip	is	loaded	onto	the	instrument,	and	sample	
processing	begins.	 	The	next	step	is	a	crucial	one	and	involves	sweeping	through	mul8ple	acous8c	
frequencies	for	each	chip.		The	‘frequency	sweep’	applies	
a	 range	 of	 frequencies	 to	 the	 piezo,	 while	 6	 μm	
fluorescent	beads	are	flowed	through	the	trap	site.		Auer	
passing	through	the	trapping	site,	the	test	bead	solu8on	
is	 diverted	 to	 the	waste	 chamber,	 reservoir	 6.	 	 Custom	
souware	 	will	have	 iden8fied	op8mal	 frequency	 from	8	
dis8nct	 trapping	 frequencies.	 	That	 frequency	 is	chosen	
for	sample	trapping	throughout	the	rest	of	the	run.		Next	
the	piezo	 is	ac8vated	at	 the	op8mal	 frequency,	and	the	
sample	is	flowed	through	the	trapping	site	at	a	rate	of	45	
μL/minute.	 	 Sperm	 cells	 are	 trapped	 by	 the	 standing	
acous8c	 wave	 (Fig.	 3-3),	 while	 free	 DNA	 and	 cellular	
debris	 are	 washed	 downstream	 to	 the	 non-sperm	
chamber	(reservoir	5).	 	The	trapped	sperm	pellet	is	then	
washed	 with	 buffer	 to	 remove	 any	 remaining	 debris.		
Finally	 the	piezo	 is	deac8vated,	and	 the	pellet	 is	eluted	
to	reservoir	4,	referred	to	as	the	sperm	frac8on.		In	total	
the	system	opera8on	takes	7	minutes	per	sample.	

Sample	Recovery	
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Figure 3-2. The SONIC system for acoustic 
differential extraction of sperm cells.
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At	 the	 conclusion	 of	 the	 run,	 the	 sperm	
pellet	 has	 eluted	 in	 final	 volume	of	 30	uL.		
Reservoirs	4,	5,	and	6	of	every	chip	are	pre-
treated	 with	 Sigmacote,	 a	 siliconizing	
reagent	 which	 prevents	 back-flow	 of	
sample	into	the	microfluidic	channels.	 	The	
pellet	is	easily	pipe[ed	off	of	the	chip,	and	
the	sperm	cells	are	ready	for	extrac8on.	

DNase	Treatment	
A	 small	 amount	 of	 non-sperm	 DNA	 may	
remain	in	the	sperm	frac8on,	so	this	30	μL	
sample	 is	 treated	 with	 DNase	 1	 enzyme	
and	 DNase	 buffer	 (ZyGEM	 NZ	 Ltd)	 and	
incubated	at	37°C	 for	5	minutes,	 followed	by	75°C	 for	5	minutes.	 	By	performing	 the	DNase	 step	
auer	 SONIC	 separa8on,	 an	 STR	 profile	 from	 both	 the	 sperm	 and	 non-sperm	 frac8ons	 can	 be	
obtained,	allowing	for	direct	comparison	to	the	ini8al	mixed	sample.	

Male	DNA	Extrac(on	
Sperm	cells	are	 lysed	using	Accrosolv,	prepGem,	and	Red+	buffer	(ZyGEM	NZ	Ltd)	by	 incuba8ng	at	
52°C	for	5	minutes,	75°C	for	3	minutes,	and	95°C	for	3	minutes.		

DNA	Amplifica(on	
Promega	reagents	were	used	for	all	PCR	amplifica8on,	including	the	PP18	and	Fusion	kits,	as	well	as	
custom	6-plex	and	5-plex	primer	sets.		An	ini8al	96°C	denatura8on	step	was	followed	by	30	cycles	of	
94°C	for	10	seconds	and	60°C	for	60	seconds,	before	concluding	with	a	60°C	hold	for	5	minutes.			

DNA	Separa(on	
Early	 separa8ons	were	performed	with	an	ABI	310	 instrument,	before	upgrading	 to	a	16-capillary	
ABI	 3130.	 	 Many	 factors	 of	 the	 post-SONIC	 processing,	 including	 PCR	 reagents,	 ABI	 instrument	
maintenance,	and	capillary	performance	varied	significantly	over	8me,	which	accounts	for	some	of	
the	varia8on	in	peak	heights	observed	throughout	the	data.	
		
STR	Analysis	
All	 samples	 contained	 ILS	 500	 for	 determina8on	of	 peaks,	 and	were	 analyzed	using	GeneMapper	
souware	version	2.8.2.	 	A	control	male	profile	 from	a	semen	donor	was	compared	to	the	profiles	
from	the	sperm	and	non-sperm	frac8ons	auer	every	SONIC	run,	in	order	to	determine	if	an	isolated	
male	profile	was	obtained.		An	exemplary	male	profile	was	given	in	Figure	3-1.
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Figure 3-3. Visualization of trapped 6 μm beads and trapped 
cyto11-labeled sperm cells. via both bright field and 
fluorescence microscopy.
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4.	RESULTS	
The	SONIC	(SEX	OFFENDER	NODAL	ISOLATION	OF	CELLS)	System	is	an	unprecedented	analyAcal	system	
capable	of	trapping	cells	and	parAcles	that	have	a	parAcular	size,	shape,	density	and	compressibility	
(see	equaAon	on	page	9).	 	 This	aLempts	 to	exploit	 the	growing	 interest	 in	microscale	ultrasound	
technology	 for	 augmenAng,	 complimenAng	
or	 supp lanAng	 centr i fuga l l y-dr iven	
separaAons	 [39-46,54].	 	 DE	 is	 an	 excellent	
example	of	a	process	desperately	in	need	of	
new	 technology	 to	 supplant	 pipeVng	 and	
centrifugaAon.	 	 While	 there	 are	 nuance	
differences	 in	 the	 methodologies	 employed	
and	validated	by	 labs	naAonwide	 (see	Table	
4-1),	 there	 seems	 to	be	 succinct	 agreement	
that	 there	 is	 a	 defined	 element	 of	 skill	 and	
subjecAvity	 in	 the	 process	 and,	 perhaps,	
most	importantly,	it	can	be	Ame-consuming.		
The	forensic	community	needs	a	DE	process	
that	 is	objecAve,	automated	and	 rapid	 -	 the	
acousAc	 DE	 approach	 we	 describe	 here	
presents	 that	 possibility.	 	 The	 process	we	 describe,	which	 a	 combinaAon	 of	 off-chip	 and	 on-chip	
processes,	is	encouraging,	as	it	should	process	a	swab	cuVng	to	yield	a	PCR-ready	male	fracAon	in	
less	than	1	hour.	 	However,	this	represents	the	product	of	a	Phase-2	effort	in	what	we	believe	is	a	
three	Phase	process.	 	Defining	the	limitaAons	of	the	SONIC	system	is	ongoing	and,	ulAmately,	this	
will	be	finalized	by	placement	into	two	forensic	labs	in	Q1	2017.		We	understand	that	a	system	that	
processes	 a	 single	 sample	 is	 of	 limited	 use	 to	 many	 labs,	 however,	 those	 developing	 analyAcal	
technology	 know	 that	 you	 demonstrate	 proof-of-principle	 with	 a	 singe	 sample	 system	 before	
mutliplexing	chip	or	the	hardware.	 	As	discussed	in	Discussion	and	Concluding	Remarks	(secAon	5),	
the	instrument	has	been	designed	to	be	low	cost	and,	should	it	undergo	‘producAzaAon’,	with	a	low	
rate	producAon	(e.g.,	100	instruments)	retail	for	less	$20K.	

4A.	THE	SONIC	CHIP
SONIC	Microfluidic	Chip	Design	
The	architecture	of	 the	SONIC	chip,	as	given	 in	Figure	4-1A,	 is	a	mulA-layer,	mulA-material	hybrid	
microdevice	 that	 features	 two	major	 domains	 in	 funcAonality.	 The	 first	 domain	 is	 the	 ‘resonator	
domain’	where	ultrasonic	standing	waves	are	established	between	two	glass	surfaces	spaced	by	a	
PDMS	layer	with	specific	distance	that	matches	the	condiAons	for	ultrasonic	standing	waves.	 	The	
second	domain	is	a	‘fluidic	interface’	domain	where	the	liquid	reagents	are	iniAally	loaded,	and	then	
driven	and	collected	by	external	syringe	pumping/valving	operaAons.	The	PDMS	layer	at	the	top	of	
the	 interfacing	 domain,	 when	 pressed	 against	 the	 o-ring	 in	 the	 locking	 unit,	 ensures	 the	 airAght	
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Table 4-1. Comparison of ADE to other techniques used for the 
front-end processing of sexual assault samples. 



connecAon	 with	 the	 external	
pressure	 sources	 and	 allows	
for	 tolerance	 of	 the	 different	
ch ip	 he ight	 w i th in	 our	
manufacturing	 ranges	 (Fig.	
4-1B).	 The	 channels	 are	 1.0	
m m	 i n	 w i d t h ,	 a n d	
approximately	 280	 μm	 in	
height.	 	 The	piezo	 transducer	
(PZT)	 applies	 the	 standing	
a c o u s A c	 wa v e ,	 a n d	 i s	
posiAoned	 over	 the	 trap	 site.		
Reservoir	 1	 is	 first	 treated	
with	10	μL	of	priming	soluAon	(5:1:1	ethanol,	glycerol,	and	water)	in	order	to	wet	the	channel	and	
reduce	 dead	 volume	 on	 the	 chip.	 	 110	 μL	 of	
test	 bead	 soluAon	 (1:500	 fluorescent	 beads	
and	water)	 is	 then	added	 to	 reservoir	1.	 	 This	
test	 bead	 soluAon	 is	 used	 to	 idenAfy	 the	
unique	 opAmal	 trapping	 frequency	 for	 each	
chip,	which	will	 vary	 based	 on	 channel	 height	
and	 layer	 thickness	 (see	 secAon	 4A.4).	 	 The	
relaAonship	 between	 channel	 height	 and	
opAmal	 trapping	 frequency	 is	 shown	 in	Figure	
4-2.		The	current	protocol	involves	the	addiAon	
of	65	μL	of	sample	to	reservoir	2,	and	43	μL	of	
wash	buffer	to	reservoir	3.	

Microfluidic	Chip	Fabrica=on	
Assembly	of	the	Fabricated	Parts	
The	PDMS	layer	is	solvent-bonded	with	the	top	
glass	 layer	 by	 ethanol-assisted	 alignment	 and	 evaporaAon	 in	 vacuum.	 	 Aner	 bubble	 removal	
between	 the	PDMS	 layer	and	 the	glass	 top	 layer,	 the	PDMS-glass	pre-bonded	assembly	 is	plasma	
bonded	with	the	boLom	glass	layer	to	form	a	Aght,	irreversibly	bonded	GPG	assembly.		The	non-PSA	
coated	side	of	the	PMMA	reservoir	layer	is	bonded	with	a	PDMS	film	that	is	PSA	coated	and	1.6	mm	
thick,	and	 then	acu-punched	 through	 the	PMMA	reservoir	holes	 to	cut	 through	 the	PDMS.	 	Then	
PMMA-PDMS	reservoir	assembly	is	adhered	to	the	GPG	assembly	through	the	double	side	PSA	on	
the	 non-PDMS	 aLached	 side	 of	 the	 PMMA	 layer.	 	 FabricaAon	 is	 completed	 by	 aLaching	 a	 piezo	
transducer	to	the	boLom	of	the	resonator	chamber	using	epoxy.	 	Figure	4-3	provides	a	high	 level	
schemaAc	of	the	process.	
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Figure 4-1. Microfluidic chip and SONIC instrument. (A) SONIC microfluidic chip 
composed of glass, PDMS, PMMA, and double-sided adhesive.  (B) SONIC instrument 
manifold.  Chip is mounted beneath rubber o-rings, which provide connection to syringe 
pumps and valving.
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Figure 4-2.  Relationship between channel height and 
trapping frequency. A linear relationship is observed between 
the inner channel height of the trapping site and the optimal 
trapping frequency of the piezo.  This relationship is used to 



Surface	Treatment	
The	exposed	glass	in	the	access	holes	in	the	three	downstream	reservoirs	(R4,	R5,	R6)	is	treated	with	
S i gmaco te®	 to	 p rov ide	 a	
hydrophobic	 barrier	 to	 contain	
the	soluAon	to	these	reservoirs.		
As	 a	 result	 of	 this	 simple	
treatment,	 aner	 fluid	 is	 fully	
discharged(displaced)	 by	 air	
from	the	channel,	fluid	remains	
in	 the	 reservoir	 and	 does	 not	
experience	 backflow	 into	 the	
channel.	

Microfluidic	Chip	QC	
Accurate	Fluid	fLow	Control			
As	described	in	more	detail	in	the	hardware	secAon,	fluidic	flow	is	accomplished	with	commercial-
off-the-shelf	syringe	pumps	that	pneumaAcally-drive	fluidic	movement	within	the	chip		architecture.		
PneumaAc	(not	hydraulic)	is	a	logical	approach	when	aLempAng	isolate	the	hardware	from	contact	
with	 fluid	 in	 the	 chip.	 	 While	 the	 chips	 are	 single-use	 disposable,	 residual	 fluid	 within	 the	 flow	
control	 system	 presents	 a	 potenAal	 for	 cross-contaminaAon.	 	 As	 shown	 in	 Figure	 4-4,	 The	 flow	
direcAon	is	selecAvely	switched	between	reservoirs	by	start/stop	commands	to	the	syringe	and/or	
opening/closing	 the	 solenoid-controlled	 downstream	 valves.	 	 To	 ensure	 a	 reproducible	 flow	 is	
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Figure 4-3.   Timeline for the fabrication of a glass-PDMS-glass chip (GPG).  

Figure 4-4. Fluidic control and 
syringe/ valve operations.  
SOP is detailed in Appendix 
3.



established	 from	 run	 to	 run	 and	 in	 the	
appropriate	 direcAon,	 an	 air-Aght	 seal	
between	 the	 chip	 and	 the	 chip	 interface	
module	 (CIM)	 is	 essenAal.	 In	 early	 stage	
experiments,	 dye	 soluAons	 were	 used	 to	
assure	 flow	 control,	 direcAon	 and	 final	
desAnaAon.	 	 The	 correct	movement	 of	 dye	
soluAons	was	established	through	analysis	of	
the	soluAon	in	R4,	R5	and	R6	at	the	end	of	the	fluid	pumping	protocol.		Spectroscopic	analysis	of	the	
resultant	soluAons	is	a	sensiAve	method	for	determining	whether	any	cross-contaminaAon	or	other	
dead	volume	carry-over	 in	 the	channel	has	occurred.	 	None	was	observed.	 	Figure	4-5	 shows	the	
result	 of	 the	 ‘demo’	 fluidic	 run,	 using	 yellow	 dye,	 red	 dye	 and	 H2O	 to	 represent	 the	 bead	 test	
soluAon,	the	sample	soluAon	and	wash/eluAon	buffer,	respecAvely.	 	Repeat	analysis	of	this	nature	
demonstrated	that	flow	control,	direcAon	and	final	desAnaAon	of	the	R4,	R5	and	R6	soluAons	could	
be	manipulated	appropriately	with	minimal	reservoir	to	reservoir	cross-contaminaAon.	

Importance	of	Piezo	Transducer	(PZT)	Frequency	
PZTs	that	resonate	at	a	range	of	frequencies	from	single	kHz	to	several	MHz	can	be	purchased	from	
a	variety	of	commercial	suppliers.	 	 	Both	the	resonance	frequency	range	of	the	piezo	and	the	the	
height	of	the	resonator	channel	(explained	in	depth	below)	factor	into	how	many	nodes	exist	in	the	
trap	 zone.	 	 We	 iniAally	 uAlized	 5	 MHz	 PZTs,	 then	 upgraded	 to	 7	 MHz	 which	 was	 much	 more	
effecAve.		

The	 5	 MHz	 PZT	 interfaced	 with	 resonator	 channel	 height	 around	 280	 nm	 showed	 the	 best	
trapping	efficiency	at	a	 resonance	 frequency	of	5.4	MHz;	however,	 this	only	provided	a	single	
nodal	plane,	i.e.,	a	single	trap	site.	 	Each	trapping	site	has	a	specific	cell	capacity	which,	in	our	
system,	 was	 several	 thousand	 cells,	 beyond	which	 cells	 are	 not	 trapped,	 ulAmately	 effecAng	
trapping	efficiency.	 	This	is	not	problemaAc	with	samples	having	a	large	number	of	sperm	cells,	
but	could	be	with	low	sperm	cell	number	samples.	 	A	simple	soluAon	is	to	increase	capacity	by	
creaAng	more	nodal	planes	in	the	same	resonator	cavity.			
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Figure 4-5. Initial dye experiments with the SONIC chip to assure 

Figure 4-6. Defining optimal trapping capacity with increasing number of nodes. (A) Figure 1. Simulated trapping nodal 
planes at 8.1 MHz (upper) and 7.97 (lower) MHz. (B) Trapping of 6 µm fluorescent beads at 8.1 MHz. a to e: the growth of 
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We	accomplished	 this	with	new	 transducers	having	a	 characterisAc	 frequency	around	7	MHz.		
With	this	PZT,	ultrasonic	standing	waves	are	established	around	8.1MHz	and.	notably,	with	three	
nodal	planes.	 	Shown	in	Figure	4-6A	 is	the	COMSOL	simulaAon	data	showing	the	three	nodes	
viewed	from	the	side.		The	fluorescent	images	in	Figure	4-6B	are	top-down	views,	and	show	the	
growing	aggregate	of	trapped	fluorescently-tagged	sperm	cells	at	the	trapping	site	(Fig.	4-6Ba-
e).	 	Because	this	 is	a	view	from	above,	 it	 is	difficult	to	see	the	three	nodes	in	the	z-direcAon).			
Figure	 4-6Bf	 shows	 the	 layered	 three	 planes	 with	 doLed	 line	 circles/ellipses	 outlining	 the	
trapping	zones,	which	tended	to	be	less	irregular	(more	‘circular’	in	shape)	than	that	observed	
with	the	5	MHz	transducer.		

Measuring	Resonator	Channel	Height	
As	menAoned	 earlier,	 the	 resonator	 cavity	 in	 this	 case	 is	 defined	 by	 the	 channel	 height,	 i.e.,	 the	
space	between	the	top	and	boLom	glass	layers	(separated	by	laser-cut	PDMS).	 	The	channel	height	
(h)	forms	the	resonator	chamber	whose	dimensions	are	criAcal	to	the	resonance	frequency	of	the	
ultrasonic	standing	waves.	 	The	opAmal	resonance	frequency,	f,	 is	proporAonal	to	1/h,	and	with	h	
defined	 by	 the	 thickness	 of	 the	 purchased	 film	 of	 PDMS,	 the	 opAmal	 resonance	 frequency	 will	
change	from	chip-to-chip.		

We	have	converged	on	a	PZT	whose	characterisAc	frequency	is	~8MHz,	and	this	frequency	requires	a	
PDMS	thickness	of	280	µm.		With	this	channel	height	and	this	PZT,	3	trapping	nodes	(on	different	3D	
planes)	are	established	in	the	acousAc	standing	wave.	 	Our	commercial	source	for	PDMS	could	only	
provide	 a	 thickness	 consistency	over	 several	meters	 of	 film	of	 275	µm	±25	µm.	 	 This	 variance	 in	
thickness	would	require	a	opAmal	frequency	that	could	range	from	7.5-8.5	MHz,	and	use	of	a	single	
frequency	 (e.g.,	 8.0	 MHz)	 would,	 probabilisAcally,	 be	 ineffecAve	 for	 many	 of	 the	 chips.		
Consequently,	it	was	essenAal	to	define	the	channel	height	for	each	fabricated	chip	so	that	a	general	
frequency	 range	 can	 be	 established	 as	 a	 starAng	 point	 for	 ‘frequency	 sweeping’.	 	 This	 height	
measurement	 was	 accomplished	 using	 Fabry-Perot	 Interferometry,	 which	 essenAally	 defines	 the	
chamber	height	through	the	refracAve	index	of	light	delivered	to	the	channel.	 	As	shown	in	Figure	
4-7A	 ,	when	 the	channel	
height	 was	 accurately	
defined,	 the	 opAmal	
f requency	 cou ld	 be	
extracted	from	the	linear	
relaAonship	 between	
these	 two	 parameters.		
Hav ing	 defined	 the	
opAmal	 frequency	 for	
each	 chip,	 Figure	 4-7B	
shows	 that	 frequency	
differences	 fall	 within	 a	
reasonably	 small	 range	
(±0.07	 MHz),	 seVng	 the	
stage	 for	 automated	
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Figure 4-7. Linear correlation between optimal frequencies and channel heights (left) 
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frequency	sweeping	described	in	the	next	secAon.					

Real-Ame	DeterminaAon	of	OpAmal	Frequency	
The	first	and,	perhaps,	most	crucial	 step	 in	 the	ADE	process	 is	a	 sweep	 through	mulAple	acousAc	
frequencies	 for	each	chip.	 	This	accounts	 for	any	small	chip-to-chip	variaAon	that	may	be	present	
due	to	inconsistencies	in	material	thickness	or	fabricaAon.		The	‘frequency	sweep’	applies	a	range	of	
frequencies	 to	 the	 piezo,	 while	 6	 μm	 fluorescent	 beads	 are	 flowed	 through	 the	 trap	 site.	 	 Aner	
passing	through	the	trapping	site,	the	test	bead	soluAon	is	diverted	to	the	waste	chamber,	reservoir	
6.		Custom	sonware	idenAfies	the	largest	bead	aggregaAon	from	8	disAnct	trapping	frequencies,	and	
tags	the	opAmal	frequency	based	on	aggregate	size.	 	That	frequency	is	chosen	for	sample	trapping	
throughout	the	rest	of	the	run.		

The	actual	opAmal	frequency	is	determined	by	running	the	fluorescent	polystyrene	beads	through	
the	 resonator	 and	 then	 sweeping	 over	 a	 range	 of	 candidate	 frequencies	 using	 a	 starAng	 point	
defined	by	 the	previously	determined	channel	height	 (expected	opAmal	 frequency	±	0.07MHz)	 to	
establish	 successful	 trapping	 (Fig.	 4-8).	 	 The	 opAmal	 frequency	 is	 automaAcally	 selected	 by	 an	
algorithm	 that	 defines	 which	 frequency	 yielded	 the	 largest	 aggregaAon	 of	 beads.	 	 That	 opAmal	
frequency	f	 is	ploLed	against	1/h	to	reveal	the	linear	relaAonship	where	any	data	point	outside	of	
the	acceptable	interval	(Fig.	4-7)	indicates	an	outlier	chip	that	is	not	used.			To	date,	we	have	a	96%	
success	 rate	 in	 idenAfying	 the	 opAmal	 trapping	 frequency	 within	 our	 predicted	 range	 based	
upon	 the	 previously	 observed	 relaAonship.	 	 It	 is	 imperaAve	 to	 idenAfy	 the	 exact	 opAmal	
trapping	 frequency	so	 that	 the	 full	 complement	of	 three	nodes	 in	 the	standing	acousAc	wave	
are	 formed.	 	This	maximizes	 the	volume	of	 sperm	cells	 that	 can	be	 trapped,	while	 remaining	
within	the	ideal	operaAonal	frequency	for	the	piezo	transducer.	
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Figure 4-8.  Video monitoring of the trapping process in real time.  The progression from ‘snap1’ through to ‘snap5’ 
represents frequency sweeps from 7.95-8.05 MHz, with image capture after 5 sec of reaching the new input frequency.  The 
extent to which beads have trapped (yellow) indicates the frequency optimum for that particular chip.



Low-rate	ProducAon	of	SONIC	Chips	in	a	Lab	Environment	
Lab-based	 low	 rate	 manufacturing	 is	 a	 temporary	 issue	 needed	 to	 develop,	 prototype,	
and	opAmize	 the	SONIC	system.	 	Fortunately,	all	 the	components	needed	 for	chip	producAon	
can	be	conveniently	fabricated	using	laser	ablaAon,	which	has	a	throughput	that	is	adequate	for	
the	manufacture	 and	 quality	 tesAng	 of	 ~50-60	 chips	 per	 week.	 Currently	major	 components	
(PMMA	 reservoir	 layer,	 thin	 PDMS	fluidic	 layer,	 PSA	 layer,	 glass	 cover	 layer)	 are	 generated	 in	
batches	of	20	in	each	round	of	laser	fabricaAon,	followed	by	cleaning,	alignment,	and	assembly.	
As	shown	in	Figure	4-9,	 the	total	producAon	Ame	is	esAmated	to	be	2	hours	and	45	mins	per	
batch	of	20	chips.	 	This	assembly	Ame	can	be	further	reduced	by	automated	 large-scale	 laser	
cuVng,	as	well	as	coordinated	assembly	by	mulAple	researchers.		FabricaAon	is	straighxorward	
to	perform	and	can	be	scaled	up	for	commercializaAon.	 	Layer	features	are	created	via	ablaAon	
of	the	channel	outlines	and	via’s	using	a	CO2	 laser.	 	The	PDMS	and	glass	surfaces	are	sterilized	
and	 acAvated	 via	 plasma	 oxidaAon	 before	 hand-assembly.	 	 The	 PMMA	 layer	 is	 capped	
with	adhesive	PDMS	and	then	aLached	to	lower	glass	layers	with	double	sided	adhesive.	 	The	
PZT	is	bonded	to	the	boLom	of	the	chip	with	a	small	amount	of	ethyl	cyanoacrlyate	and	allowed	
to	dry	prior	to	quality	control	tesAng	of	the	chip.		The	final	step	of	chip	manufacturing	is	to	treat	
reservoirs	4,	5,	and	6	with	a	small	amount	(1	μL	each)	of	Sigmacote,	a	siliconizing	reagent	that	
prevents	backflow	of	sample	into	the	chip	aner	separaAon.	 	This	step	is	not	Ame-sensiAve,	and	
can	be	performed	in	about	15	minutes	at	any	point	aner	chip	assembly.	
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Figure 4-9.  Assembly timeline for a batch of 20 microchips.
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4B.	DESIGN,	FABRICATION	AND	TESTING	OF	THE	SONIC	INSTRUMENT	
The	SONIC	(SEx	OFfender	NOdal	ISola=on	Of	CElls)	System	
The	Sonic	DifferenAal	Extractor	Mach-1	system	 (Fig.	4-10)	 is	 composed	of	 several	 subsystems	and	
components:	 (i)	 microfluidic	 cartridge,	 (ii)	
fluidic	 control,	 (iii)	 manifold	 interface	 for	
chip/transducer	 coupling,	 (iv)	 acousAc	
waveform/excitaAon	 source,	 and	 (v)	 opAcal	
imaging	 and	 analysis	 system.	 	 The	 enAre	
system	 is	 currently	 controlled	 semi-
autonomously	 via	 a	 laptop-driven	 custom	
sonware	 that	 was	 wriLen	 in	 our	 lab.		
However,	there	is	no	fundamental	reason	why	
the	 system	 could	 not	 be	 configured	 to	 run	
fully-autonomously	 in	 the	 future.	 	 The	
following	 secAons	 describe	 each	 of	 these	
subsystems	 in	 detail	 before	 discussing	 the	
final	 integraAon	 into	an	 integrated,	portable,	
field-use	plaxorm.		

Microfluidic	Cartridge	Interface	(CIM)	and	Fluidic	Control	
Compact	 syringe	 pumps	 pneumaAcally	 drive	 fluidic	movement	 within	 the	 chip.	 	 Labsmith	 SPS01	
syringe	pumps	are	affordable	(~$400)	and	have	a	small	footprint	for	an	off-the-shelf	syringe	pump,	
see	FIGURE	4-11.	 	Unlike	 the	valving	described	by	our	 lab	 [69,70	 	 	 55,56]	and	other	microfluidic	
researchers	[76Grover;	77Quake	 	 	57,58],	valving	is	done	off-chip	with	Labsmith	AV201	valves.	 	The	
sequence	of	valve	actuaAon	was	shown	in	Figure	4-4.		The	valving	procedure,	which	is	controlled	by	
the	sonware	(described	in	a	later	secAon),	involves	a	total	of	5	
steps.		These	are	:	

(1)	Add	110	µL	bead	soluAon,	65	µL	sample	soluAon	and	
43	 µL	 wash/eluAon	 buffer	 to	 R1,	 R2	 and	 R3,	
respecAvely.	Place	the	chip	underneath	the	manifold	
and	close	the	manifold.	

(2)	Push	75	µL	bead	soluAon	at	45	µL/min	from	R1	to	R6,	
close	the	other	path	(This	 is	for	the	test	trapping	for	
the	verificaAon	of	chip’s	funcAon)	

(3)	Push	50	µL	sample	at	45	µL/min	from	R2	to	R5,	close	
the	other	path	(sample	trapping)	

(4)	Push	13	µL	wash/eluAon	buffer	at	45	µL/min	from	R3	
to	R5,	close	the	other	path	(wash	off	the	female	lysate)	

(5)	Push	35	µL	wash/eluAon	buffer	at	200	µL/min	from	R3	to	R6,	close	the	other	path	(sperm	
cell	eluAon)	
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Figure 4-10: The final form factor for the SONIC differential 
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Figure 4-11.  Fluidic pumping bread 
board.  Bread board dimensions are 
7.25”x5.25”.  Shown are 3 SPS01 pumps 
with syringe tip visible.  The two vertical 
objects are valves discussed in the next 



(6)	Push	20	µL	wash/eluAon	buffer	at	45	µL/min	from	R3	to	R6,	to	clear	the	channel	

Manifold	Interface	for	Chip/Transducer	Coupling 
As	with	many	of	the	parts	used	to	assemble	the	SONIC	prototype,	the	manifold	is	created	through	
prinAng	 on	 a	 very	 cost-effecAve	 addiAve	 manufacturing	 process	 more	 commonly	 known	 as	 3D	
prinAng	 (UlAmaker)	 using	 PolylacAc	Acid	 (PLA)	 as	 substrate,	 a	 biodegradable	 thermoplasAc.	 	 This	
enabled	rapid	design	 iteraAons	while	saving	on	material/fabricaAon	costs.	 	A	sideview	of	 the	chip	
interface	manifold	 developed	 for	 the	 SONIC-Mach1	 system	 is	 shown	 in	 Figure	 4-12.	 	 The	 chip	 is	
loaded	into	the	system	by	first	resAng	it	on	the	boLom	manifold	which	is	mainly	a	supporAng	flat	

surface.	 	This	surface	has	one	funcAonal	connecAon	to	the	chip;	 it	makes	electrical	contact	to	the	
PZT	 via	 protruding	 pogo	 pins,	 which	 are	 spring-loaded	 electrical	 contacts.	 	 This	 allows	 for	 the	
pneumaAc	manifold	to	be	placed	over	the	secAon	of	the	chip	containing	fluidic	reservoirs	R1-R6.	 	It	
is	here	that	a	PDMS	gasket	built	 in	as	part	the	manifold,	allows	for	an	airAght	seal	with	the	fluidic	
reservoirs.		This	part	of	the	manifold	also	contains	pneumaAc	tubing	that	is	connected	to	the	syringe	
pumps	 and	 valves.	 	 Finally,	 magnets	 are	 embedded	 into	 3D	 printed	 recesses	 in	 the	manifold	 to	
provide	rigid	clamping	once	the	top	manifold	is	locked	in	place.		The	transducer	coupling	manifold	is	
placed	on	the	secAon	of	the	chip	over	the	piezo	to	ensure	good	electrical	contact	between	the	pogo	
pins	 and	 piezo.	 	 The	 top	 manifold	 contains	 magnets	 used	 to	 clamp	 the	 previous	 components	
together	as	well	as	a	CCD	camera	and	LED	light	source	to	image	and	illuminate	the	trapping	zone.		
The	camera	is	used	to	capture	video	and	sAll	images	of	the	trapping	zone	on	the	chip,	enabling	the	
user	to	observe	bead	and	cell	aggregaAon	in	real-Ame	during	trapping	process.	 	The	LED	matches	
the	excitaAon	wavelength	of	the	fluorescent	microfluidic	beads,	thus,	enabling	high	contrast	imaging	
of	 bead	 aggregaAon.	 	 UlAmately,	 a	 computer	 algorithm	 analyzes	 the	 images	 as	 the	 PZT	 sweeps	
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Figure 4-12: The ‘Chip Interface Module’ (CIM) for 
creating a closed system.  Side view of the c h i p relative to the bottom, top, 
pneumatic tubing, and transducer coupling manifolds.  During operation 
the chip and manifolds are i n contact with the exception of the top manifold which is 
l o c k e d i n p l a c e above the chip.



through	eight	different	frequencies	to	determine	the	opAmal	frequency	corresponding	to	the	largest	
bead	aggregaAon.	 	This	process	 is	performed	during	each	run	prior	 to	sample	entering	the	fluidic	
architecture	and	transiAng	the	trapping	zone.		

The	 primary	 benefit	 of	 using	 a	 3D	
printed	material	 is	 cost	 savings	 and	
part	 turn-around	 Ame,	 however,	
significant	 reducAon	 in	 weight	 is	
also	 achieved.	 	 Figure	 4-13	 shows	
the	printed	chip	 interface	manifold;	
this	 is	 the	 area	where	 the	operator	
loads	 the	 chip	 for	 each	 run.		
Currently,	 it	 requires	 a	 few	manual	
steps	that,	eventually,	can	be	automated	in	future	iteraAons	of	
the	 instrument.	 	 At	 the	 present	 Ame,	 the	 operator	 loads	 the	
chip	 as	 shown	 in	 Figure	 4-14.	 	 Aner	 loading,	 the	 clamping	
manifold	 is	 closed	 (hinged	 movement)	 and	 locked	 in	 place.		
When	closed,	an	illuminaAng	LED	is	automaAcally	acAvated	via	
a	relay	and	the	system	is	ready	for	operaAon	using	the	GUI	on	
the	 laptop.	 	 When	 the	 run	 is	 complete	 the	 operator	 is	
prompted	 to	 remove	 the	 chip,	 and	 the	 system	 is	 ready	 for	 a	
new	chip,	sample	and	analysis	.			

Acous=c	Waveform/Excita=on	Source	
The	 essenAal	 electronics	 in	 the	 SONIC	 system	 is	 a	 waveform	
generator,	an	amplifier	and	an	oscilloscope;	respecAvely,	these	
generate	the	actuaAon	voltage,	amplify	the	signal	and	monitor	
the	 sperm	 cell	 trapping.	 	 For	 the	 waveform	 generator	 and	
oscilloscope,	 we	 excise	 the	 common,	 very	 bulky,	 bench-top	
hardware	 (Agilent’s	 33220A	 and	 Tektronix	 1002B),	 which	
cannot	 easily	 be	 imbedded	 in	 an	 instrument,	 with	 Hantek’s	
DDS-3X25	waveform	generator	and	6052BE	oscilloscope.	 	The	
advantages	of	 the	new	electronics	are:	 (1)	more	compact	and	
portable,	with	roughly	the	dimensions	of	an	ordinary	textbook;	
and	 (2)	 interfacing	 with	 a	 PC	 through	 a	 USB	 connecAon	 and	
controllable	by	programmed	user	interfaces.		The	amplifier	was	
home-built	using	a	standard	operaAonal	amplifier. 

Smart	Phone	Camera-Monitoring	of	the	Trapping	Event	
While	trapping	can	occur	without	visual	monitoring	(‘trap	blind’	
mode),	we	include	a	miniaturized	opAcal	system	for	the	monitoring	of	the	trapping	in	progress.		This	
is	NOT	needed	 to	 trigger	acAon	by	 the	user,	but	provides	a	 ‘wellness	check’	 for	 the	ADE	 trapping	
system.	 	 IniAally,	 we	 employed	 a	 smart	 phone	 coupled	 with	 the	 lens	 from	 an	 inexpensive	 laser	
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Figure 4-13.  Open and closed SONIC system.  The Manifold is open before 
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pointer	 to	 record	progression	of	 the	 trapping	process,	and	the	subsequent	growth	of	 the	 trapped	
aggregate	 of	 beads	 in	 real-Ame.	 	 Figures	 4-15	 	 shows	 the	 hardware	 and	 Figures	 4-15B	 the	 sAlls	
captured	from	a	video	during	the	trapping	process	with	smart	phone	monitoring.			

To	 further	 increase	 resoluAon	 as	
well	 as	 decrease	 instrument	
component	 costs,	 a	 stand-alone	
CCD	camera	was	used	 to	 replace	
the	smartphone	(Fig.	4-15C).	This	
camera	 has	 a	 number	 o f	
advantageous	 characterisAcs.	 It	
has	 a	 high	 pixel	 count	 (5	
Megapixels),	 allowing	 for	 beLer	
imaging	 of	 the	 bead/sperm	 cell	
aggregate.	 	 First,	 while	 not	
capable	 of	 imaging	 a	 single	
sperm	 cell	 trapped	 in	 the	 bead	
aggregate	 (as	 with	 a	 fluorescent	
microscope),	 the	 enhanced	
resoluAon	 is	 enabling.	 	 	 Second,	
and	 not	 insignificant,	 it	 has	 an	
extremely	 small	 form	 factor	 and	
l ow	 co s t ,	 t hu s ,	 r edu c i n g	
instrument	 size	 and	 overall	 cost.		
Interface	sonware	was	wriLen	to	
remotely	 connect	 the	 camera	 controller	 and	 iniAate	 image	 capture	 –	 a	 key	 requirement	 for	 full	
sonware	integraAon	of	the	plaxorm.		Aner	iniAal	tesAng	the	as-shipped	lensing	system	(Fig.	4-15D)	
was	upgraded	to	further	enhance	resoluAon.		

With	 this	 system,	 image	 comparisons	 can	 be	made	 through	 use	 of	 a	 simple	 computer	 algorithm	
developed	using	a	command	line	version	of	 ImageJ	called	Fiji.	 	Automated	image	analysis	enables	
full	 automaAon	 of	 sample	 processing.		
Figure	4-16	shows	an	original	image,	the	
processed	 image,	 which	 removes	 the	
background	to	highlight	the	aggregaAon,	
and	 finally	 the	 overlay	 of	 the	 original	
image	 and	 processed	 image,	 which	
ver ified	 that	 the	 a lgor i thm	 was	
processing	the	image	appropriately.	 	The	
aggregaAon	size	is	presented	to	the	user	
as	 a	 number	 for	 comparison	 to	 other	
images	 providing	 a	 true	 metric	 for	
comparison.	 	 This	 number	 enables	 the	
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Figure 4-15. (A) A laser pointer lens and the digram of the smart phone-lens 
coupling through the manifold.  (B) Real-time visualization of bead trapping. 
Video snapshots of 6µm violet beads trapped, recorded by a smart phone. Flow 
rate=30µL, frequency=8.4MHz, Vpp=21V.  (C) A stand-alone smart phone 
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Figure 4-16.  Cyto11-stained beads 
aggregated at nodes in the 
microfluidic chip.  Automated 
processing of the images enables 
aggregation comparisons based on 
size and other pertinent parameters. 
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computer	 to	make	comparison	calls	autonomously,	however,	at	present	we	sAll	have	a	user	make	
the	final	determinaAon	to	rule	out	any	anomalies	that	may	occur	as	system	development	conAnues.	

Development	Of	An	All-In-One	System	

i)	Design	And	Assembly	

The	 subcomponents	 described	 in	 previous	 secAons	 that	 were	 iniAally	 built	 into	
‘subcomponent’	systems	for	proof-of-principle	tesAng,	were	then	assembled	into	a	single	portable	
plaxorm.	 	 An	 ‘exploded	 view’	 of	 the	 system	 is	 shown	 in	 Figure	 4-17-A	with	 various	 components	
labeled	in	the	schemaAc	that	is	coupled	with	a	photo	of	the	actual	system.		The	operator	only	needs	
to	 interact	with	 the	 cartridge	 interface	module	 to	 load	 chips.	 	 This	module	 is	 protected	 under	 a	
hinged	 lid	 for	 transportaAon;	 it	 is	 shown	 in	 its	 ‘open’	 posiAon	 in	 the	 figure.	 	Unit	 AC	power	 and	
communicaAon	cables	to	the	accompanying	laptop	are	connected	via	a	‘patch	panel	on	the	rear	of	
the	instrument	shown	in	Figure	4-17-B.		
ii)	Sonware	and	
Control	of	the	
Trapping	Process	
All	 components,	
i n c l u d i n g	 t h e	
camera,	 are	 fully-
integrated	within	a	
single	 GUI	 residing	
on	a	control	laptop	
running	 LabVIEW	
sonware.	 	 The	
a r c h i t e c t u r e	
already	 employed	
allows	 for	 easy	
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Figure 4-17.  The SONIC instrument. (A) System Assembly with various components labeled. (B) The rear of the 
instrument has a normal AC power connector (120 or 240VAC) and laptop connections consist of 3 USB ports and 1 
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Figure 4-18a.  A screenshot of the graphical user interface for the Sonic Differential Extractor 



transiAon	to	fully	autonomous	operaAon	from	the	current	semi-autonomous	state.	The	main	control	
window	of	the	GUI	is	shown	in	Figure	4-18a.	 	This	window	is	where	the	user	controls	the	system/
process	and	observes	the	system	operaAon	in	real-Ame.	 	The	GUI	itself	comprises	a	several	buLon	
controls	 (Ini=alize,	 Safe	 Shutdown,	 Start	Run,	 and	Abort)	 and	 indicators	 let	 the	 user	 know	which	
steps	of	the	process	have	been	completed.			

The	sonware	is	integrated	with	a	usb	connected	barcode	scanner	to	quickly	load	informaAon	stored	
with	each	microfluidic	chip	such	as	a	chip	serial	number	and	opAmal	piezo	driving	frequency.		At	the	
conclusion	of	the	run,	a	data	folder	is	automaAcally	created	to	track	specific	parameters	used	during	
operaAon,	along	with	videos	showing	various	stages	of	the	run	to	aid	post-run	analysis. 

AddiAonally,	 an	 Advanced	 User	 password	 has	 been	 implemented	 in	 the	 GUI	 for	 servicing	 needs.		
Once	entered,	addiAonal	control	opAons	are	available	to	aid	in	troubleshooAng	system	performance	

or	 for	 tesAng	 outside	 of	 the	 normal	 opAmized	 parameters	 (Fig	 4-18b).	 	 This	 enables	 a	 dynamic	
interface	that	allows	a	technician	to	make	a	series	of	changes	quickly	and	test	 them	rapidly	while	
keeping	 a	 normal	 user	 locked	 out	 from	 the	 advanced	 controls	 where	 they	 could	 unintenAonally	
change	parameters	that	would	adversely	affect	performance.		There	are	addiAonal	access	codes	that	
are	only	accessible	to	the	developers	-	these	are	not	needed	by	the	user	and	allow	access	to	a	‘back	
panel’	coding	that	is	meaningful	to	a	sonware	engineer.	
iii)	OperaAon	
Upon	launching	the	sonware	the	operator	is	prompted	to	use	a	barcode	reader	to	scan	the	number	
located	on	 the	microfluidic	 chip.	 	 In	 addiAon	 to	manufacturing	 informaAon	 the	 code	on	 the	 chip	
contains	the	opAmal	frequency	to	operate	the	piezo	at	for	cell	trapping.	 	The	user	is	then	taken	to	
the	main	control	window	of	the	GUI	shown	in	Figure	4-18.		This	window	is	where	the	user	operates	
and	observes	the	system	operaAon.	 	The	operator	first	clicks	the	‘IniAalize’	buLon	prior	to	loading	
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Figure 4-18b.  Screenshot of the GUI (graphical user interface) for the Sonic Differential Extractor video monitoring 
of the trapping process. 



the	 chip	 in	 ‘Step	 1’	 or	 the	 operator	 can	 choose	 to	 shut	 the	 system	 down	 instead.	 	 System	
iniAalizaAon	ensures	that	the	syringes	are	in	the	starAng	posiAon.		The	operator	then	loads	the	chip	
into	the	system	and	selects	the	opAon	to	run	in	‘Step	2’.	 	The	system	then	begins	running	based	on	
pre-programmed	 rouAnes	 as	 well	 as	 values	 contained	 in	 a	 configuraAon	 file.	 	 This	 file	 contains	
parameters	 likely	 to	 change	 during	 development	 (syringe	 displacement,	 flow	 rates,	 etc.)	 enabling	
laboratory	updates	to	be	easily	pushed	into	the	field. 

4C.	TRAPPING	WITH	A	LOW	SPERM	CELL	NUMBER	

Bead-Assisted	Trapping	
The	 physics	 of	 acousAc	 trapping	 has	 two	
quanAtaAve	 limits	 -	 1)	 in	 terms	 of	 the	 parAcle	
size,	 only	 parAcles	 >1	 µm	 can	 be	 effecAvely	
trapped,	 and	 2)	 there	 is	 a	 criAcal	 number	 of	
parAcles	 that	 must	 strike	 the	 trapping	 zone	
(node)	over	 some	finite	period	of	Ame	to	order	
to	 iniAate	 the	 formaAon	 of	 an	 aggregate.	 	 This	
laLer	limitaAon	impacts	the	ability	to	trap	sperm	
cells	 in	cases	where	the	total	number	of	cells	 is	
low.	 	 	It	had	been	shown	that	‘seeding’	the	trap	
zones	 with	 beads	 prior	 to	 adding	 sample,	
allowed	 for	 the	 trapping	 of	 very	 low	 parAcle	
counts	that	could	not	be	trapped	in	the	absence	
of	 the	 beads	 [78	 	 59].	 	 This	 is	 illustrated	 in	 Figure	 4-19	 where	 the	 efficiency	 of	 trapping	 drops	
precipitously	 with	 parAcle	 concentraAon.	 	 We	 leveraged	 previous	 work	 to	 create	 ‘bead-assisted	
sperm	cell	 trapping’	 [79	 	60].	 	Figure	4-20	shows	 this	with	 trapping	simultaneously	monitored	by	
both	fluorescence	and	bright	field	microscopy.	 	The	bright	points	on	the	green	background	 in	 the	
upper	row,	show	cyto11-stained	sperm	cells	-	arrows	in	the	far	right	image	show	single	sperm	cells	
as	part	of	a	‘darker’	bead	cluster.		The	beads,	difficult	to	see	in	the	fluorographs,	are	clearly	visible	in	
bright	field	mode	(lower	row)	while	the	trapped	sperm	cells	are	not.		Although	studies		are	on-going,	
exploiAng	polystyrene	beads	can	assist	in	the	trapping	of	sperm	from	samples	with	concentraAons	
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Figure 4-19. Dependence of trapping efficiency on particle 
concentration (n=3). Samples were infused at a flow rate of 30 
µL/min and Vpp=12.   	
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of	 	 <1	 cell/µL	 (60	 sperms	 cells	 in	 60	 µL),	 with	 the	
possibility	of	trapping	a	single	sperm	cell.	

Effect	of	Trapped	Beads	on	PCR	
One	 of	 the	 concerns	 that	 we	 had	 early	 on	 was	 the	
possibility	 that	 release	 of	 the	 trapped	 sperm	 cells	
(into	 the	 male	 fracAon	 reservoir)	 also	 releases	 the	
beads,	 and	 that	 this	 may	 be	 problemaAc	 with	
downstream	 PCR.	 	 We	 tested	 the	 effect	 of	
polystyrene	 beads	 on	 PCR	 in	 a	 number	 of	 formats	
including	STR	PCR	and	qPCR.		The	results	for	the	qPCR	
studies	 are	 summarized	 in	 Figure	 4-21	 where	 the	
effect	of	beads	is	minimal.			

4D.	INITIAL	CELL	TRAPPING	
Sperm	Cell	Trapping	
Prior	 to	 tesAng	mock	 sexual	 assault	 kit	 samples,	 it	 was	 demonstrated	 that	 sperm	 cells	 could	 be	
captured	 from	 a	 diluted	 semen	 sample.	 	 Neat	 semen	 from	 donor	 5YOB	 (160,000	 cells/µL)	 was	
diluted	in	water,	with	the	addiAon	of	assisAng	beads.		Samples	containing	1,000,	500,	and	100	total	
sperm	cells	were	captured	via	SONIC,	 then	extracted	and	amplified	as	described	 in	 the	 ‘Methods’	
secAon.	 	The	lower	trapping	limit	was	determined	to	be	500	total	sperm	cells	in	a	sample	with	at	a	
concentraAon	of	8	cells/µL.	

Cheek	Swab	Mock	Samples	
To	demonstrate	operaAon	under	ideal	condiAons,	mock	samples	containing	10,000	sperm	cells,	at	a	1:1	
raAo	of	female:male	cells	were	separated	via	SONIC.	 	Shown	in	the	len	panel	of	Figure	4-22	is	the	pre-
SONIC	STR	profile,	which	contains	peaks	represenAng	both	the	female	and	male	donors;	the	right	panel	
is	 the	 post-SONIC	 profile,	which	 is	 enArely	male.	 	 Under	 these	 sample	 condiAons,	 SONIC	 successfully	
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Figure 4-21. Visual monitoring of bead-assisted sperm 
trapping through both light and fluorescence 
microscopy. 

Figure 4-22.  SONIC separation of mock cheek/sperm cell swab samples with 1:1 female:male cell ratio.  The STR profile 
from a mixed sample (left) shows both female and male peaks.  Peaks present from the female donor are X (amelogenin) 13, 17 
(D18) 18, 24 (D25) 14 (D8) 18, 19 (D12) and 28, 32.2 (D21).  Peaks from the male donor are X, Y (amelogenin) 16 (D18) 22, 
24 (D25) 13, 14 (D8) 20, 21 (D12) and 31.2, 32.2 (D21).  The STR profile from the sperm fraction post-SONIC separation is a 
complete male profile, with strong peak heights and no female contribution.



isolated	 enough	 sperm	 cells	 to	 generate	 a	 complete	 male	 profile	 with	 peak	 height	 RFU	 (relaAve	
fluorescence	units)	over	1,000.		Typical	forensic	data	requires	STR	profiles	to	have	peak	heights	>	than	50	
RFU,	but	this	threshold	varies	from	lab	to	lab.	

Post-coital	Vaginal	Swab	Mock	Samples	
The	first	batch	of	vaginal	swabs	provided	from	the	UVA	hospital	came	from	7	different	donors,	each	
of	which	had	engaged	in	sexual	intercourse	during	the	previous	24	hours.	 	In	all	cases	there	was	no	
semen	present	on	the	swabs,	all	of	which	were	coLon.	 	Each	donor	provided	two	vaginal	swabs,	as	
well	 as	 two	 reference	 buccal	 swabs.	 	 Aner	 reconsAtuAng	 the	 swabs	 in	 water	 and	 counAng	 the	
number	of	cells	(hemocytometer),	diluted	sperm	cells	were	added	to	create	samples	that	ranged	in	
vaginal	 cells	 to	 sperm	cell	 raAo	 from	3:1	up	 to	12:1.	 	The	pre-SONIC	and	post-SONIC	STR	profiles	
from	every	sample	can	be	found	in	the	Figures	S1-S8	(Appendix	2).	 	 In	every	case	the	post-SONIC	
profile	was	enArely	male,	with	all	peaks	matching	the	STR	profile	of	the	anonymous	sperm	donor.		
All	samples	tested	in	this	study	were	liquid,	and	not	dried	overnight.	

Dried	Samples	
In	order	to	beLer	replicate	sexual	assault	kit	samples,	a	known	number	of	sperm	cells	were	pipeLed	
onto	post-coital	 vaginal	 swabs	and	allowed	 to	dry	overnight.	 	 The	 female:male	 cel	 raAo	 could	be	
approximated	 based	 on	 cell	 counts	 from	 the	 duplicate	 swabs	 provided	 by	 the	 donor.	 	 Successful	
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Figure 4-24.  Separation of sample with 20:1 ratio of vaginal cells to sperm cells.  The STR profile from a mixed sample 
(left) shows only female peaks.  Peaks present from the female donor are X (amelogenin) 14, 15 (D18) 19, 21 (D25) 11, 12 (D8) 
19, 21 (D12) and 30, 30.2 (D21).  Peaks from the male donor are X, Y (amelogenin) 16 (D18) 22, 24 (D25) 13, 14 (D8) 20, 21 
(D12) and 31.2, 32.2 (D21).  The STR profile from the sperm fraction shows two female peaks at D18, and overall peak heights 

Figure 4-23.  Separation of sample with 15:1 ratio of vaginal cells:sperm cells.  The STR profile from a mixed sample (left) 
shows only female peaks.  Peaks present from the female donor are X (amelogenin) 14, 15 (D18) 16, 20 (D25) 13, 16 (D8) 17, 
19 (D12) and 29, 32.2 (D21).  Peaks from the male donor are X, Y (amelogenin) 16 (D18) 22, 24 (D25) 13, 14 (D8) 20, 21 
(D12) and 31.2, 32.2 (D21).  The STR profile from the sperm fraction shows all male peaks, but overall peak heights are very 



separaAon	of	 sperm	cells	was	achieved	at	 raAos	as	high	as	15:1	and	20:1	 female:male	cells	 (Figs.	
4-23	&	4-24).		The	post-SONIC	profile	(right	panels)	for	the	15:1	sample	display	male-specific	peaks,	
while	the	20:1	sample	has	two	female	peaks	appear	at	14	and	15	in	D18.		It	is	noteworthy	that	there	
was	generic	 lab	 issue	with	PCR	at	this	point	(contaminaAon	at	110	 in	the	blue	dye	and	140	 in	the	
green	dye).	

4E.		EFFECT	OF	CONTAMINANTS	ON	TRAPPING	
Common	Sample	Contaminants	
There	are	mulAple	potenAal	contaminants	of	concern	with	sexual	assault	kit	swabs,	including	blood	
(either	of	the	vicAm	or	perpetrator),	yeast	or	bacterial	cells.	 	The	most	common	way	that	yeast	or	
bacteria	would	be	present	on	 the	swab	 is	due	 to	bacterial	vaginosis,	defined	as	when	the	 foreign	
cells	 are	present	 at	 20%	 the	 concentraAon	of	 the	host	 epithelial	 cells	 (source).	 	 To	best	 replicate	
these	 condiAons,	 acAvated	 yeast	 and	 live	Escherichia	 coli	 cells	were	 spiked	 into	mock	 samples	 at	
20%	the	concentraAon	of	donor	epithelial	cells.	

Acquisi=on	of	Contaminants	
A	vaginal	 swab	 containing	blood	was	obtained	 from	an	anonymous	donor	during	 their	menstrual	
cycle.	 	Using	a	hemocytometer	and	fluorescent	dye,	the	cell	count	was	determined	to	be	678	cells/
μL,	 with	 heavy	 amounts	 of	 cellular	 debris	 present	 in	 the	 sample.	 	 Yeast	 cells	 were	 acAvated	 by	
adding	25	mg	dry	yeast	to	500	μL	water,	and	diluAng	1,000X	to	reach	a	final	concentraAon	of	9,800	
yeast	cells/μL.		Live	E.	coli	cells	were	obtained	from	collaborators	within	the	chemistry	department,	
and	diluted	100X	to	a	final	concentraAon	of	2,600	cells/μL.	 	Each	substance	was	stored	at	4C	and	
used	within	one	week	of	iniAal	acquisiAon.	

Samples	Tainted	with	Blood	
Samples	contaminated	with	blood	were	formulated	at	a	female:sperm	cell	raAo	of	1:1	raAo,	with	an	
unknown	iniAal	amount	of	blood	present	on	the	swab.	 	Figure	4-25	shows	the	STR	profile	prior	to	
SONIC	separaAon	(len	panel),	and	the	resultant	sperm	fracAon	profile	post-SONIC	(right	panel).		The	
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Figure 4-25.  Separation of 1:1 sample contaminated with blood. The STR profile from a mixed sample (left) shows both 
male and female peaks.  Peaks present from the female donor are X (amelogenin) 16, 17 (D18) 23, 25 (D25) 11, 13 (D8) 18.3, 
21 (D12) and 29, 32.2 (D21).  Peaks from the male donor are X, Y (amelogenin) 16 (D18) 22, 24 (D25) 13, 14 (D8) 20, 21 
(D12) and 31.2, 32.2 (D21).  The STR profile from the sperm fraction shows a complete male profile with strong peak heights.



post-SONIC	profile	compares	favorably	to	that	obtained	with	the	isolated	sperm	fracAon	from	a	1:1	
sample	without	blood,	indicaAng	that	the	presence	of	blood	in	a	sample	did	not	inhibit	trapping.	

Samples	Tainted	with	Yeast	
Samples	containing	acAvated	yeast	were	 formulated	with	5,000	epithelial	cells,	5,000	sperm	cells,	
and	yeast	cells	ranging	from	1,000	-	3,000	(20-60%	epithelial	cell	concentraAon).	 	The	results	from	

the	40%	 sample	 are	 shown	 in	Figure	4-26	 (len	panel),	with	 a	 full	male	profile	obtained	 from	 the	
sperm	 fracAon	 aner	 trapping	 via	 SONIC	 (right	 panel).	 	 Hence,	 there	 appears	 to	 be	 no	 apparent	
inhibiAon	of	sperm	cell	trapping	in	the	presence	of	yeast	at	biologically-relevant	concentraAons.	
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Figure 4-26.  Separation of 1:1 sample contaminated with yeast. The STR profile from a mixed sample (left) shows both 
male and female peaks.  Peaks present from the female donor are X (amelogenin) 13, 14 (D18) 20, 23 (D25) 11, 13 (D8) 17, 
18 (D12) and 30, 33.2 (D21).  Peaks from the male donor are X, Y (amelogenin) 16 (D18) 22, 24 (D25) 13, 14 (D8) 20, 21 
(D12) and 31.2, 32.2 (D21).  The STR profile from the sperm fraction shows a complete male profile with strong peak heights.
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Figure 4-27 . Separa&on) of) 1 :1) sample)
contaminated)with)E.#coli.) )The presence of E. coli 
does not affect trapping.  A: 1:1 sample, no E. coli 
cells.  Full male profile with strong peak heights.   B: 
1:1 sample, 20% E. coli cells.  Significant reduction 
in peak height compared to the sample with no E. 
coli cells.   C: 1:1 sample, 40% E. coli cells.  Further 
reduction of peak height, and total loss of some loci. 



Samples	Tainted	with	E.	Coli	
Samples	that	were	spiked	with	live	E.	coli	cells	were	also	formulated	at	5,000	epithelial	cells,	5,000	
sperm	cells,	and	yeast	cells	at	1,000	or	2,000.	 	The	results	from	samples	with	no	E.	coli	(A),	20%	E.	
coli	(B),	and	40%	E.	coli	cells	(C)	are	shown	in	Figure	4-27.	 	It	is	apparent	that,	as	the	concentraAon	
of	E.	coli	increases,	the	capture	efficiency	of	sperm	cells	decreases.		We	hypothesize	that	this	is	due	
to	the	size	of	E.	coli	cells	 (2-3µm	in	 length),	 is	comparable	to	sperm	cell	size	(5-6	µm	in	diameter)	
and,	thus,	there	may	be	compeAAon	between	E.	coli	and	sperm	cells	for	trap	site	occupancy.		

4F.	TRAPPING	UNDER	OPTIMIZED	CONDITIONS	
Sperm	Viability	Tes=ng	
We	 observed	 that	 STR	 profiles	 from	 the	 isolated	 sperm	 fracAon	 from	 SONIC-treated	 samples	
consistently	had	abnormally	low	peak	height,	parAcularly	given	that	we	knew	the	number	of	sperm	
cells	added	to	the	sample.	 	By	determining	the	capture	efficiency	of	sperm	cells	 in	each	reservoir	
through	qPCR	measurements,	we	determined	 that	 less	 than	35%	of	 the	sperm	cells	added	 to	 the	
iniAal	sample	were	accounted	for	 in	the	final	concentraAon	of	male	DNA.	 	This	prompted	a	closer	
look	 at	 the	 sample	 make-up,	 leading	 to	 a	 comparison	 of	 the	 neat	 semen	 aliquots.	 	 Figure	 S-8	
(Appendix	2)	 shows	 the	STR	profiles	 from	1,000	sperm	cells	 from	the	first	and	second	aliquots	of	
neat	semen	from	donor	5YOB.		From	this,	we	concluded	that	the	iniAal	semen	sample	had	degraded	
significantly	over	Ame,	and	as	a	result,	the	number	of	sperm	cells	added	to	each	sample	was	largely	
overesAmated.			

Reduc=on	of	DNase	Concentra=on		
Concern	about	addiAonal	contribuAon	to	low	RFU	profiles	was	the	mass	of	DNase	added	for	post-
SONIC	processing	of	the	male	fracAon.		It	is	possible	that	excess	DNase	inhibit	amplificaAon	of	male	
DNA,	 especially	 if	 not	 heat-killed	 effecAvely,	 or	 if	 some	 sperm	 cells	 are	 prematurely	 lysed.	 	 The	
DNase	 I/DNase	buffer	 concentraAons	were	 reduced	 to	 25%	of	 their	 original	 concentraAon,	which	
didn’t	negaAvely	impact	removal	of	female	DNA,	but	showed	improvement	in	male	peak	height.	

Removal	of	D18	primer	
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Figure 4-28. 20:1 sample trapped with updated protocol.  (Left)  The STR profile from a mixed sample shows only female 
peaks.  Peaks present from the female donor are X (amelogenin) 19, 21 (D25) 12, 13 (D8) 20, 22 (D12) and 30, 30.2 (D21). 
 (Right)  The profile from the sperm fraction shows only male peaks, with high RFU.  Peaks from the male donor are X, Y 
(amelogenin) 16 (D18) 22, 24 (D25) 13, 14 (D8) 20, 21 (D12) and 31.2, 32.2 (D21).   The male profile from a 15:1 sample 



Our	 collaborators	 in	 primer	design	 for	 the	 lower-plex	 STR	 kit	 at	 Promega	 suggested	 that	 the	D18	
primer	 be	 removed	 from	 the	 custom	 6-plex	 primer	 set	 that	 had	 been	 used	 to	 this	 point.	 	 Their	
observaAons	were	that	absence	of	 the	D18	primers	 led	 improved	peak	height,	as	well	as	 reduced	
inhibiAon.	 	To	 test	 this,	 the	exact	 same	sample	was	amplified	using	 the	original	6-plex	primer	set	
(Amel,	D18,	D25,	D8,	D12,	and	D21)	and	the	5-plex	primer	set	(Amel,	D25,	D8,	D12,	and	D21).	 	The	
resulAng	profiles	 (Fig.	 S-9;	Appendix	 2)	 showed	 significant	 improvement	 in	 peak	height	 at	 all	 loci	
when	amplifyed	with	the	5-plex	primer	kit.		With	these	changes	implemented	into	the	new	protocol	
(fresh	sperm	sample,	lower	DNase	I	concentraAon,	5-plex	primer	set),	a	20:1	sample	was	separated	
via	SONIC	and	amplified,	with	the	pre-SONIC	(len	panel)	and	post-SONIC	(right	panel)	profiles	shown	
in	Figure	4-28.	 	The	pre-SONIC	profile	is	dominated	by	female	DNA,	while	the	post-SONIC	profile	is	
fully	male,	with	excellent	peak	heights	at	all	loci.	

Recovery	of	Failed	Trapping	
Occasionally,	 we	 would	 observe	 poor	 trapping	 as	 a	 result	 from	 either	 sonware	 or	 hardware	
malfuncAons.	 	When	 this	 occurred,	 either	 the	 sperm	 cells	 were	 not	 separated	 from	 the	 female	
fracAon	at	all,	or	 they	 trapped	 (aggregate	 formed	 in	 trap	site)	but	prematurely	 lost	 from	the	 trap	
zone.		In	both	cases,	the	sperm	cells	ulAmately	flowed	to	reservoir	5	(instead	of	R4),	the	non-sperm		
cell	 reservoir.	 	While	not	a	viable	 long-term	soluAon,	 the	fluid	 in	R5	could	be	 recovered	 from	the	
chip,	spiked	with	addiAonal	‘assisAng’	beads,	and	then	re-trapped	on	a	new	chip,	at	which	point,	we	
observed	 full	 recovery	 of	 the	 sperm	 cell	 fracAon.	 	 This	 has	 been	 demonstrated	 successfully	with	
samples	as	high	as	30:1	that	failed	the	iniAal	trapping	process	(Fig.	S-10;	Appendix	2).	

4G.		TRAPPING	SPERM	CELLS	IN	PRESENCE	OF	HIGH	CONCENTRATION	OF	E-CELLS		
Consistent	with	 informaAon	obtained	 in	discussion	with	experts	 in	mulAple	state	and	federal	 labs,	
sexual	 assault	 samples	 are	 diverse	 in	 nature,	 tend	 to	 be	 unpredictable	 in	 terms	 of	 abundance	 of	
sperm	cells	and	epithelial	cells,	or	unknown	cellular	contaminants.	 	Given	the	diverse	opinion,	we	
chose	 to	 analyze	 mock	 samples	 (both	 liquid	 and	 swab)	 ranging	 in	 female:male	 cell	 raAos	 and	
including	1:10,	1:1,	5:1,	10:1,	20:1,	40:1	and	100:1.	

40:1	Female:Male	Cell	Ra=os	
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Figure 4-29.  Separation of sample with 40:1 ratio of vaginal cells:sperm cells.  The STR profile from a mixed sample (left) 
shows only female peaks.  Peaks present from the female donor are X (amelogenin) 19, 21 (D25) 11, 12 (D8) 19, 21 (D12) and 
30, 30.2 (D21).  The profile from the sperm fraction (right) shows only male peaks.  Peaks from the male donor are X, Y 



With	the	aforemenAoned	changes	in	protocol	showing	a	posiAve	influence,	samples	were	prepared	
that	would	test	the	higher	ranges	of	female:male	raAos.		Using	the	newest	post-coital	vaginal	swabs	
obtained	 from	 the	UVA	medical	 center,	 two	40:1	 samples	were	prepared	 that	 contained	500	and	
1,000	total	sperm	cells,	respecAvely.	 	The	pre-SONIC	and	post-SONIC	profiles	are	shown	below	for	
the	500	sperm	cell	sample	(Fig.	4-29);	showing	a	complete	male	profile	from	the	amplified	sperm	
fracAon. 
100:1	Female:Male	Cell	Ra=os	
Having	achieved	the	highest	raAo	separaAon	to	date,	100:1	samples	were	prepared	to	test	the	limits	

of	 the	 SONIC	 instrument.	 	 These	 samples	 contained	 25,000	 female	 epithelial	 cells	 and	 250	 total	
sperm	cells.	 	In	Figure	4-30	the	pre-SONIC	and	post-SONIC	profiles	are	shown	for	a	100:1	sample	in	
which	a	full	male	profile	is	obtained	with	strong	peak	heights,	and	minor	female	contribuAon	at	the	
D8	 locus.	 	 While	 not	 an	 isolated	 male	 profile,	 this	 result	 is	 highly	 promising	 and	 shows	 that	
separaAon	of	sperm	cells	from	a	100:1	sample	may	be	feasible	with	the	SONIC	instrument.	

20:1	Female:Male	Cell	Ra=os	Using	PP18D	
Since	the	5-plex	STR	chemistry	used	here	is	not	a	viable	(or	available)	STR	kit	for	forensic	labs,	it	was	
imperaAve	 that	 the	 SONIC-separated	 fracAons	 from	 a	 mock	 sample	 be	 analyzed	 (PCR/
electrophoresis)		with	a	more	accepted	STR	chemistry.		We	evaluated	this	with	Promega’s	PowerPlex	
18D	STR	kit.		This	challenges	the	SONIC	DE	in	terms	of	assuring	that:			

1) the	pre-	and	post-SONIC	treatment	does	not	lead	to	inhibiAon	in	the	PCR	step	

2) there	was	no	preferenAal	effect	on	any	parAcular	locus	

3) an	acceptable	peak	balance	is	maintained	

4) there	was	no	preferenAal	effect	on	longer	vs	shorter	STR	fragments	
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Figure 4-30. Separation of sample with 100:1 ratio of vaginal cells:sperm cells.The STR profile from a mixed sample (left) 
shows only female peaks.  Peaks present from the female donor are X (amelogenin) 19, 21 (D25) 11, 12 (D8) 19, 21 (D12) and 
30, 30.2 (D21).  The profile from the sperm fraction (right) shows only male peaks.  Peaks from the male donor are X, Y 
(amelogenin) 16 (D18) 22, 24 (D25) 13, 14 (D8) 20, 21 (D12) and 31.2, 32.2 (D21).  The STR profile from the sperm fraction 
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Figure 4-31.  SONIC processing of a 20:1 (F/M cell) swab sample.  PCR and electrophoretic analysis of the male and female 
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This	experiment	used	a	20:1	female:male	sample	composed	of	post-coital	vaginal	cells	spiked	with	
sperm	cells,	and	was	separated	with	the	most	recent	protocol.	 	Total	experimental	Ame,	 including	
sample	 prep,	 instrument	 operaAon,	 and	 post-SONIC	 chemistry	was	 60	minutes	 to	 achieving	 PCR-
ready	male	DNA.	

The	 results	 in	 Figure	 4-31	 were	 extremely	 encouraging,	 as	 a	 pure	male	 profile	 with	 strong	 peak	
heights	at	all	loci	was	obtained	from	the	male	fracAon	of	the	chip.		This	can	be	directly	compared	to	
both	the	pre-SONIC	mixed	profile,	and	is	completely	disAnct	from	the	female	profile	obtained	from	
the	 non-sperm	 reservoir	 of	 the	 SONIC	 chip.	 	 This	 confirms	 that	 our	 instrument	 and	 separaAon	
protocol	 will	 conform	 to	 the	 back-end	 chemistry	 currently	 uAlized	 in	 forensic	 labs	 around	 the	
country.		The	posiAve	control	for	the	male	donor	is	given	in	Figure	S11.	
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5.		DISCUSSION	AND	CONCLUDING	REMARKS	

5A.	ACOUSTIC	DIFFERENTIAL	EXTRACTION			
We	 live	 in	an	era	where	 the	umber	of	DNA	samples	 that	will	 be	processed	annually	 conJnues	 to	
escalate	and,	presumably	for	the	foreseeable	future,	will	conJnue	to	do	so.	 	With	this	back	drop,	it	
is	clear	than	any	methodology	that	can	help	expedite	any	part	of	the	5-step	DNA	analysis	process	
(Fig.	5-28)	is	worthy	of	consideraJon.	 	Development	of	a	SONIC	(SEX	OFFENDER	NODAL	ISOLATION	OF	
CELLS)	 System	 was	 proposed	 as	 an	 unprecedented	 analyJcal	 system	 for	 cell	 sorJng,	 with	 the	
demonstrated	 capability	 of	 trapping	 sperm	 cells	 in	 the	 presence	 of	 a	 sea	 epithelial	 cells.	 	 This	
project,	obviously,	focused	on	sexual	assault	samples	(mixed	female	cell/sperm	cell	samples)	and,	in	
parJcular,	 the	 first	 step	 of	 the	 process	 illustrated	 in	 Figure	 5-1.	 	 In	 fact,	 the	 first	 two	 steps	 are	
impacted	 by	 the	 SONIC	 methodology,	 as	 extracJon	 of	 DNA	 from	 the	 male	 fracJon	 has	 been	
included	in	the	overall	method,	thus,	yielding	a	process	that	allows	for	DNA	sample	processing	from	
swab-to-PCR-ready	DNA	in	less	than	1	hr.	

The	project	effort	was	primarily	focused	on	the	building	of	SONIC	prototypes	for	the	trialing	of	the	
AcousJc	DifferenJal	 ExtracJon	 (ADE)	methodology	 in	 forensic	 laboratories.	 	 Three	 candidate	 labs	
were	 idenJfied	 early-on	 and	 had	 agreed	 to	 run	 20-30	 bona	 fide	 samples.	 	 However,	 the	 effort	
overstretched	into	a	1	year	no-cost-extension	period,	primarily	because	of	delays	in	hiring	a	talented	
mechanical	engineer	to	assist	in	the	3D	design	(SolidWorks),	3D	prinJng	hard	mount	parts,	sourcing	
of	electronic	components,	assembly	of	those	parts	into	a	funcJonal	instrument	and,	finally,	tesJng	
of	the	instruments.	
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5B.	SONIC	DE-MACH1	SYSTEM	

THE	SONIC	MICROFLUIDIC	CHIP	
While	not	discussed	 in	 this	 report,	flow	rate	 impacts	efficiency	of	 the	SONIC	 system	substanJally.				
In	 the	 late	 1950‘s,	 van	 Deemter	 showed	 that	 flow	 rate	 in	 HPLC	 played	 a	 significant	 role	 in	 the	
efficiency	of	the	separaJon	(resoluJon,	number	of	theoreJcal	plates,	etc.)	[60].		They	afributed	this	
to	 the	 Jme	 needed	 for	 an	 equilibrium	 to	 be	 established	 between	 analyte	 in	 the	 mobile	 and	
staJonary	phase.	 	AcousJc	trapping	is	not	unlike	chromatography	in	this	respect,	primarily	because	
the	 strength	 of	 the	 trapping	 force	 (Fr;	 axial	 radiaJon	 force)	 determines	 how	 effecJve	 parJcle	
trapping	will	 be	 in	 a	 flow	 stream.	 	 If	 high	 flow	 rate	 is	 coupled	with	 low	 Fr,	 trapping	 can	 be	 very	
inefficient.	 	A	more	macroscale	 analogy	might	be	 the	difficulty	 in	 afempJng	 to	extract	 someone	
from	a	flowing	river	–	the	faster	the	flow	the	more	difficult	it	is	to	capture	them.		The	trapping	force	
is	 affected	 by	 a	 number	 of	 parameters	 (described	 in	 the	 Introduc?on	 secJon),	 and	under	 certain	
condiJons,	we	were	able	to	trap	at	flow	rates	as	high	
a	 100	µL/min,	 allowing	 	 for	mL-scale	 samples	 to	be	
loaded	 into	 the	 system	 in	 tens	 of	 minutes.	 	 That	
notwithstanding,	we	sefled	on	an	opJmal	flow	rate	
of	 30	 μL/min,	 which	 allowed	 for	 the	 sample	 (swab	
cell	 lysate)	 volumes	 used	 here	 to	 be	 loaded	 in	 two	
minutes.	

The	current	SONIC	chip	(Fig.	5-2)	design	requires	that	
‘sample’	 that	 is	 loaded	 into	 the	 R2	 reservoir	 have	
intact	 sperm	 cells	 in	 a	 lysed	 epithelial	 cell	
environment.		This	is	currently	achieved	off-chip	with	
a	custom	chemistry	protocol	defined	for	this	system,	
however,	 it	 is	 reasonable	 to	 anJcipate	 that	 this	
process	 could	 be	 incorporated	 into	 a	 future	 design,	 in	 concert	 with	 some	 minor	 hardware	
modificaJons.		Similarly,	the	male	fracJon	that	results	in	R4	post-SONIC	treatment	has	intact	sperm	
cells	with	minimal	(if	any)	female	DNA.	 	This	fracJon	could	be	funneled	directly	into	any	given	DNA	
extracJon	process	a	lab	chooses	to	use.	 	However,	we	have	developed	a	post-SONIC	chemistry	that	
‘extracts’	the	male	DNA	into	PCR-ready	form	in	~10	min.	 	This	is	available	to	the	user,	should	they	
choose	to	use. 

In	terms	of	the	chip,	the	sourcing	of	miniaturized	PZTs	that	were	~2	mm	(w)	x	4	mm	(l)	x	1mm	(d)	in	
size	 was	 advantageous	 on	 several	 fronts.	 	 First,	 their	 inherently	 small	 size	 (reduced	 by	 order	 of	
magnitude	over	the	PZTs	we	uJlized	in	earlier	work	[9]),	allowed	it	to	be	shiqed	from	being	part	of	
the	instrument	and,	 instead,	bonded	to	the	chip.	 	Related	to	this	 is	the	second	advantage,	that	 is,	
with	a	PZT	cost	of	~	$1.50	(USD),	it	can	be	included	as	part	of	the	chip	during	fabricaJon,	and	hence,	
a	component	of	the	single-use,	disposable	consumable.			

A	current	funcJonal	limitaJon	of	the	chip	is	the	capability	for	analysis	of	only	a	single	sample.	 	This	
was	purposeful	and	exactly	what	we	proposed	in	2013	-	prove	out	i)	the	concept	of	separaJon,	 ii)	
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Figure 5-2.  The SONIC chip.

Trapping(channel(

PZT(



the	hardware	and	3)	the	user	executability	 for	a	single	sample	 ....	 	before	designing	a	mulJplexed	
chip.		Our	discussion	with	forensic	labs	and	analysts	on	this	point	yielded	some	interesJng	feedback.		
Some	saw	this	as	an	Achilles	heel,	indicaJng	that	they	likely	would	need	to	run	more	than	a	single	
sample,	 while	 others	 indicated	 that	 they	 see	 significant	 potenJal	 for	 expediJng	 single	 sample	
analysis	under	‘rush’	condiJons.			

THE	SONIC	INSTRUMENT	
The	current	 instrument	 (Fig.	5-3)	has	a	number	of	capabiliJes	that	we	had	not	built	 into	previous	
prototypes.	 	A	stand-alone	cell	phone	camera	that	allows	the	user	to	visualize	the	trapping	process	
in	real	Jme	is	valuable.	 	While	this	does	not	require	the	user	to	‘afend’	the	instrument	during	the	
trapping	 process,	 a	 cursory	 glance	 allows	 the	 user	 to	 know	 that	 trapping	 is	 funcJonal,	 with	 or	
without	the	presence	of	sperm	cells	 in	the	sample.	 	Again,	with	the	goal	of	cost-effecJveness,	the	
miniaturized	camera	components	can	be	
purchased	 off-the-shelf	 at	 roughly	 $35	
(USD).			

The	 soqware	 is	 currently	 laptop-driven	
and	composed	of	two	parts	-	a	graphical	
user	 interface	 (GUI)	 for	 the	 user,	 and	
back-panel	 code	 that	 runs	 the	 system	
from	 sample	 input	 to	 male	 fracJon	
collecJon.	 	 The	 GUI	 is	 designed	 to	 be	
user-friendly	 and	 allows	 the	 analyst	 in	
input	 criJcal	 sample	 informaJon,	
monitor	 icon	 indicators	 that	 show	 the	
progress	of	the	trapping	process,	as	well	
as	a	screen	connected	to	the	embedded	
camera	 realJme	 trapping	 observaJon.		
The	back-panel	code	in	not	accessible	to	
the	user	(but	is	to	the	developers)	and,	essenJally,	controls	all	other	funcJons.		It	executes	the	code	
that	controls	the	enJre	automated	fluid	flow/trapping	process,	while	also	doing	specific	‘wellness’	
checks	to	assure	all	components	are	funcJonal.		If	we	were	to	design	and	build	a	Mach-2	version	of	
the	 instrument,	we	would	 supplant	 the	 laptop	with	 by	 a	micro-controller	 and	 an	 embedded	 LCD	
screen	with	touch	control,	which	would	actually	be	lower	in	cost	than	a	laptop.	

InteresJngly,	the	current	BOM	(bill	of	materials)	for	the	instrument	is	<$7K	-	more	than	half	of	this	
cost	(~$4K)	is	associated	with	the	pneumaJc	fluid	control	system	that	is	purchased	from	LabSmith	
Inc.		It	is	reasonable	to	expect	that	sourcing	more	cost-effecJve	parts	from	Asia	could	drop	this	cost	
to	 $1-2K;	 yielding	 an	 instrument	 BOM	 of	 <$5K,	 and	 presenJng	 the	 possibility	 that	 a	 commercial	
product	for	forensic	labs	could	be	in	the	$10-15K	range.		This	would	give	the	SONIC	system	a	stealth	
advantage	of	potenJally	being	very	affordable.	
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THE	SONIC	PROCESS	
In	 order	 for	 the	 SONIC	 process	 to	 be	 effecJve,	 we	 had	 to	 create	 both	 pre-	 and	 post-SONIC	
processing	chemistry.	 	A	specific	pre-SONIC	chemistry	essenJal	to	the	process	prepares	the	sample	
for	 loading	 into	 the	 chip	 in	 a	 form	 that	 opJmizes	 sperm	 cell	 isolaJon	 and	 assures	 that	 the	 only	
parJculate	components	in	the	sample	be	sperm	cells.	 	As	a	result,	samples	(containing	cells	eluted	
from	a	swab)	are	treated	in	a	manner	comparable	to	standard	differenJal	extracJon	–	that	 is,	the	
non-sperm	components	are	lysed.		This	process	involves	a	~10	min	pre-SONIC.		

In	 terms	 of	 the	 post-SONIC	 chemistry,	 the	 male	 fracJon	 that	 consists	 of	 intact	 sperm	 cells	 and	
buffer,	presumably,	with	lifle	or	no	female	DNA.		The	illustraJon	in	Figure	5-4	shows	both	the	steps	
and	the	instrumentaJon	involved	in	SONIC	processing	of	a	sample.		The	user	can	choose	processing	
as:	

i) 	 ‘Swab-to-male	 fracJon’	 ready	 for	 extracJon	 -	 if	 this	 is	 preferable,	 the	 SONIC	 can	 be	
incorporated	directly	into	the	DNA	extracJon	method	of	choice	that	is	part	of	the	standard	
workflow	for	the	lab.		

or		

ii)	 	 ‘Swab-to-male	 DNA’	 ready	 for	 PCR	 -	 this	 is	 an	 alternaJve	 process	 and	 NOT	 an	 absolute	
requirement	 for	 SONIC-based	 ADE.	 Here,	 a	 single	 step	 temperature-dependent	 treatment		
yields	PCR-ready	male	DNA	for	analysis.	 	There	is	chemistry	(again,	~10	min)	that	processes	
the	isolated	male	fracJon	so	that	it	contains	the	male	DNA	in	a	form	that	is	ready	for	direct-
to-PCR	analysis.		
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Figure 5-4.  The SONIC workflow.
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In	 summary,	 we	 have	 been	 successful	 in	 defining	 the	 SONIC	 system	 -	 a	 microfluidic	 chip,	 the	
corresponding	 instrument	 and	 the	 necessary	 chemistry	 -	 that,	 in	 combinaJon,	 is	 capable	 of	
processing	 a	 sperm/female	 cell	 mixture	 from	 swab-to-PCR-ready	 male	 DNA	 in	 less	 than	 1	 hour.		
While	 this	 indicates	 that	 the	goals	of	 this	project	have	been	met,	only	 through	the	 trialing	of	 this	
technology	 in	 credible	 forensic	 labs	 will	 we	 know	 whether	 it	 has	 merit,	 and	 is	 worthy	 of	
consideraJon	of	a	phase	4	which	would	 involve	producJzaJon.	 	EvaluaJon	of	the	effecJveness	of	
this	SONIC	system	was	carried	out	 in	two	forensic	 labs	-	Dr.	Kim	Meza	at	the	Mesa	Police	Forensic	
Services	 (Arizona)	 and	 Dr.	 Cecelia	 Crouse	 at	 the	 Palm	 Beach	 County	 Sherriff’s	 Office	 Crime	
Laboratory.		The	details	and	results	of	these	evaluaJons	are	presented	in	secJon	6.	
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6.	External	Evaluation	of	the	In-Lab	Testing	of	the	SONIC	System	
	

THE	MOTIVATION	
The	development	of	the	differential	extraction	system	at	the	University	of	Virginia	has	been	

efficient	and	successful,	but	a	true	external	evaluation	was	necessary	to	determine	the	effectiveness	
of	this	technology	with	‘real’	samples.		At	UVA,	we	were	limited	to	testing	only	mock	sexual	assault	
samples,	although	we	gathered	as	much	information	as	possible	to	generate	the	most	realistic	mock	
samples	prior	to	external	testing.		As	a	result,	collaborations	were	set	up	in	advance	with	the	Palm	
Beach	County	Sheriff’s	Office	(Palm	Beach,	FL)	and	the	Mesa	Police	Department	(Mesa,	AZ),	where	
we	were	able	to	place	a	prototype	instrument	in	each	lab,	spend	1-2	days	training	select	analysts	in	
the	specific	operation	of	the	instrument,	and	then	observed	them	testing	real	casework	sexual	assault	
samples.		The	instruments	were	left	for	1-2	months	for	use	by	our	collaborators	when	they	had	time	
and	samples	to	test.	
	

PREPARATION	FOR	EXTERNAL	TESTING	
Prior	to	instrument	placement,	20	fresh	microfluidic	chips	were	fabricated	for	each	lab.		Each	

chip	underwent	quality	control	testing	to	ensure	adequate	trapping	performance,	and	was	packaged	
in	 vibration-dampening	 foam	 for	 shipping.	 	 Fresh	 reagents	 for	 cell	 lysis,	DNA	extraction,	 and	PCR	
amplification	were	aliquoted	and	shipped	at	-20	C	to	each	lab	prior	to	our	arrival.		The	instruments	
themselves	were	packaged	and	carried-on	flights	for	transport.	
	

TESTING	AT	THE	PALM	BEACH	COUNTY	SHERIFF’S	OFFICE	
Testing	at	PBSO	in	Dr.	Cecelia	Crouse’s	lab	was	organized	and	overseen	by	Ms.	Julie	Sikorsky	

and	 carried	 out	 by	 Celynda	 Edwards	 and	 Brandy	 Plean.	 	 The	 dates	 of	 testing	were	 January	 30th-
February	1st,	and	allowed	for	extensive	training	of	the	analysts	as	well	as	sample	selection	for	testing.		
For	 training	 purposes,	 three	 “ideal”	 samples	 were	 selected,	 each	 of	 which	 likely	 contained	 a	
reasonably	 high	 number	 of	 sperm	 cells.	 	 For	 testing	 following	 our	 departure,	 an	 additional	 10	
“challenging”	samples	were	chosen,	which	contained	either	a	 low	total	number	of	sperm	cells,	or	
relatively	few	sperm	cells	compared	to	the	number	of	female	epithelial	cells.	

The	results	from	the	training	were	successful	capture	of	sperm	cells	from	the	non-challenging	
samples,	 resulting	 in	 full	 male	 STR	 profiles	 that	 matched	 the	 result	 obtained	 by	 conventional	
differential	extraction	(Figure	6-1).		However,	when	the	system	was	tested	with	‘challenging’	samples,	
several	issues	arose.		It	was	observed	during	trapping	that	large	portions	of	the	sperm	cell	aggregate	
were	lost	to	the	waste	fraction,	i.e.,	stabilization	of	the	trapped	cluster	of	sperm	cells	could	not	be	
maintained.		It	is	noteworthy	that	this	occurred	after	successful	bead	sweeping	to	identify	the	optimal	
trapping	frequency	for	that	chip,	but	tuning	the	system	to	that	optimal	trapping	frequency	was	not	
sufficient	to	maintain	stable	trapping	with	the	sample.		The	result	of	these	failed	trapping	runs	were	
STR	 profiles	 that	 were	 either	 partial	 male	 profiles,	 or	 entirely	 female	 due	 to	 lack	 of	 sperm	 cells	
captured	(Figure	6-2).			

Additionally,	it	was	observed	that	qPCR	data	for	most	post-SONIC	samples	showed	high	levels	
of	 inhibition	 of	 the	 internal	 positive	 control	 (IPC),	 indicating	 that	 some	 component	 of	 the	 SONIC	
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chemistry	is	detrimental	to	the	PCR	kit	(Figure	6-3).		This	was	unexpected,	as	all	previous	work	at	UVA	
had	not	displayed	inhibition	of	DNA	amplification.			

	

THE	POTENTIAL	BASIS	FOR	POOR	SPERM	CELL	TRAPPING	
We	 had	 a	 strong	 suspicion	 that	 this	 unwanted	 effect	 resulted	 from	 an	 abnormally	 high	

number	 of	 epithelial	 cells,	 and	 that	 this	 translated	 into	 a	 post-lysis	 sample	 of	 abnormally	 high	
viscosity.	 	 	 The	 equation	 below	was	 discussed	 on	 page	 9	 of	 this	 technical	 report	where	 Fr	 is	 the	
trapping	force	exerted	on	a	particle:		

	
where	the	parameters	include	P0	(applied	acoustic	pressure	amplitude),	Vc	 (volume	of	the	particle,	
i.e.,	 size),	 βw	 (compressibility	 of	 the	 surrounding	 fluid),	 λ	 (acoustic	 standing	 wavelength),	 k	
(wavenumber	 defined	 by	 2π/λ),	 x	 (distance	 from	 a	 pressure	 node).	 	 In	 the	 lower	 equation,	 an	
expanded	representation	of	𝛟,	the	‘acoustic	contrast	factor’,	is	given,	and	it	is	defined	by	ρc	and	βc	
(density	and	compressibility	of	the	particle),	as	well	as	ρw	and	βw	(density	and	compressibility	of	the	
surrounding	medium).	 	Note	that	parameters	describing	the	surrounding	medium	show	up	 in	two	
places	 in	 force	equation	 (red	arrows)	–	directly	as	βw	and	βc/βw	as	 in	 the	𝛟	term.	 	 In	other	words,	
density	and	compressibility	of	the	surrounding	medium,	i.e.,	the	viscosity	of	the	fluid	in	which	the	
cells	are	to	be	trapped,	plays	a	significant	role	in	the	trapping	efficiency.	

Since	bead	sweeping	to	identify	the	optimal	trapping	frequency	for	a	particular	chip	is	done	
on	regular	buffer,	differences	in	viscosity	between	the	bead	sweeping	solution	(used	to	identify	the	
optimal	trapping	frequency)	and	the	sample	containing	lysed	epithelial	cells	and	intact	sperm	cells,	
would	be	 largely	dependent	on	 the	number	of	 cells	present.	 	 For	example,	 in	 samples	with	1000	
sperm	cells	and	the	remnants	of	1000	lysed	epithelial	cells,	the	change	in	viscosity	in	a	60	uL	volume	
would	not	be	significant.		However,	in	a	sample	having	a	1:250	sperm	cell	to	epithelial	cell	ratio,	the	
cellular	 components	 of	 250,000	 lysed	 epithelial	 cells	 could	 lead	 to	 a	 dramatically	 higher	 solution	
viscosity,	 one	 that	 could	 shift	 the	optimal	 frequency	needed	 for	 trapping	 to	 a	 value	 substantially	
different	than	what	was	calculated	for	the	chip.	

With	this	hypothesis	in	mind,	and	a	potential	short-term	solution	to	the	problem	by	adjusting	
the	bead	sweeping	solution,	we	were	fortunate	to	have	the	opportunity	to	address	this	during	follow-
up	testing	at	PBSO	(detailed	later).	

	

THE	POTENTIAL	BASIS	FOR	UNEXPECTED	INHIBITION	
The	 STR	 kit	 defined	 in-house	 for	 protocol	 development	 was	 a	 custom	 5-locus	 chemistry	

(AMEL,	D2,	D8,	D12,	&	D21	loci)	that	we	have	termed	“faSTPLEX”,	and	the	commercial	kits	used	in	
forensic	labs	obviously	have	a	larger	number	of	loci,	some	of	which	may	have	been	more	prone	to	
inhibition.		Regardless	of	this,	there	was	clearly	a	chemical	component	of	the	SONIC	chemistry	that	
seemed	incompatible	with	the	DNA	amplification	performed	at	PBSO	(Figure	6-3).		We	addressed	this	
issue	in	the	short-term	by	having	PBSO	analysts	remove	or	reduce	the	[sarkosyl]	used	for	cell	 lysis	
(discussed	in	detail	below),	but	a	permanent	solution	will	need	to	be	found.		We	are	currently	working	
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to	address	this	issue	by	swapping	or	removing	certain	compounds	from	our	cell	lysis	reagents,	and	
testing	the	effect	on	PCR	inhibition.	

	

FOLLOW-UP	TESTING	AT	PBSO	
	 The	Crouse-Sikorsky	team	agreed	to	conduct	a	second	round	of	SONIC	testing	in	August	2017,	
contingent	on	changes	being	made	to	the	protocol	to	increase	the	likelihood	of	successful	trapping	
of	sperm	cells.	
	
Inhibition	of	PCR	by	SONIC	Reagents	

In	order	to	determine	the	source	of	PCR	inhibition	observed	in	earlier	testing,	samples	were	
prepared	with	2800M	purified	DNA	and	combinations	of	our	different	reagents.		The	lysis	detergent,	
sperm	 lysis	 reagent	 and	 buffer,	 and	 epithelial	 lysis	 reagents	were	 all	 added	 to	DNA	 samples	 and	
amplified	 via	 qPCR	 to	measure	 any	 inhibition.	 	 Based	 on	 the	melt	 curves	 of	 the	 internal	 positive	
control	 (IPC)	 from	 the	 Promega	 PowerQuant	 kit,	 the	 most	 inhibition	 was	 observed	 in	 samples	
containing	sarkosyl,	a	detergent	that	we	use	to	assure	solubilization	of	cell	membranes	and	other	
cellular	debris.		Based	on	these	results,	the	concentration	of	sarkosyl	in	the	initial	lysis	solutions	was	
reduced	to	from	0.60%	to	0.21%.	The	basis	for	this	was	our	recognition	that	sarkosyl	is	required	for	
full	digestion	of	epithelial	cells,	but	was	inhibiting	PCR	at	the	concentration	of	0.6%.		Reducing	the	
concentration	by	66%	showed	lower	inhibition	when	tested	with	the	Promega	PowerQuant	kit,	and	
still	assisted	in	epithelial	cell	lysis.	

	
Adjusting	the	Bead	Solution	Used	for	Frequency	Sweeping	
	 As	described	earlier,	one	issue	observed	during	initial	testing	was	the	loss	of	cell	aggregates	
during	 the	 trapping	 stage,	 even	 after	 successful	 bead	 trapping	 was	 observed	 in	 the	 frequency	
sweeping	protocol.	 	We	hypothesized	that	this	was	due	to	physical	differences	between	the	bead	
sweep	solution	(water,	fluorescent	beads)	and	the	sample	matrix	(water,	reagents,	buffer,	cell	lysate,	
intact	cells).		Those	differences	could	result	in	changes	in	fluid	viscosity,	density,	and	compressibility,	
all	of	which	would	impact	the	optimal	trapping	frequency	for	particle	retention	(see	earlier	discussion	
on	page	9,	section	2C).		To	account	for	this,	we	changed	the	initial	lysis	step	to	include	a	change	in	
volume	 from	80	uL	 to	190	uL,	 leaving	110	uL	of	cell	 lysate	beyond	 the	 required	80	µL	 for	 sample	
separation.	 	 This	 additional	 remaining	 cell	 lysate	 was	 used	 to	 create	 what	 we	 refer	 to	 as	 a	
“SURROUNDING	MEDIUM	(SM)”	solution,	to	which	fluorescent	beads	were	added	to	create	an	SM	
solution	for	frequency	sweeping.		With	this,	the	instrument	scans	a	range	of	acoustic	frequencies	in	
a	solution	(SM)	that	more	realistically	approaches	that	of	the	sample,	hence,	identifying	the	optimal	
frequency	for	bead	trapping	with	a	‘better	mimic’	of	the	sample.		With	this	change,	we	observed	a	
more	 efficient	 retention	 of	 the	 sperm	 cell	 aggregate	 during	 sample	 trapping	 in	 all	 6	 of	 the	 new	
samples	 tested;	 this	 indicated	 that	 the	 augmented	 protocol	 for	 identifying	 the	 optimal	 trapping	
frequency	successfully	addressed	the	fluidic	problems	encountered.		Figure	6-6	shows	the	trapping	
site	before	and	during	trapping,	as	well	as	during	the	wash	stage	post-trapping.	
	
Time-point	Collection	of	Post-Coital	Samples	
	 One	set	of	available	samples	was	a	time	interval	study,	where	post-coital	vaginal	swabs	were	
collected	 from	the	same	donor	at	 time	points	of	5	hours,	24	hours,	48	hours,	and	72	hours	post-
coitus.	 	 Prior	 to	 SONIC	 processing,	 all	 samples	 were	 tested	 with	 qPCR	 to	 determine	 initial	 DNA	
concentration,	and	this	showed	that	all	samples	had	excess	female	DNA	with	female:male	DNA	ratios	



	 48	

from	 4X	 to	 580X.	 	 These	 samples	 were	 tested	 using	 the	 augmented	 protocol	 described	 above,	
including	initial	epithelial	cell	lysis,	frequency	sweeping	with	the	SM	solution,	sample	trapping	and	
washing,	followed	by	sperm	cell	extraction	and	DNA	amplification.		Figure	6-7	shows	the	STR	profile	
obtained	 from	 the	5-hour	post-coital	 sample,	which	 resulted	 in	 a	male/female	mixed	STR	profile,	
where	all	male	alleles	are	seen,	but	in	the	presence	of	female	alleles.		This	result	was	unexpected,	
because	videos	showed	the	trapping	and	washing	steps	were	executed	as	expected	with	very	efficient	
trapping	of	large	aggregates	of	sperm	cells.	
	 When	testing	the	24-hour	sample,	the	PBSO	analysts	encountered	hardware	malfunctions.		
After	 successful	 trapping	of	a	 sperm	aggregate,	 the	washing	 stage	malfunctioned,	and	pushed	air	
through	 the	 chip	 rather	 than	washing	buffer.	 	 This	 resulted	 in	 loss	of	 the	aggregate	 to	 the	waste	
reservoir,	and	no	liquid	in	the	sperm	fraction.		We	were	unable	to	determine	the	cause	of	this	issue,	
and	it	also	appeared	in	subsequent	testing.		To	prevent	total	loss	of	sperm	aggregate	in	other	samples,	
the	wash	step	was	eliminated.		While	not	ideal,	this	did	allow	for	processing	of	the	48	and	72	hour	
samples	 without	 washing.	 	 Both	 samples	 resulted	 in	 female	 STR	 profiles	 in	 the	 sperm	 fraction,	
believed	 to	 be	 due	 to	 lack	 of	washing	 so	 that	 free	 female	DNA	was	 not	 removed.	 	Upon	 further	
analysis	of	 the	system	when	 it	was	returned	to	UVA,	 the	 flow	control	 issues	 likely	stemmed	from	
fluidic	connections	that	had	become	loose	during	shipping	–	the	systems	WERE	NOT	engineered	to	
withstand	substantial	shock	and	vibration.	
	
Sperm	Cell	Dilution	Samples	
	 Additional	samples	tested	were	sperm	dilutions	ranging	 from	neat	semen	down	to	1:1024	
dilutions.		The	samples	were	deposited	onto	green	polo	and	denim	fabrics	by	PBSO	analysts.		These	
samples	were	of	particular	interest,	as	they	could	provide	some	insight	into	whether	dyes	in	the	fabric	
would	 impact	either	 the	 separation	of	 cells	or	amplification	of	DNA.	 	Both	 samples	were	 trapped	
effectively	via	SONIC,	and	the	resulting	profiles	were	entirely	male,	indicating	neither	of	the	common	
sample	substrates	negatively	impacted	SONIC	separation	(Figure	6-8).	

	
	

TESTING	AT	THE	MESA	POLICE	DEPARTMENT	
Dr.	 Kim	Meza	organized	 the	 testing	 at	Mesa	PD,	which	was	 carried	out	 by	 Lisa	 Perry	 and	

overseen	 by	 Krista	 Placko.	 	 The	 evaluation	 dates	were	 February	 2nd-February	 4th.	 	 During	 analyst	
training,	we	tested	mock	samples	comprised	of	semen	deposited	onto	several	materials	 including	
nylon	and	cotton	clothing.		The	Mesa	lab	asked	to	blend	our	technique	with	their	in-house	protocols,	
so	 initial	 cell	 recovery	 from	 the	 sample	 and	 post-SONIC	 extraction	 was	 performed	 with	 Mesa	
chemistry.	 	After	 initial	hardware	setbacks,	successful	sperm	cell	trapping	was	achieved,	but	clean	
male	DNA	profiles	were	not	obtained	from	the	sperm	fraction.		The	analyst	questioned	whether	the	
samples	might	have	been	inadvertently	mixed	up	or	even	not	extracted	at	all,	as	we	did	observe	a	
mixed	male	profile	from	the	non-sperm	fraction	of	each	sample,	as	well	as	complete	failure	of	DNA	
amplification	 in	 the	 male	 fraction	 of	 mock	 samples	 (Figure	 6-4).	 	 An	 alternate	 explanation	 was	
hardware	failure,	as	previous	valving	issues	had	caused	fluid	movement	to	incorrect	reservoirs,	and	
could	have	resulted	in	mixing	of	sperm	and	non-sperm	fractions	following	trapping.	

Additional	testing	was	carried	out	by	Lisa	Perry	in	the	weeks	following	on-site	training.		Mock	
samples	were	created	using	sperm	dilutions	of	1:10,	1:100,	1:1000,	and	1:10,000	of	sperm	to	female	
epithelial	cells	(buccal	swab	source).		These	samples	were	prepared	in	duplicate,	one	set	was	run	with	
Mesa	chemistry	and	the	other	using	the	SONIC	chemistry.		The	Mesa	sample	set	yielded	quality	DNA	
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amplification	(indicated	by	positive	controls),	but	no	profiles	(Figure	6-5).		However,	the	analyst	noted	
that	these	samples	were	not	extracted	following	SONIC	separation,	indicating	that	male	DNA	was	not	
released	from	the	sperm	cells,	hence,	no	profile	could	be	expected.		All	of	the	mock	samples	tested	
using	the	SONIC	protocol	showed	PCR	inhibition,	similar	to	what	was	observed	at	PBSO	testing.		This	
reinforced	the	possibility	that	a	chemical	component	of	the	SONIC	chemistry	was	incompatible	with	
PCR	kits	used	in	state	forensic	labs.	
	
	

OVERVIEW	AND	FEEDBACK	
	 The	opportunity	 to	 test	our	prototype	 instruments	 at	 the	Palm	Beach	and	Mesa	 labs	was	
crucial	to	our	being	able	to	put	some	quantitative	value	on	the	potential	use	of	the	SONIC	technology	
in	forensic	labs.		Analysts	at	both	locations	were	intrigued	by	the	ADE	concept,	enthusiastic	about	its	
potential	 application,	 and	 believed	 that	 this	 technology	 could	 have	 a	 significant	 impact	 on	 their	
workflow.	 	 We	 are	 grateful	 The	 SONIC	 system	 was	 capable	 of	 capturing	 sperm	 cells	 from	 real	
casework	samples	that	had	been	kept	in	storage,	and	produced	DNA	profiles	matching	the	result	from	
lab-specific	 conventional	 differential	 extraction.	 	We	 encountered	 setbacks	 with	 testing	 of	 more	
challenging	samples,	which	resulted	in	loss	of	trapping	ability	and	failure	to	generate	clean	male	DNA	
profiles.	
	 I	want	to	emphasize	how	incredibly	fortunate	we	were	to	have	the	evaluation	support	from	
both	the	PBSO	and	Mesa	PD.		These	directors	and	their	staff	are	slammed	constantly	with	casework,	
and	yet	they	have	the	drive	to	contribute	to	(potentially)	new	technology,	despite	complicating	or	
extending	their	work	day.			

The	feedback	given	from	PBSO	analysts	can	be	summarized	as	follows.		They	seem	to	believe	
that	the	SONIC	technology	is	a	fascinating	potential	avenue	for	improving	differential	extraction	and,	
in	the	opinion	of	the	analysts,	if	this	development	were	successful,	it	would	not	be	a	high	bar	to	get	
other	 analysts	 and	 labs	 on-board	 for	 trial	 the	 SONIC	 system.	 	 After	 two	 full	 rounds	 of	 prototype	
testing,	PBSO	indicated	they	would	happily	continue	evaluating	the	system	and	provided	feedback,	
on	the	condition	that	we	keep	working	to	address	any	shortcomings	and	update	the	hardware	to	deal	
with	problematic	samples.			Comments	from	those	at	the	director	level	follow.	

	
Dr.	Cecelia	Crouse	at	PBSO	
“The prototype SONIC instrument was compact, intuitive to use, and provides a new approach for 
differential extraction.  We were impressed with the technology’s ability to capture sperm from 
exemplary sexual assault samples, and with some adjustments to hardware and chemical processes, 
we believe that this system could also move to address more challenging samples (such as those with 
low total sperm or excess epithelial cells).  We would support the further development and testing of 
this technology, and would be excited to field-test a second-generation system with the necessary 
improvements.”	
	
Dr.	Kim	Meza	at	Mesa	PD	
“We tested the SONIC system on a variety of mock sexual assault samples, and our in-house analyst 
worked first-hand with the prototype.  The technology was exciting to use, but we encountered some 
difficulties due to damage to the instrument during shipping.  With the necessary repairs made, we 
were able to capture sperm cells from some samples, and the protocol removed several sample 
handling steps from the normal process.  Several changes are required to make this technology a 
viable supplement to conventional differential extraction, namely more robust hardware and 
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complementary chemical adjustments, but we would be in favor of more development and testing of 
the SONIC systems.“	
	

MERITS	AND	DEMERITS	OF	THE	SONIC	TECHNOLOGY	
There	were	several	positive	outcomes	with	this	technology	development	adventure.		Even	more	so	
than	we	did	when	we	wrote	this	proposal,	we	believe	this	technology	can	be	developed	successfully,	
and	has	a	place	in	forensic	DNA	analysis.	Its	MERITS	included:	

• that	it	is	a	compact	hardware	that	can	effectively	trap	sperm	cells	in	crude	mixtures,	and	that	
this	could	supplant	several	steps	associated	with	conventional	differential	extraction	

• that	the	system	is	highly	automated,	with	a	simple	use	GUI,	and,	collectively,	substantially	
reduces	pipetting/washing	steps	for	each	sample	

• reducing	the	sample	processing	time,	from	sample	to	PCR-ready	DNA,	to	less	than	1	hour		
• very	positive	responses	from	the	forensic	analysts,	who	are	enamored	by	the	potential	for	

the	technology,	and	would	be	receptive	to	testing	updated	instrumentation		
	
However,	 as	 with	 the	 research	 and	 development	 of	 any	 technology,	 it	 is	 not	 without	 demerits.		
Through	discussions	with	those	who	have	trialed	the	technology,	these	included:		

• that	it	has	not	been	optimized	for	use	with	multiple	commercial	forensic	chemistries	
• that	it	cannot	currently	handle	samples	with	an	excess	of	epithelial	cells		
• that	the	prototypes	are	not	robust	enough	for	extensive	shipping	
• that	the	current	system	can	handle	a	single	sample	at	a	time	(although	this	was	described	as	

a	‘nice-to-have’,	not	a	‘must-have’)		
	

THE	FUTURE	POTENTIAL	FOR	SONIC	TECHNOLOGY	
	

Potential	for	Impact	
We	 believe	 the	 potential	 impact	 of	 this	 technology	 on	 the	 forensic	 field	 is	 three-fold:	 1)	

Analysts	will	have	less	hands-on	time	per	sample,	allowing	them	to	focus	on	STR	mixture	analysis	and	
sample	preparation	for	a	more	efficient	process.		They	will	also	no	longer	rely	on	personal	pipetting	
skill	to	determine	the	quality	of	separation,	as	the	automated	process	would	create	reproducibility	
independent	of	analyst.		2)	Labs	will	reduce	sample	backlogs	and	more	easily	keep	up	with	incoming	
samples.		3)	Criminal	Justice	will	be	enhanced	by	faster	investigation	resolution,	and	the	testing	of	a	
greater	number	of	potentially	incriminating	samples.	
	
Problems	Encountered	and	Imminent	Solutions	

There	were	three	unexpected	issues	encountered	that	surprised	us,	and,	in	retrospect,	both	
issues	fall	neatly	into	a	category	that	could	be	entitled	“why	forensic	samples	are	the	most	challenging	
analytical	chemists	might	encounter”.			These	were:		

1) Problems	with	the	frequency	sweep	approach	to	defining	the	optimal	trapping	frequency.	
2) Unanticipated	bandwidth	of	sample	cell	numbers	
3) The	chemistry	we	developed	 for	 ‘pre-SONIC’	processing	presents	 inhibition	with	 some	

kits.	
	

The	Frequency	Sweep	Problem	-	we	(apparently,	naively)	assumed	that	the	number	of	cells	involved	
(both	male	and	female	combined)	would	be	adequately	diluted	in	the	pre-SONIC	processing	in	the	
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vast	majority	of	the	cases.		This	turns	out	to	NOT	be	the	case.		There	is	substantial	variation	in	the	
total	 number	of	 cells	 obtained	 from	casework	 samples	 –	 ranging	 from	 tens	of	 cells	 up	 to	 several	
hundreds	of	thousands.			The	impact	of	this	is	that	our	initial	frequency	sweep	with	fluorescent	beads	
identified	a	trapping	frequency	that	was	non-optimal	for	a	high	cell	count	sample,	and	resulted	in	
poor	 sperm	 cell	 trapping.	 	 As	 described	 above	 (section	 x),	 we	 believe	 that	 cell	 lysis	 results	 in	 a	
substantially	 increased	solution	viscosity.	 	This	problem	can	be	solved	with	some	engineering	and	
redesign	of	the	chip.			

This	can	be	corrected	by	approaches	described	by	Nilsson	et	al.	 (Lab	on	a	Chip,	2014)	(for	
another	application)	where	they	constantly	tune	the	optimal	frequency	in	response	to	changes	in	the	
sample.		By	measuring	‘electrical	impedance’	of	the	solution	in	real-time	during	trapping,	and	feeding	
that	information	back	to	the	frequency	generator,	we	will	be	able	to	change	the	optimal	frequency	
as	the	characteristics	of	the	surrounding	medium	changes,	and	on	the	millisecond	timescale.		This	is	
tantamount	to	cruise	control	on	a	car,	where	the	throttle	changes	as	needed	to	maintain	a	steady	
speed.	 	 This	will	 allow	 for	 the	 frequency	 to	be	 changed	100’s	of	 times	per	 second	 to	account	 for	
changes	in	viscosity.		This	approach	has	not	been	demonstrated	for	sperm	cell	trapping	but	should	
be	feasible.	With	some	re-engineering	of	the	hardware,	some	redesign	of	the	chip	and	some	research	
effort,	we	are	confident	that	this	could	be	implemented	in	future	iterations	of	the	SONIC	technology.	
	
The	Sample	Bandwidth	Problem	–	In	order	to	have	an	idea	of	what	to	expect	with	forensic	sexual	
assault	 samples,	we	created	a	questionnaire	 that	was	 sent	 to	 the	directors	of	a	 select	number	of	
laboratories.			This	is	found	in	Appendix	6.		Even	given	the	responses	from	a	number	of	labs,	what	
never	anticipated	that	the	male-female	cell	number	ration	would	range	over	five	orders	of	magnitude	
–	M/F	ratio	from	100:1	to	1:1000.		This	is	directly	linked	to	the	first	issue	(above)	and,	therefore,	this	
will	be	corrected	by	the	impedance-driven	frequency	tuning	changes	described	above.		
	
The	Inhibition	Problem	-	The	final	problem	we	encountered	was	a	reagent	independence	issue.		Since	
each	 forensic	 lab	 defines	 their	 own	 differential	 extraction	 protocol,	 there	 is	 no	 uniform	 set	 of	
reagents	used	nationwide.		As	a	result,	we	used	a	chemistry	optimized	in-house	that	did	not	translate	
well	to	the	PBSO	or	Mesa	PD	labs,	as	both	experienced	PCR	inhibition	with	the	extracted	sperm	cells.		
This	can	be	corrected	in	the	short-term,	by	reducing	the	sarkosyl	concentration	in	the	initial	cell	lysis	
–	this	appears	to	have	resolved	this	issue.		This	can	be	corrected	with	a	longer-term	approach,	but	
this	 requires	 additional	 research	 time	 and	 effort;	 given	 that,	 we	 would	 have	 a	 chemistry	 that	
ultimately	allows	for	optimal	cell	lysis,	extraction,	and	PCR	steps	with	any	samples,	and	compatible	
with	the	full	23-loci	kits	available	to	forensic	labs.	
	

SUMMARY	
We	believe	that	remarkable	progress	was	made	towards	addressing	the	difficult	and	time-consuming	
process	 of	 differential	 extraction.	 	 The	 acoustic	 trapping	 technology	 inherent	 with	 the	 SONIC	
instrumentation	has	the	potential	to	change	sexual	assault	investigation	for	the	analysts,	labs,	and	
victims.		The	only	issue	that	remains,	and	deserves	discussion	with	the	NIJ,	is	whether	the	progress	
made	to-date	warrants	follow-on	funding	support	the	remaining	research	and	development	needed	
to	push	this	project	through	its	current	“early	prototype”	phase,	to	a	more	ruggedized	instrument	
and	chemistry	that,	with	positive	evaluation,	could	be	commercialized.	
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FIGURES	–	EXTERNAL	EVALUATION	
	
Figure	6-1	-	Male	STR	profile	from	ideal	sexual	assault	samples	

The	 following	STR	profiles	were	obtained	 from	a	 sheet	 cutting	 that	had	a	high	amount	of	
visible	 sperm	 under	 microscopy.	 	 This	 resulted	 in	 successful	 trapping	 of	 sperm	 cells	 by	 acoustic	
capture,	and	after	DNA	extraction	there	was	enough	male	DNA	present	to	generate	an	STR	profile	
that	 is	entirely	male,	and	matches	 the	profile	obtained	by	PBSO	through	conventional	differential	
extraction.	
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Figure	6-2	-	Sperm	and	non-sperm	profiles	from	challenging	STR	samples	
a. The	 first	 profile	 shown	 is	 the	 non-sperm	 fraction	 from	 a	 rectal	 swab.	 	 The	 profile	 is	

incomplete,	 with	 several	 absent	 loci.	 	 The	 peaks	 that	 are	 present	 are	 predominantly	
female.		
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b. The	profiles	below	are	from	the	sperm	fraction	of	the	same	rectal	swab	sample.	 	Some	
trapping	 was	 observed	 during	 SONIC	 acoustic	 capture,	 but	 notn	 enough	 sperm	 were	
retained	to	generate	a	full	profile.		The	resulting	STR	profile	is	mixed,	with	some	male	and	
female	peaks	present.	
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Figure	6-3	-	qPCR	table	from	PBSO	

This	table	was	assembled	from	qPCR	data	over	dozens	of	runs	with	real	samples	conducted	
at	PBSO.		One	major	conclusion	drawn	from	this	data	is	that	part	of	the	SONIC	chemistry	is	inhibiting	
PCR.		The	IPC	threshold	flags	as	inhibited	only	when	SONIC	chemistry	is	used,	as	opposed	to	the	PBSO	
chemistry	in	conjunction	with	SONIC	separation.	

	
	
	
	
	
	
	
	
	
	

Sample 
Name [Auto] [Deg] [Y] Auto Cq IPC Cq Y Cq Deg Cq Closest 

IPC
IPC 

Shift

IPC 
Threshol

d
[Auto]/[Y] [Auto]/[Y] 

Threshold [Auto]/[D] [Auto]/[D] 
Threshold

412_1Ans_1 33.6927 4.7227 0.2371 22.085 21.815 28.686 24.547 30.218 ‐8.403 Below 142.104 At or Above 7.134 At or Above
412_1Asp_2 2.0900 0.2762 0.0970 26.0031 24.6604 29.9655 28.7849 22.3204 2.3400 At or Above 21.5548 At or Above 7.5673 At or Above
758_2‐2ns_3 13.5169 4.1697 9.3002 23.3720 21.7955 23.4366 24.7332 22.3204 ‐0.5249 Below 1.4534 Below 3.2417 At or Above
758_2‐2sp_4 39.8539 7.1146 58.5886 21.8479 Undetermined 20.8034 23.9356 30.2181 At or Above 0.6802 Below 5.6017 At or Above
844_1‐9ns_5 0.7989 0.1329 0.2615 27.3585 21.2905 28.5460 29.8772 22.9501 ‐1.6596 Below 3.0550 At or Above 6.0136 At or Above
844_1‐9sp_6 0.1243 0.0259 0.1209 29.9807 Undetermined 29.6497 32.3170 22.9501 At or Above 1.0281 Below 4.7976 At or Above
412_1Cns_1 0.1281 0.0032 0.0143 28.923 20.821 31.477 34.059 20.306 0.516 At or Above 8.978 At or Above 40.069 At or Above
412_1Csp_2 0.0124 0.0008 0.0032 32.2766 20.9426 33.5168 36.0865 20.4707 0.4719 At or Above 3.8127 At or Above 15.9542 At or Above
844_2C‐2ns_3 0.0263 0.0004 0.0012 31.1935 20.5589 34.8580 36.9628 20.4707 0.0882 Below 21.4504 At or Above 62.5470 At or Above
844_2C‐2sp_4 0.0008 0.0001 36.2685 20.6994 38.7282 Undetermined 20.4707 0.2287 Below 10.3666 At or Above Undetermined At or Above
412_1Cns_1 0.0258 0.0015 0.0016 31.157 20.467 34.303 35.044 20.469 ‐0.002 Below 16.169 At or Above 17.521 At or Above
412_1Csp_2 0.0085 0.0018 0.0052 32.7156 20.5852 32.7197 34.7909 20.4693 0.1160 Below 1.6424 Below 4.8121 At or Above
844_2C‐2ns_3 0.0075 0.0007 0.0008 32.8872 20.3554 35.3178 36.0348 20.4693 ‐0.1139 Below 9.9633 At or Above 10.2535 At or Above
844_2C‐2sp_4 0.0001 0.0001 38.8389 20.3579 38.4340 Undetermined 20.4693 ‐0.1114 Below 1.4265 Below Undetermined At or Above

RCNS_5 Undetermined 20.3013 Undetermined Undetermined 20.4693 ‐0.1680 Below
RCSP_6 Undetermined 20.3791 Undetermined Undetermined 20.4693 ‐0.0902 Below

469_3‐3ns_1 0.1777 0.0297 0.0369 29.049 20.830 30.760 31.504 20.708 0.123 Below 4.811 At or Above 5.988 At or Above
469_3‐3sp_2 0.0081 0.0017 0.0020 33.4677 20.5968 34.8926 35.6181 20.8600 ‐0.2632 Below 4.0371 At or Above 4.6574 At or Above
289_3‐1ns_3 1.0290 0.2929 0.1325 26.5354 20.8253 28.9471 28.1822 20.7078 0.1175 Below 7.7650 At or Above 3.5126 At or Above
289_3‐1sp_4 0.0651 0.0205 0.0092 30.4855 20.5765 32.7257 32.0401 20.7078 ‐0.1312 Below 7.0450 At or Above 3.1765 At or Above
412_1Ans_5 14.0636 2.0708 0.0235 22.7926 20.5561 31.4034 25.3448 20.7370 ‐0.1809 Below 599.1305 At or Above 6.7913 At or Above
412_1Asp_6 0.7458 0.1348 0.0019 26.9960 20.5922 34.9489 29.3081 20.7078 ‐0.1155 Below 386.3917 At or Above 5.5325 At or Above
376_14‐1ns_7 0.0334 0.0028 0.0001 31.4421 20.8738 38.5895 34.9250 20.8600 0.0138 Below 224.9058 At or Above 11.8926 At or Above
376_14‐1sp_8 0.0023 0.0003 35.2703 21.0098 Undetermined 38.2109 20.8600 0.1497 Below Undetermined 7.8943 At or Above
980_6Cns_9 0.4836 0.0879 0.0006 27.616 20.558 36.566 29.928 20.708 ‐0.150 Below 782.654 At or Above 5.499 At or Above
980_6Csp_10 0.0729 0.0172 0.0006 30.3235 20.7412 36.5335 32.2964 20.7078 0.0335 Below 115.4203 At or Above 4.2447 At or Above
RCNS_11 Undetermined 20.4122 Undetermined Undetermined 20.8600 ‐0.4478 Below
RCSP_12 Undetermined 20.4767 Undetermined Undetermined 20.8600 ‐0.3833 Below

957_5‐13ns_1 0.3790 0.0515 0.1852 27.771 20.999 28.386 30.456 20.816 0.182 Below 2.046 At or Above 7.365 At or Above
957_5‐13sp_2 0.0334 0.0034 0.0165 31.1689 21.1259 31.7896 34.3250 20.7112 0.4147 At or Above 2.0227 At or Above 9.8539 At or Above
844_1‐5ns_3 0.0531 0.0153 0.0179 30.5201 20.4359 31.6781 32.1808 20.8161 ‐0.3802 Below 2.9712 At or Above 3.4705 At or Above
844_1‐5sp_4 0.0014 0.0003 35.6273 20.9902 37.5497 Undetermined 20.7112 0.2790 Below 4.9959 At or Above Undetermined At or Above
980_6Ans_5 2.3423 0.4581 0.0259 25.2222 20.9354 31.1564 27.3455 20.5714 0.3640 At or Above 90.4568 At or Above 5.1132 At or Above
980_6Asp_6 0.1258 0.0098 0.0014 29.3132 21.6350 35.2956 32.8102 20.8161 0.8189 At or Above 91.8752 At or Above 12.7976 At or Above
976_1Gns_7 25.3224 1.6384 0.3636 21.8913 21.0277 27.4361 25.5325 20.5714 0.4562 At or Above 69.6473 At or Above 15.4556 At or Above
976_1Gsp_8 1.7174 0.0551 0.0275 25.6564 22.0097 31.0700 30.3589 20.5714 1.4383 At or Above 62.3771 At or Above 31.1777 At or Above
839_2B‐6ns_9 4.1264 0.0885 0.1678 24.430 20.960 28.525 29.684 20.571 0.389 At or Above 24.587 At or Above 46.624 At or Above
839_2B‐6sp_10 0.2131 0.0103 0.0197 28.5760 21.0218 31.5444 32.7385 20.8161 0.2057 Below 10.8427 At or Above 20.6097 At or Above
039_1Gns_11 0.0208 0.0003 0.0022 31.8350 20.5095 34.6454 37.9384 20.7112 ‐0.2018 Below 9.5491 At or Above 77.6139 At or Above
039_1Gsp_12 0.0009 0.0005 36.2966 21.0298 36.7316 Undetermined 20.7112 0.3186 At or Above 1.7321 Below Undetermined At or Above

01‐30‐17 
SONIC
Training

01‐31‐17 
SONIC
Training

02‐06‐17
Non SONIC ‐ used 
conventional 
methods to 

compare samples 
to SONIC (age)

04‐17‐17
Used PBSO 
reagents  in 

combination with
SONIC instrument; 

post‐SONIC 
purification with 

EZ1 

04‐19‐17
All SONIC

IPC shift = At or Above 
0.3, Possible inhibitor 

present

Auto/Degradation = At or 
Above 2.0, Possible degraded 

sample

At or Above 2 indicates 
possible Male/Female 

mixture; Auto/Y ratio is ≥ 
200 = PBSO direct to Y‐STR 

Palm Beach County Sheriff's Office ‐ Promega PowerQuant® System
Combined Results Table for SONIC Project

PBSO = Minimum of 15 pg of DNA (total amount 
amplified) to proceed to auto STR amp and 17 pg 
of DNA (total amount amplified) to proceed to Y‐

STR amp. Blank spaces = negative.
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Figure	6-4			STR	profiles	from	Mesa	
a. Non-sperm	fraction,	mock	sample	P1.		Below	is	the	STR	profile	from	the	non-sperm	fraction	

of	a	mock	sample	separated	via	SONIC.		The	result	is	mixed	profile,	with	multiple	peaks	from	
both	male	and	female	cell	donors	visible.	

	
	 	
	

	
	

b. 	Sperm	 fraction,	mock	 sample	 P1.	 	 The	 STR	 profile	 below	 has	 no	 peaks	 visible	 at	 any	 locus.		
Normally	 this	 would	 indicate	 trapping	 failure,	 however	 the	 analyst	 at	 Mesa	 noted	 that	 this	
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sample	was	mistakenly	not	extracted	after	sperm	trapping.		This	means	trapping	could	have	been	
successful,	but	the	DNA	was	not	liberated.	
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Figure	6-5			Table	of	Mesa	PD	results	
Of	the	mock	samples	prepared	by	Mesa	PD,	only	two	(M1	and	P4)	resulted	in	any	profile	obtained.		

This	indicates	possible	inhibition	of	PCR	as	seen	by	the	failed	quality	sensors,	which	corroborates	the	qPCR	
data	from	PBSO.	
	
Sample	name	 Semen	dilution	 Microscopy	results	 STR	results	
M1	 1:10	 4+	(multiple	sperm)	 Mixed	profile	
M2	 1:100	 2+	(more	than	10	sperm)	 No	profile,	quality	sensor	okay	
M3	 1:1,000	 2+	 No	profile,	quality	sensor	fail	
M4	 1:10,000	 0	(no	sperm)	 No	profile,	quality	sensor	fail	
P1	 1:10	 NA	 No	profile,	quality	sensor	fail	
P2	 1:100	 NA	 No	profile,	quality	sensor	fail	
P3	 1:1,000	 NA	 No	profile,	quality	sensor	fail	
P4	 1:10,000	 NA	 Partial	female	profile	

	
	
	
	
	
Figure	6-6	-		Images	of	trapped	aggregate	from	August	2017	samples	

	

	
Pre-trapping:	fluidic	channel	is	empty,	no	aggregate	visible.	

Empty	trap	zone

PZT	under	
chip	(grey)
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Sample	trapping	stage:	large	aggregate	of	cells	and	debris	present.	
	
	

	
Sample	washing	stage:	debris	washed	away,	leaving	smaller	cell	aggreagtes	trapped.	
	
	
	
	
	
	
	
	
	
	

PZT	under	
chip	(grey)

Trapped	sperm	cells/debris

Trapped	sperm	cells/debris

PZT	under	
chip	(grey)
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Figure	6-7	–	5	hour	time	delayed	sample.			

STR	profile	is	mixed	male/female,	with	dominant	female	contributing	peaks.		This	indicates	that	
sperm	cells	were	captured,	but	not	effectively	purified.		
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Figure	6-8	-	GF	dilution	sperm	fraction	

Complete	male	profile	with	strong	peak	heights	(>1000	RFU)	and	good	resolution	indicates	that	
fabric	substrate	did	not	negative	impact	SONIC	trapping	of	sperm	cells.	
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APPENDIX	2	-	SUPPLEMENTARY	FIGURES	

Figure	S1:		Pre-SONIC	and	post-SONIC	profiles	of	a	4:1	sample,	female	donor	003.		The	sperm	
frac=on	shows	an	incomplete	male	profile,	with	loss	of	peaks	at	heavier	loci.	

� 	



Figure	S2:		Pre-SONIC	and	post-SONIC	profiles	of	a	9:1	sample,	female	donor	004.		The	sperm	
frac=on	shows	a	par=al	male	profile,	lacking	the	D21	locus.	
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Figure	S3:		Pre-SONIC	and	post-SONIC	profiles	of	a	3:1	sample,	female	donor	006.		The	mixed	
profile	is	en=rely	female,	and	from	the	sperm	frac=on	is	obtained	a	complete	male	profile	with	
strong	peak	heights.	
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Figure	S4:		Pre-SONIC	and	post-SONIC	profiles	of	a	4:1	sample,	female	donor	007.		A	complete	
male	profile	is	obtained	from	the	sperm	frac=on.	
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Figure	S5:		Pre-SONIC	and	post-SONIC	profiles	of	a	5:1	sample,	female	donor	010.		The	sperm	
frac=on	profile	has	low	peak	heights,	but	is	a	full	male	profile.	
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Figure	S6:		Pre-SONIC	and	post-SONIC	profiles	of	a	3.5:1	sample,	female	donor	013.		The	sperm	
frac=on	has	a	complete	male	profile	with	strong	peak	heights.	
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Figure	S7:		Pre-SONIC	and	post-SONIC	profiles	of	a	2:1	sample,	female	donor	015.		The	profile	
from	the	sperm	frac=on	has	low	peak	heights	and	a	slight	ski	slope	effect	at	heavier	loci.	
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Figure	S8:		STR	profiles	from	1,000	sperm	cell	extracKon.		The	profile	from	the	newer	sperm	
sample	(lower)	shows	over	10X	peak	heights	compared	to	the	old	sample	(upper).	
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Figure	S9:		AmplificaKon	of	the	same	20:1	sample	with	6-plex	and	5-plex	PCR.		With	the	
removal	of	the	D18	primer,	significant	improvement	in	peak	heights	at	all	loci	is	observed.	
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Figure	S10:		Recovery	of	failed	trapping	sample,	30:1	female:male	raKo.	

	

Pre-SONIC	profile:	only	female	peaks	are	present.	

Sperm	frac=on	profile:	during	ini=al	trapping,	and	aggregate	failed	to	form	in	the	trap	site.		No	
sperm	pellet	was	captured.	

Re-trapped	non-sperm	frac=on:		AZer	ini=al	failed	trapping,	the	non-sperm	frac=on	was	re-
trapped	on	a	new	chip.		A	sperm	pellet	was	captured,	and	the	resul=ng	profile	is	fully	male.	



 

Neat semen sample from male donor 

Male fraction from SONIC run 



Figure	S11:		STR	profile	for	the	sample	from	the	male	donor	for	SONIC	data	given	in	Figure	
4-31.	This	is	the	male	posiKve	control.



APPENDIX	3	-	SONIC	DE	Standard	Opera5ng	Procedure

A.	Connec)ng	SONIC	Instrument	and	Computer	
1.		Connect	USBs	to	computer	
2.		Connect	Ethernet	to	computer	to	connect	Rasberry	Pi	camera	
3.		Power	on	SONIC	instrument.		You	will	see	lights	come	on	in	the	front	of	the	instrument.	
4.		Wait	1	minute	before	powering	on	computer	
5.	Proceed	to	Part	B	

B.	Prepare	SONIC	Instrument	
1. Open	LabView	applica5on	

• Select	desktop	folder	‘UVA	Acous5cs’	à	‘Builds’	à	‘SONIC’	folderàSelect	
Applica5on	file	

• When	applica5on	opens,	you	will	be	looking	at	the	‘Splash	page’	on	the	soUware	
2. Change	configura5on	file	

• Select	‘Plots	and	Configura5on’	tab	
• Find	current	configura5on	file:			
o Select	file	folder	next	to	‘Configura5on	file’	
o Computer	à	C	drive	à	temp	à	most	recent	config	file	(9-a)	

3. Click	on	COM	port	and	choose	available	port	
4. Select	“Run”	at	the	top	leU	of	the	screen	(white	arrow)	
5. Wipe	O-rings	briefly	with	a	small	amount	of	ethanol	on	a	Kim	wipe		
6. Step	1:	System	Ini5aliza5on	

• Select	“Ini5alize”	budon	in	Step	1.		This	will	draw	all	syringes	to	the	
predetermined	op5mal	volumes.	

• 	A	green	light	followed	by	a	pop	of	menu	will	let	you	know	when	ini5aliza5on	has	
completed	

7. Proceed	to	Part	C	

C.	Sample	and	Device	Prepara)on	
1. Prepare	sample	mixture	

• Vortex	pre-lysed	sample	and	sample	master	mix	(assis5ng	beads)	
• In	a	new	polypropylene	tube,	add	60	µL	pre-lysed	sample	to	10	µL	of	sample	

master	mix		
2. Load	sample	wells	1-3	(Refer	to	Figure	1).		It	is	cri5cal	to	load	reagents	without	any	

bubbles.		Vortex	all	reagents	before	adding	to	the	device	
• R1:	Add	10	µL	of	priming	solu5on	directly	into	inlet	within	R1.		You	should	see	

the	solu5on	wicking	into	the	device	channel.		Vortex	tes5ng	bead	solu5on	and	
then	add	110	µL	to	R1	

• R2:	Vortex	sample	mixture,	then	add	65	µL	to	the	inlet.		Be	sure	to	pop	any	
bubbles	that	you	may	introduce	

 



• R3:	Add	43	µL	deionized	H2O	

3. Insert	chip	into	SONIC	instrument	
• Seat	chip	against	manifold	lip,	ensure	piezo	is	aligned	over	pogo	pins	
• Be	sure	that	there	are	no	gaps	between	the	device	and	the	manifold	lip	
• IMPORTANT:	soUware	ini5aliza5on	must	be	complete	before	step	3	

4. Secure	manifold	
• Lower	tubing	plate	onto	chip	
• Place	trapping		plate	over	trapping	site	
• Hold	down	large	manifold	plate	and	close	both	hinges	un5l	they	lock	into	place	

5. Close	SONIC	box	top	
6. Proceed	to	Part	D		

D.	Ini)a)ng	Sample	Trapping	
1. Press	“Start	Run”	in	Step	2	on	LabVIEW	applica5on	
2. Enter	op5mal	trapping	frequency	that	is	labeled	on	the	device	
3. Click	“Con5nue”.		A	live	feed	will	start	of	the	trapping	chamber.		Confirm	that	trapping	

occurs	with	the	presence	of	aggregated	par5cles.	
4. A	window	will	pop	up	asking	to	choose	a	snapshot	with	single	largest	aggrega5on	of	

beads.		AUer	the	selec5on	is	made	-	click	“Con5nue”	
5. A	live	camera	feed	will	pop	up	and	sample	trapping	will	begin	
6. Wait	~4	minutes	for	trapping	sequence	to	finish.		Green	lights	will	come	on	when	

sequen5al	steps	finish.		When	finished,	the	soUware	will	automa5cally	stop	running		
7. Select	“con5nue”	when	the	run	has	completed	

 

 



E.	Retrieving	Sample	
1. Open	SONIC	instrument	lid	
2. Release	manifold	hinges	on	manifold	with	slight	finger	pressure	to	prevent	abrupt	

opening	of	the	manifold	
3. Remove	trapping	plate			
4. Carefully	remove	tubing	plate	without	disrup5ng	the	microdevice	
5. Examine	the	device	to	make	sure	that	liquid	is	in	reservoirs	4-6	(Figure	2)	
6. Take	device	out	of	SONIC	instrument	and	extract	frac5ons	out	of	device	in	the	following	

order	using	a	pipede	set	to	100	µL:	R4	à	R5à 
7. 	R6	

• It	is	important	to	place	pipede	in	the	corner,	away	from	the	channel	inlet	to	
prevent	siphoning	liquid	

• Place	each	frac5on	in	a	separate	polypropylene	tube.		The	user	should	expect	30	
µL	from	R4,	60	µL	from	R5,	and	90	µL	from	R6	

8. Proceed	to	Part	B	step	6	to	rerun	another	sample	
9. When	finished	with	sample	running	,	proceed	to	Part	F	

F.	Instrument	Shutdown	
1. At	the	end	of	the	day	

• Select	“Instrument	safe	shutdown”	at	the	bodom	leU	of	the	screen	
• If	soUware	does	not	respond,	click	small	“stop	sign”	symbol	at	the	top	leU	of	the	

screen	
2. Close	LabView	soUware	
3. Shut	down	laptop		
4. Wait	15	seconds	and	then	power	off	SONIC	box	

G.	Troubleshoo)ng	
1. Ini5aliza5on	does	not	complete	

a. Requires	shuong	down	computer	and	instrument	and	reboo5ng	soUware	
2. Snapshots	are	white	screens	

a. Requires	shuong	down	computer	while	instrument	is	on	and	reboo5ng	of	
soUware	

3. No	trapping	observed	in	test	bead	trapping	
a. Check	to	see	if	chip	is	in	correct	loca5on	
b. To	rerun	–	simply	pipede	bead	solu5on	back	into	R1	and	try	again	aUer	re-

ini5alizing	
4. Video	feed	fails	

a. Shut	down	computer	and	reboot	soUware	
5. Videos	and	snapshot	were	not	saved	during	run	

a. Computer	needs	to	be	shutdown	while	instrument	is	on	and	then	soUware	
rebooted	

 



ADDENDUM:	

Solu)ons	
• Priming	solu5on:	EtOH/Glycerol/dIH20	(5:1:1)	
• Test	bead	solu5on:	500-fold	dilu5on	of	bead	stock	in	dIH20	

o Bead	stock:	Fluoresbrite	YG	6	µm	fluorescent	par5cles	
• Sample	master	mix:	650	µL	of	6	µm	black	beads	(1/75	black	bead	stock)	+	350	µL	of	2	%	

Tween	20		

Chip	Cleaning	
	 1.		Siphon	remaining	fluid	out	of	wells	using	a	Kim	Wipe	
	 2.		Rinse	wells	with	DI	H2O 
	 3.		Rinse	wells	with	methanol	
	 	 a.	Dry	the	chip	using	compressed	air	

Advanced	SeMngs	
• If	problems	trapping,	go	into	advanced	op5ons	in	“configura5on	tab”	
• Place	code	“2972”	into	Advanced	user	box	
• Select	“Run”	(large	arrow	in	top	leU	corner)	
• Save	a	new	file	
• Change	whatever	seongs	necessary	
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Cells	from	Female	DNA.		SubmiRed		Analy&ca	Chimica	Acta	

2. 	Charles	P.	Clark,	Kerui	Xu,	Kim	Jackson,	Anchi	Tsuei,	Jeff	Hickey	and	James	P.	Landers.		
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differenLal	extracLon.			In	prep		FSI:	Gene&cs	
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fabricaLon	for	acousLc	capture	of	sperm	cells.		In	prep		J	Forensic	Science	

4. 	 Orion	 ScoR,	 Kerui	 Xu,	 Charles	 P.	 Clark	 and	 James	 P.	 Landers.	 	 Prototyping	 an	
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B.	PRESENTATIONS	
1. Charles	 Clark,	 Kerui	 Xu,	 Orion	 ScoR,	 Kimberly	 Jackson,	 Anchi	 Tsuei,	 and	 James	 P.	
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APPENDIX	5	–	Information	Request	Sent	to	State	Forensic	Labs 

The	information	we	received	back	was	very	non-specific,	and	each	analyst	we	question	
responded	with	some	form	of	“it	really	just	depends	on	the	sample.”		We	were	unable	to	gain	
any	clear	understanding	of	the	“typical”	sample,	but	we	were	led	to	believe	that	samples	with	
higher	than	50:1	ratios	of	female:male	cells	would	be	quite	rare.		The	questionnaire	below	was	
sent	to	the	following	labs:	CTR	U.S.	Army,	Texas	DPS	Crime	Laboratory,	Virginia	Department	of	
Forensic	Sciences,	and	OCME	New	York.	
	
	
1.		How	many	sperm	cells	are	usually	present	on	an	evidence	swab?	
	
	
2.		Do	you	have	any	data	on	the	quant	pre-differential	extraction?	
	
	
3.		What	is	the	range	of	male	DNA	and	female	DNA	you	see	in	epithelial	and	sperm	cell	
fractions?	
	
	
4.		What	is	the	approximate	final	volume	of	these	two	fractions	in	your	protocol?	
	
	
5.		Do	you	know	what	the	typical	(or	average)	amount	of	sperm	and	non-sperm	DNA	is	found	
from	sexual	assault	swabs?	
	
	
Sample	response:	
1.	There's	no	amount	of	sperm	that	is	usually	found	on	an	evidence	swab.	It	is	highly	case	dependent.	It	
can	range	from	very	few	(where	we	might	only	find	1	sperm	when	taking	a	sample	for	microscopic	
exams)	to	quite	a	lot	(eventually	extracting	well	over	1	ng	of	DNA).	

2.	We	do	not	do	a	DNA	quantification	pre-differential	as	that	would	be	pre-extraction.	We	do	
microscopic	exams,	but	that	is	only	representative	of	the	small	cutting	used	to	make	the	slide	and	is	not	
an	absolute	count	of	the	sperm	present	from	that	cutting.	

3.	I	don't	have	any	data	on	the	range,	so	this	is	just	an	estimate.	For	epithelial	fraction	we	could	get	tens	
to	hundreds	of	nanograms	of	female	DNA,	male	much	less.	For	the	sperm	fraction	I	would	expect	less	
than	50	ng	of	male	DNA.	

4.	We	extract	using	EZ1's,	so	we	always	elute	50	ul.	We	have	the	option	to	vacufuge	concentrate	at	
which	point	it	would	be	~12	ul.	

5.	I	couldn't	begin	to	be	able	to	tell	you	an	"average"	amount	of	male/female	on	an	evidence	swab	(see	
#1).	Whatever	the	"average"	is,	the	standard	deviation	would	be	really	large.	
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