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ABSTRACT:	Virus-like	particles	 (VLPs)	are	multifunctional	nanocarriers	 that	mimic	 the	architecture	of	viruses.	They	can	
serve	as	a	safe	platform	for	specific	functionalization	and	immunization,	which	provides	benefits	in	a	wide	range	of	biomedical	
applications.	In	this	work,	a	new	generation	immunophotothermal	agent	is	developed	that	adjuvants	photothermal	ablation	
using	a	chemically	modified	VLP	called	bacteriophage	Qβ.	The	design	is	based	on	the	conjugation	of	near-infrared	absorbing	
croconium	dyes	to	lysine	residues	located	on	the	surface	of	Qβ,	which	turns	it	to	a	powerful	NIR-absorber	called	Photothermal	
Phage.	This	system	can	generate	more	heat	upon	808	nm	NIR	laser	radiation	than	free	dye	and	possesses	a	photothermal	
efficiency	comparable	to	gold	nanostructures,	yet	it	is	biodegradable	and	acts	as	an	immunoadjuvant	combined	with	the	heat	
it	produces.	The	synergistic	combination	of	thermal	ablation	with	the	mild	immunogenicity	of	the	VLP	leads	to	effective	sup-
pression	of	primary	tumors,	reduced	lung	metastasis,	and	increased	survival	time.		

INTRODUCTION	
Photothermal	 therapy	 (PTT)	 has	 emerged	 as	 a	 localized,	
noninvasive,	and	highly	specific	cancer	treatment	strategy	
that	takes	advantage	of	the	heat	sensitivity	of	cells	to	induce	
cellular	 death	 in	 tumors.1-3	 The	 cellular	 death	 and	 injury	
promote	the	formation	of	damage	associated	molecular	pat-
terns	(DAMPs)	that	aid	in	generating	a	systemic	immune	re-
sponse	against	tumor	sites.4-6	Typically,	to	achieve	an	effi-
cient	 thermal	 ablation	 in	 the	 tumor	 microenvironment	
(TME),	heating	over	50	°C	is	required.7	The	induced	inflam-
mation	kills	cancer	cells	by	impairing	protein	and	DNA	func-
tion	 in	 addition	 to	 turning	 “cold”	 immune-dysfunctional	
TMEs	into	“hot”	immunological	environments	by	stimulat-
ing	the	production	and	release	of	DAMPs	that	prime	the	for-
mation	of	activated	dendritic	cells	and	promote	the	produc-
tion	of	cancer	killing	CD8+	T-cells.8-9An	important	factor	to	
induce	 an	effective	 immunological	 response	 in	PTT	 treat-
ment	 is	 using	 efficient	 photoabsorbers,	 particularly	 those	
that	 absorb	 light	 in	 the	 near-infrared	 (NIR)	 region	 (700–
1100	nm),	where	biological	molecules	like	hemoglobin	and	
melanin	are	the	most	transparent.10	Organic-based	photo-
absorbing	molecules	 and	 inorganic	nanomaterials	 are	 the	
most	commonly	employed	preclinical	photothermal	agents	
(PTAs)	that	absorb	light	in	the	NIR	region	and	facilitate	effi-
cient	heat	production.11-12The	NIR	region	allows	for	deeper	
light	penetration	through	skin	and	several	photothermally	
active	NIR	organic	molecules,	such	as	heptamethine13-14	and	
phthalocyanine15-16represent	 an	ongoing	area	of	 research.	
Problematically,	many	of	these	dyes,	including	the	clinically	
approved	indocyanine	green	(ICG),	degrade	rapidly	from	a	
self-inflicted	generation	of	 reactive	oxygen	 species	 (ROS),	
which	 necessitates	 repeated	 dosing	 for	 effective	 PTT	

treatment.17-18	 One	 approach	 to	 overcome	 these	 issues	 is	
with	the	use	of	inorganic	PTA-like	nanostructures,19	carbon	
nanomaterials20	and	iron	oxide	nanoparticles,21	which	have	
shown	 strong	 absorption	 cross-sections	 and	 high	 photo-
thermal	 stability;	 however,	 metal-nanoparticles,	 particu-
larly	those	made	from	gold,	are	generally	not	biodegradable	
and	remain	inside	the	body	for	long	periods	.22	Finding	a	bal-
ance	between	high	photothermal	stability	and	pharmacoki-
netics	is	a	key	challenge	in	selecting	suitable	photothermal	
materials	to	simultaneously	improve	the	therapeutic	effect	
of	PTT	and	fulfill	its	clinical	efficiency.	Recently,	croconium	
dyes	have	shown	promise	as	they	possess	high	NIR	extinc-
tion	coefficients,	low	fluorescence	quantum	yields,	and	high	
photostability	making	them	promising	candidates	for	pho-
tothermal	therapy.23-24	Indeed,	recent	work	has	shown	they	
have	photothermal	efficiencies	comparable	or	even	surpas-
sing	those	of	gold	nanostructures	and	ICG.25However,	their	
in	vivo	performance	is	restricted	by	poor	aqueous	solubility,	
self-aggregation,	short	circulation	half	time,	quick	diffusion	
from	tumor	tissue,	and	rapid	clearance	from	the	body.26-27	
We	wondered	 if	by	combining	the	superior	photophysical	
properties	of	 the	croconium	system	with	a	biodegradable	
nanoparticle	 platform,	we	 could	 circumvent	 this	 problem	
and	produce	a	next-generation	PTT	agent	that	 induces	ef-
fective	 thermal	 ablation	while	 also	 adjuvanting	PTT's	 im-
mune-activating	properties.	

Virus-like	particles	(VLPs)	are	noninfectious	self-
assembled	 protein-based	 nanoparticles	 derived	 from	 the	
self-assembled	coat	proteins	of	viral	capsids	and	are	prom-
ising	candidates	for	next-generation	bioorganic-based	pho-
tothermal	 agents.	 VLPs	 are	biocompatible,	 biodegradable,	
thermally	 stable,	 monodisperse,	 and	 show	 polyvalent	



 

chemical	modifiability,	which	all	provide	unique	opportuni-
ties	 to	 design	 bespoke	 compositions	 with	 programmed	
function.28-35 Their	highly	organized	and	symmetric	nature	
and	nanometer	size	(20–200	nm)	allow	them	to	be	taken	up	
by	 toll-like	 receptors	 (TLRs)	 on	 antigen-presenting	 cells	
(APCs)	as	pathogen-associated	molecular	patterns	(PAMPs)	
and	drained	to	local	lymph	nodes	to	interact	with	immune	
cells.	These	properties	have	made	VLPs	attractive	in	a	broad	
range	of	systems	such	as,	drug	delivery,	photodynamic	ther-
apy,	 vaccination,	 gene	 therapy,	 and	 imaging.36-48	 VLPs	 ex-
pressed	in	bacteria	(i.e.,	E.	coli),	including	bacteriophage	Qβ,	
incorporate	nucleic	acids	(RNA)	during	the	assembly	pro-
cess	in	host	cells	(E.	coli)	that	can	alter	the	adaptive	immune	
response	through	the	engagement	of	the	packed	RNA	with	
different	 pattern	 recognition	 receptors	 (PRRs).	Neverthe-
less,	most	VLPs	are	inefficient	in	inducing	a	robust	cytotoxic	
T	 lymphocyte	 and	 T	 helper	 cell	 response	 by	 themselves.	
Thus,	we	wondered	if	the	mild	immunogenicity	of	Qβ	would	
synergistically	work	with	NIR	light-activated	hyperthermia	
to	 promote	 a	 more	 robust	 anti-cancer	 immune	 response	
that	 combines	all	 the	positive	 features	of	 gold	nanostruc-
tures	(efficient	thermal	conversion)	with	free	croc	dyes	(bi-
odegradability).	

In	 this	work,	we	 take	advantage	of	 the	 self-adju-
vanting	 and	 site-specific	 functionalizability	 of	 bacterio-
phage	Qβ	to	engineer	a	photothermal	and	the	mildly	immu-
nogenic	 phage	 (or	 VLP)	 we	 call	 PhotothemalPhage	
(PTPhage).	The	formulation	is	an	effective	photo-immuno-
therapy	 system	 in	 a	 triple-negative	 breast	 cancer	 tumor	
model	in	BALB/c	mice	with	lung	metastasis.	Specifically,	we	
show	that	VLP	Qβ	(Figure	1A),	a	30	nm	icosahedral	nano-
particle	that	can	be	expressed	in	high	yields,	possesses	ex-
ceptional	thermostability,	and	has	multiple	functional	han-
dles	for	bioconjugation,49-53	serves	as	a	powerful	photother-
mal	agent	following	functionalization	with	hundreds	of	cro-
conium	dyes.	Not	only	can	PTPhage	sustain	significant	bulk	
photothermal	heating	in	vitro	and	in	vivo	without	denatur-
ing,	but	the	nanoparticle	formulation	also	shows	a	signifi-
cant	enhancement	in	photothermal	performance	over	free	
dye	 and	 considerable	 improvements	 in	 solubility.	Moreo-
ver,	PTPhage	is	taken	into	cells	better	than	free	croconium	
dye	and	achieves	significantly	greater	heating	in	vivo	than	
equimolar	 concentrations	of	 free	dye.	Finally,	 in	proof-of-
principle	immunological	studies,	we	find	that	this	contribu-
tion	not	only	causes	higher	in	vitro	and	in	vivo	thermal	cyto-
toxicity	but	also	 improves	T-cell	and	dendritic	cell	activa-
tion	 over	 the	well-known	mildly	 immunomodulatory	 fea-
tures	of	VLP	Qβ.	54-57	
	
RESULT	AND	DISCUSSION	
PhotothermalPhage	Synthesis	and	Characterization	
As	shown	in	Figure	1A,	our	approach	for	the	covalent	mod-
ification	 of	 bacteriophage	 Qβ	 begins	 with	 synthesizing	 a	
symmetric	croconium	dye.	Qβ	VLP	is	composed	of	180	iden-
tical	capsid	proteins,	each	with	four	reactive	primary	amine	
groups	(three	lysines	and	N-terminus)	exposed	to	the	outer	
surface,	presenting	a	total	of	720	potential	sites	for	Croc	dye	
labeling.	 Bioconjugation	 was	 employed	 using	 N-hydroxy-
succinimidyl	 (NHS)	 ester	 activated	 Croc	 (Croc-NHS)	 as	 a	
site-specific	and	amine-reactive	reagent.	The	resulting	sym-
metric	dye	can	potentially	crosslink	two	VLPs,	which	pro-
duces	aggregates	that	precipitate	out	of	solution.	To	avoid	

this,	 the	 ratio	 and	 concentration	 of	 dye	 to	Qβ,	 incubation	
time,	and	purification	procedures	needed	optimization.	We	
found	that	1:4	mole	ratio	of	Qβ	to	dye	and	12	h	incubation	
time	produced	the	best	colloidal	stability,	particle	size,	and	
dye	loading	for	our	final	product,	PTPhage.	Denaturing	pol-
yacrylamide	gel	electrophoresis	(Figure	2B	left)	shows	an	
upward	shift	of	the	subunit	bands	of	PTPhage,	indicating	an	
increase	 in	 the	molecular	weight	 compared	 to	Qβ.	Native	
agarose	electrophoresis	of	the	conjugate,	which	is	visually	
seen	as	the	blue	band	in	the	bright	field	image	in	Figure	1B	
center,	 shows	greater	migration	 toward	 the	positive	elec-
trode	compared	to	unfunctionalized	Qβ	(Figure	1B,	right),	
in	line	with	the	expected	greater	negative	charge	from	the	
free	 carboxylates.	 Product	morphology	was	 confirmed	by	
transmission	electron	microscopy	(TEM)	and	dynamic	light	
scattering	(DLS)	analysis	(Figure	1C)	at	25	°C,	which	shows	
a	nearly	unchanged	hydrodynamic	radius	from	unfunction-
alized	 Qβ	 (32.95	 ±	 0.12	 nm)	 following	 attachment	 of	 the	
Croc	dye	(33.10	±	0.15	nm).	The	total	number	of	dyes	per	
capsid	was	determined	to	be	approximately	1.2	by	UV-Vis	
analyses,	giving	an	average	of	212	dyes	per	VLP.	
	

 
Figure	1.		A)	The	overall	synthetic	bioconjugation	strategy	in-
volves	synthesizing	the	croconium	dye	by	arefluxing	commer-
cially	available	starting	materials	methyl	isonipecotate	and	thi-
ophene-2-thiol.	bThe	resulting	ester	was	deprotected	under	al-
kaline	conditions	and	 cthe	 final	dye,	Croc	 (thiophene-crocon-
aine	dye),	was	produced	in	the	condensation	reaction	with	cro-
conic	acid.	The	free	acids	were	dactivated	as	n-hydroxysuccin-
imide	(NHS)	esters	and	eadded	under	dilute	conditions	to	a	so-
lution	of	Qβ	to	prevent	crosslinking.	The	functionalized	Qβ	was	
incubated	briefly	in	water	to	hydrolyze	the	remaining	NHS	es-
ters	back	to	the	free	acid.	B)	Electrophoresis	mobility	analysis	
of	Qβ	before	and	after	conjugation	on	SDS-PAGE	(left)	and	aga-
rose	(center	and	right)	gels	show	successful	bioconjugation	of	
dye	to	Qβ.	Non-reducing	SDS-PAGE	shows	an	increase	in	mo-
lecular	weight	of	Qβ	after	bioconjugation.	The	unstained	aga-
rose	(center)	shows	a	green	band	 in	bright	 light	 in	 the	same	
spot	 in	which	a	Coomassie-stained	band	(right)	appears.	The	
conjugate	travels	further	toward	the	(+)	electrode,	which	is	an-
ticipated	from	the	replacement	of	lysines	with	carboxyl	func-
tions.	C)	DLS	and	TEM	 (insert	 scale	bar	=	50	nm)	of	Qβ	and	
PTPhage	demonstrate	that	the	conjugation	of	croconium	dye	
does	not	affect	the	size	or	polydispersity	of	the	VLP.	

Dyes	used	in	PTT	are	most	efficient	when	they	are	intensely	
colored	 and	 cannot	 dissipate	 energy	 through	 radiative	



 

relaxation	pathways,	e.g.,	fluorescence,	or	electron	transfer,	
or	intersystem	crossing.		Croc	is	well	suited	for	this	as	it	has	
strong	NIR	absorption	(λmax	=	783	nm,	ɛmax	=	2.0	×	105		mol−1	
cm−1	 in	water),58	 negligible	 fluorescence,	 and	 low	 oxygen	
photosensitization	—	which	also	improves	its	photostabil-
ity	—	a	known	issue	with	ICG	and	the	extensively	investi-
gated	 heptamethine	 dyes.	 We	 were	 pleased	 to	 find	 that	
PTPhage	exhibits	a	strong	NIR	absorption	maximum	(λmax	=	
783	nm)	identical	to	that	of	free	croconium	dye,	yet	the	ab-
sorption	spectrum	is	significantly	broadened	(Figure	2A).	
This	 broadening	 is	 pronounced	 in	 the	 NIR	 region,	 which	
promotes	more	efficient	conversion	of	clinically	used	lasers	
(emissions	centered	at	808	nm).		

	

Figure	 2.	 UV-Vis	 Spectrographic	 analyses	 of	 equal	 molar	
concentrations of	 chromophores	 for	 Croc	 and	 PTPhage	
show	A)	 a	 broadening	 of	 the	NIR	 absorption	 of	PTPhage	
(green	line)	compared	to	croconium	dye	(blue	line).	A	pho-
tograph	of	PTPhage	is	shown	in	the	insert.	B)	A	linear	rela-
tionship	 exists	 between	 PTPhage	 (30	 µg.	 mL-1)	 solution	
temperature	increases	and	laser	power	after	3	mins	of	irra-
diation	(laser	power	was	set	0.0015,	0.18,	0.604,	1.02	W∙cm-

2).	C)	Photothermal	heating	profile	of	PTPhage	and	Croc	at	
the	same	concentration	(30	µg	mL-1)	after	11	min	of laser	
irradiation	(808	nm,	0.18	W∙cm-2)	shows	a	significant	differ-
ence	 in	 temperature	 increase	 (40.1°C	 for	 PTPhage	 and	
29.1°C	for	Croc).	D)	Temperature	variations	of	PTPhage	and	
PBS	under	laser	irradiation	are	mapped	and	quantified	by	a	
thermal	 camera.	 No	 noticeable	 temperature	 increase	was	
observed	 in	PBS	under	 the	808	nm	laser	 irradiation	(0.18	
W∙cm-2)	at	different	time	points.	

This	effect	was	made	apparent	when	we	compared	the	bulk	
solution	photothermal	 response	of	PTPhage	and	 free	dye.	
Both	 solutions	 containing	 an	 identical	 concentration	 of	
chromophore	(30	µg∙mL-1)	were	fitted	with	a	thermocouple	
and	 placed	 in	 front	 of	 a	 thermal	 camera.	 Temperature	
change	in	each	solution	was	monitored	over	11	min	of	laser	
irradiation	at	808	nm	and	0.18	W∙cm-2.	As	seen	in	Figure	2C,	
the	solutions	showed	a	marked	difference	in	heating	rates	
and	maximum	temperature	with	PTPhage	showing	a	∆T	of	
40.1°C	and	a	Tmax	of	59.1°C	compared	to	free	dye	(∆T:	29.9°C	
Tmax	 =	 48.5	 °C).	 Additional	 laser	 irradiation	 experiments	

have	been	done	to	 investigate	photothermal	properties	of	
PTPhage	at	different	laser	powers	(0.0015,	0.18,	0.604	and	
1.02	W∙cm-2),	 times	 of	 radiation	 (1–10	min),	 and	 various	
concentrations	(0.1–1	mg∙	mL-1)	of	PTPhage.	For	instance,	
we	found	an	increase	in	the	bulk	temperature	of	the	solu-
tion	that	is	linear	with	laser	power	(Figure	2B	and	Figure	
S10).	 Collectively,	 the	 PTPhage	 appears	 to	 have	 superior	
photothermal	 properties	 compared	 to	 free	 dye,	which	 al-
lows	for	lower	laser	power	density	and	dye	concentration,	
potentially	reducing	side	effects	on	normal	tissue.	To	show	
that	the	808	nm	laser	does	not	change	the	temperature	of	
the	 water	 itself,	 we	 irradiated	 a	 solution	 of	 buffer	 and	
PTPhage	(Figure	2D	and	S10)	and	observed	no	tempera-
ture	change	 in	 the	PBS	solution,	whereas	we	could	heat	a	
solution	of	PTPhage	from	room	temperature	to	61	°C	with	
an	808	nm	laser	at	0.18	W∙cm-2.	

	

 
Figure	3.	A)	Photothermal	stability	of	PTPhage	after	10	min	of	
laser	irradiation	(0.18	W∙cm-2)	is	shown	by	intact	HPLC	profile	
of	PTPhage	before	and	after	radiation.	B)	No	significant	change	
in	absorption	spectra	of	PTPhage	after	laser-induced	heating	
for	10	min.	C)	DLS	and	D)	TEM	data	(scale	bar	is	50	nm)	prove	
thermal	stability	of	PTPhage	with	no	morphology	change	after	
10	 min	 of	 laser	 irradiation.	 E)	 Thermal	 cycling	 of	 PTPhage	
shows	no	change	in	heating	profile	after	three	cycles.	

The	 photothermal	 stability	 of	 the	 PTPhage	 complex	 was	
proven	by	comparing	size	distribution,	absorption,	and	size	
exclusion	chromatography	before	and	after	10	min	of	con-
tinuous	laser	irradiation	(0.18	W∙cm-2)	as	shown	in	Figure	
3A-D.	The	results	showed	no	photobleaching,	aggregation,	
or	 structural	 change,	 indicating	high	photostability	 of	 the	
system.	 To	 demonstrate	 the	 remarkable	 stability	 of	 the	
PTPhage,	 we	 performed	 a	 thermal	 cycling	 experiment.	 A	
PTPhage	solution	(30	µg∙mL-1	of	Croc	concentration)	was	ir-
radiated	repeatedly	(808	nm,	0.18	W∙cm-2),	and	the	temper-
ature	was	monitored	over	the	heating	and	cooling	cycles,	as	
shown	in	Figure	3E.	The	PTPhage	showed	impressive	pho-
tothermal	durability—we	tested	its	photothermal	behavior	
by	 radiating	a	 single	 sample	 for	10	min	 intervals	over	10	
days	and	monitored	the	heating	and	cooling	curve	(Figure	
S11)	and	found	no	obvious	change	in	the	maximum	temper-
ature	or	cooling	curve.	In	line	with	strong	absorbance	in	the	



 

NIR	region	and	high	photostability,	we	further	determined	
the	photothermal	efficiency	of	the	PTPhage	and	compared	
it	with	existing	photothermal	materials	—	free	Croc	dye	and	
gold	 nanorod	 (AuNR).59 We	 found	 that	 the	 PTPhage	 has	
higher	 photothermal	 conversion	 efficiency	 (77%)	 com-
pared	to	Croc	alone	(70%)	and	AuNR	(68%),	which	is	in	line	
with	the	literature	(Figure	S12).	From	these	results,	we	be-
lieve	that	the	high	photostability,	durability,	and	remarka-
ble	photothermal	conversion	efficiency	of	PTPhage	make	it	
a	good	candidate	for	PTT.	60	

PhotothemalPhage	In	Vitro	Cytotoxicity	
Cellular	uptake	of	both	PTPhage	and	free	Croc	was	assessed	
on	4T1	(murine	breast	cancer)	cells.	Because	Croc	lacks	flu-
orescence,	we	determined	uptake	by	measuring	the	amount	
of	remaining	dye	in	the	supernatant	after	a	4	h	incubation	
period.	 In	 a	 typical	 experiment,	 PTPhage	 and	 Croc	 were	
added	to	cell	media	in	equal	chromophore	concentrations,	
and	after	4	h,	the	cells	were	removed,	the	media	filtered,	and	
the	total	absorption	at	the	λ	max	was	compared	before	and	
after.	 All	 concentrations	 were	 within	 the	 linear	 range	 of	
Beer's	 law,	 allowing	direct	 calculation	of	before	and	after	
concentrations.	As	shown	in	Figure	S13,	cellular	uptake	of	

PTPhage	is	about	twice	that	of	croconium	dye.	Croc,	being	
negatively	charged,	is	very	unlikely	to	partition	into	the	cell,	
and	 so	 these	 results	were	 not	 surprising.	Next,	 for	 the	 in	
vitro	phototoxicity	in	4T1	cells,	the	photoablation	efficiency	
of	PTPhage	and	Croc	was	determined	by	incubating	identi-
cal	concentrations	(3.1	µg.	mL-1)	in	cell	culture.	After	4	h	in-
cubation	 at	 37	 °C,	 cells	were	washed	with	 PBS	 and	 fresh	
phenol	red-free	media	to	remove	any	remaining	dye.	Before	
laser	irradiation,	the	microwell	plate	was	equilibrated	to	37	
°C,	as	it	has	been	shown	in	previous	studies	that	initial	tem-
perature	(RT	vs	37	°C)	has	a	significant	effect	on	the	in	vitro	
PTT	efficiency.	All	four	experimental	groups	were	exposed	
to	an	808	nm	laser	for	10	min	(0.18	W∙cm-2).	The	next	day,	
cell	viability	in	each	well	was	determined	by	MTT	assay.	As	
shown	in	Figure	S14,	all	formulations	before	laser	radiation	
showed	low	toxicity,	whereas	the	cell	viability	of	PTPhage	
dropped	dramatically	 to	17%	while	 free	Croc	dropped	 to	
only	65%	after	laser	radiation.	We	attribute	this	greater	cell	
killing	 to	 the	 improved	 cellular	 uptake	 and	 therefore	
greater	 intracellular	 heating.	 These	 results	 were	 qualita-
tively	confirmed	through	visual	analyses	of	cell	viability	via	
a	 live/dead	cell	 assay	 (Figure	S14).	With	 these	 results	 in	
hand,	we	conducted	in	vivo	anti-tumor	studies	to	see	if	we	

	

Figure	4.		A)	Experiment	design	of	synergistic	immunophotothermal	therapy.	B)	Tumor	growth	curves	of	4T1	tumor-bearing	mice	
treated	with	PBS,	Qβ,	Croc	and	PTPhage	with	and	without	laser	radiation	showing	the	most	effective	therapeutic	approach	is	at-
tributed	to	PTPhage	which	exhibited	the	greatest	restriction	to	tumor	growth.	C)	Tumor	weight	as	a	representative	of	tumor	sup-
pression	verified	high	anti-tumor	performance	of	PTPhage	compared	to	Croc,	Qβ,	and	PBS	groups	D)	Survival	study	of	4T1tumor-	
bearing	BALB/c	mice	(n	=	5).	E)	Number	of	lung	nodules	after	India	ink	staining.	F)	Representative	images	of	India-ink-infused	lungs	
of	irradiated Croc,	PTPhage	and	PBS	mice	with	white	spots	clearly	demonstrate	number	of	metastatic	nodules	per	each	group.	**	p	<	
0.05.	
	

	



 

would	observe	similarly	improved	response	with	PTPhage.	
To	further	check	the	biocompatibility	of	the	formulation,	we	
tested	 cell	 viability	 in	 two	different	 cancer	 cell	 lines,	 4T1	
breast	cancer	and	T42	epithelial	bladder	cancer	cells,	after	
treatment	with	PTPhage,	Croc	and	Qβ	using	LDH	cytotoxi-
city	assay.	As	shown	in	Figure	S15	and	Figure	S16	there	was	
no	sign	of	toxicity	in	the	PTPhage	group.	
	
Photothermal	Anti-tumor	Response	In	Vivo		

We	assessed	the	anti-tumor	effect	of	our	system	in	
the	same	murine	mouse	cancer	model	discussed	above.	4T1	
cells	(1×106)	were	implanted	into	the	abdominal	mammary	
gland	of	4–6-week-old	female	BALB/c	mice.	One	day	before	
injection,	the	fur	was	removed	from	the	spot	of	injection	(tu-
mor	site)	for	better	monitoring	of	tumor	growth	and	tumor	
volume	measurement	using	 calipers.	Tumor	development	
was	 allowed	 to	 proceed	 until	 the	 average	 tumor	 size	
reached	5–6	mm,	after	which	mice	were	randomly	divided	
into	four	groups	with	radiation	and	four	groups	without	ra-
diation	 for	 various	 treatment:	PBS	 (negative	 control),	Qβ,	
and	identical	concentrations	(by	chromophore)	of	Croc	and	
PTPhage.	Following	randomization,	mice	from	each	group	
(n=5)	were	injected	intratumorally61	(50	µl)	in	a	single	lo-
cation	in	the	tumor	site	using	an	insulin	syringe.	We	allowed	
two	hours	 for	 the	 injections	 to	diffuse	 through	 the	 tumor	
microenvironment	and	then	laser	treatment	was	performed	
(808	 nm,	 0.18	W∙cm-2,10	min)	 as	 schematically	 shown	 in	
Figure	4A	and	the	tumor	temperature	was	monitored	using	
a	thermal	camera	(Figure	S18-and	S19).	Intratumoral	in-
jections	with	photoactive	therapeutics	make	sense	since	the	
tumor	must	be	accessible	for	irradiation.	The	effect	of	treat-
ment	was	evaluated	by	monitoring	the	body	weight	of	the	
mice	and	measuring	tumor	volume	over	16	d.	Tumor	vol-
umes	were	measured	using	calipers	every	other	day	after	
treatment	and	calculated	according	to	the	equation:	𝑉𝑜𝑙 =
(𝑡𝑢𝑚𝑜𝑟	𝑙𝑒𝑛𝑔𝑡ℎ) × (𝑡𝑢𝑚𝑜𝑟	𝑤𝑖𝑑𝑡ℎ) ∙ 2 2⁄ .	 The	 tumors	
treated	 with	 PTPhage	 plus	 laser	 irradiation	 developed	 a	
sizeable	black	scab	on	the	tumor	site	and	showed	slower	tu-
mor	growth	compared	to	all	other	experimental	groups.	The	
bodyweight	of	each	group	was	monitored	over	16	d,	and	we	
found	no	significant	change,	which	suggests	PTPhage,	Qβ,	
and	Croc	did	not	induce	toxicity	(Figure	S20).	Furthermore,	
to	observe	pathological	toxicity,	H&E	staining	of	the	major	
organs	of	the	mice	 including	heart,	 liver,	 lung,	and	kidney	
were	preformed	after	treatment	of	the	mice	with	PTPhage,	
Croc,	Qβ,	and	PBS.	As	shown	in	Figure	S17	neither	adverse	
effects	nor	significant	histological	abnormality	in	the	treat-
ment	group	was	found,	suggesting	high	biocompatibility	of	
our	 formulation.	The	 irradiated	Croc	dye	and	Qβ	by	 itself	
slightly	 delayed	 the	 growth	 of	 the	 primary	 tumor	 though	
nowhere	near	as	much	as	the	PTPhage	formulation,	which	
caused	 obvious	 tumor	 ablation	 after	 NIR	 laser	 exposure.	
The	degree	of	tumor	ablation	and	recission	induced	by	dif-
ferent	groups	was	further	confirmed	through	tumor	weight.	
As	shown	in	Figure	4D,	PTPhage	again	produced	significant	
suppression	 on	 tumor	 growth	 compared	 to	 Qβ	 and	 Croc	
alone.	H&E	and	TUNEL	staining	of	the	tumor	showed	lower	
nuclei	count	and	cell	density	as	well	as	the	highest	apoptosis	
of	tumor	cells	in	PTPhage	compared	to	other	groups	(Fig-
ure	S22). Survival	of	the	different	groups	of	treated	tumor-
bearing	mice	was	studied	over	38	d	following	the	initial	tu-
mor	 inoculation.	 As	 shown	 in	 the	 Kaplan–Meier	 survival	

curve,	 illustrated	 in	 Figure	 4E,	 only	 PTPhage	 prolonged	
survival	time	compared	to	other	groups.	Metastatic	burden	
was	 evaluated	 at	 day	 16	 post-treatment	 by	 removing	 the	
lungs	and	staining	them	with	India	ink,	which	preferentially	
blackens	 healthy	 tissue	making	 the	metastasis	 stand	 out.	
Control	groups	(PBS)	and	unirradiated	free	Croc	show	sta-
tistically	 identical	 tumor	burdens,	as	 illustrated	 in	Figure	
4E,	Figure	4F	and	Figure	S21.	The	unaltered	Qβ	and	irra-
diated	free	Croc	groups	all	produced	a	modest	and	statisti-
cally	significant	decrease	in	metastatic	burden.	Summarily,	
the	anti-tumor	activity	of	PTPhage	appears	to	be	improved	
over	free	croc. 
	
Immunological	Studies	
While	the	scope	of	this	work	is	primarily	the	synthesis	and	
anti-tumor	response	of	PTPhage,	we	wondered	 if	 the	VLP	
was	enhancing	the	immunological	response	initiated	by	the	
PTT.	Detailed	anti-tumor	immunological	studies	will	be	ad-
dressed	in	subsequent	work.	Our	initial	focus	in	this	part	of	
the	study	was	the	assessment	of	dendritic	and	T-cell	activa-
tion	and	an	assessment	of	any	downregulation	of	protective	
T-cell	 (Treg)	 response.	 In	 anti-tumor	 immunity,	 dendritic	
cells	(DCs)	are	an	important	and	effective	class	of	APCs	that	
plays	a	pivotal	role	 in	 initiating	and	regulating	innate	and	
adaptive	immunities.62	Generally,	immature	DCs	ingest	for-
eign	materials	through	different	surface	receptors,	includ-
ing	pattern	recognition	receptors	that	trigger	their	matura-
tion.63-64	 PRRs	 detect	 PAMPs	 (derived	 from	 microorgan-
isms)	and	DAMPs	(produced	by	the	body's	dying	cells).	Ma-
ture	DCs	can	process	antigens	into	peptides	for	presenting	
on	major	histocompatibility	 complex	 class	 I/II	 (MHC-I/II)	
molecules	 that	 coincide	with	 increased	 expression	 of	 B7-
1/CD80	and	B7-2/CD86	costimulatory	molecules.	Follow-
ing	maturation	and	antigen	exposure,	DCs	migrate	into	the	
draining	lymph	node—where	contact	is	mediated	between	
DCs	and	T-cells—and	promote	the	differentiation	and	pro-
liferation	 of	 naïve	 T-cells	 into	 cytotoxic	 T	 lymphocytes	
(CTLs),	which	are	key	effector	cells	for	anti-cancer	immun-
ity.9,	65-67	Only	mature	DCs	can	elicit	anti-tumor	effector	T-
cell	 responses,	which	 can	be	determined	by	 assessing	DC	
maturation	 in	vitro	 following	exposure	 to	an	antigen.	 It	 is	
well-known	that	VLPs	mimic	viruses	in	their	size,	structure,	
and	antigenic	epitopes.	68-69 Their	20–200	nm	size	is	in	the	
optimal	diameter	range	that	can	directly	drain	to	the	lymph	
node.	 In	 addition,	 because	 of	 their	 regular	 polyhedron	
structure	 and	 highly	 repetitive	 surface	 feature,	 VLPs	 are	
sensed	as	PAMPs	by	PRRs	on	the	surface	of	DCs.	Further-
more,	 the	 encapsulated	 nucleic	 acids	 also	 can	 be	 recog-
nized	 by	 PRRs	 and	 promote	 DC	 maturation	 for	 priming	
CD4+	T	 helper	 lymphocytes	 and	 CD8+	cytotoxic	T	 lympho-
cytes.56	These	cytotoxic	T-cells	can	then	fight	systemic	can-
cer	at	metastatic	sites.	

We	 first	 investigated	 whether	 Qβ	 stimulates	 the	
maturation	of	DCs	by	using	cultured	bone	marrow	derived	
DCs	(BMDCs)	separated	from	BALB/c	mice	and	incubating	
them	with	different	concentrations	of	Qβ	for	24	h.	The	ex-
pression	 of	 DCs	 maturation	 markers	 —	 proteins	 called	
CD80	and	CD86	—	were	determined	by	staining	them	with	
anti-CD80	and	anti-CD86	fluorescent	antibodies	and	quan-
tifying	them	using	flow	cytometry	(FCM).	We	found	that	Qβ	
upregulates	the	expression	of	CD86	&	CD80	and	enhances	
the	 percentage	 of	 matured	 DCs	 (CD11c+CD80+CD86+)	 in	



 

BMDCs	at	all	concentrations	tested	compared	to	PBS	(Fig-
ure	S23).		Next,	we	focused	on	evaluating	the	adaptive	im-
munity	 triggered	by	Qβ	 at	 cellular	 levels	 after	 incubation	
with	splenocytes	harvested	from	a	naïve	mouse.	Again,	Qβ	
was	mildly	able	to	promote	the	effector	CD4+	T	helper	lym-
phocytes	 (CD4+CD3+CD44+CD62L−)	 and	 CD8+	cytotoxic	T	
lymphocytes	(CD8+CD3+CD44+CD62L−),	which	show	possi-
ble	immunoadjuvant	potential	of	Qβ	in	the	PTPhage	system	
to	stimulate	anti-tumor	immune	responses	(Figure	S23).		

	

PTT	induces	apoptosis	and	necrosis,	efficiently	de-
stroys	 tumor	cells,	 subsequently	releasing	debris	contain-
ing	tumor-associated	antigens	and	chemokines.	70-71 These	
antigens	are	subsequently	taken	up	by	DCs	and	trafficked	to	
the	lymph	node,	triggering	anti-tumor	immune	responses.	
Furthermore,	 DAMPs	 released	 from	 necrotic	 cancer	 cells,	
such	as	heat	shock	proteins,	calreticulin,	and	ATP,	can	also	
promote	 DC	 maturation	 and	 assist	 in	 activating	 effector	
CD8+	T-cells	that	enter	circulation	to	fight	against	primary	
and	metastatic	sites	systemically	(Scheme	1).6,	72	Our	data		
shows	that	Qβ	can	simultaneously	act	as	an	immunological	
agent	to	promote	DC	activation	and	enhance	infiltration	of	
CTLs.	As	shown	in	Figure	2C,	PTPhage	and	Croc	both	show	
favorable	photothermal	effects	in	a	wide	temperature	range	
(40–60	°C);	thus,	we	set	up	our	in	vivo	experiment	to	evalu-
ate	immunostimulatory	activities	of	the	combinational	for-
mulation	compared	to	PTT	alone.	BALB/c	mice	were	inocu-
lated	with	4T1	cells	and	grown	until	they	had	a	primary	tu-
mor	 size	of	 100	mm3.	 The	mice	were	 separated	 into	 four	
groups	(n=5)	and	injected	with	PBS,	Qβ,	Croc,	or	PTPhage	
(same	dye	concentration	as	free	Croc).	Two	hours	post-in-
jection,	they	were	irradiated	with	808	nm	laser	for	10	min	
(0.18	W∙cm-2).	We	 conducted	 our	 experiment	 initially	 by	

assessing	identical	concentrations	(the	same	number	of	NIR	
dyes)	of	PTPhage	and	free	Croc	as	measured	by	UV-Vis.	The	
temperature	at	the	tumor	surface	ends	up	being	higher	for	
PTPhage	(54±2	°C)	compared	to	free	Croc	(40±1	°C)	(Fig-
ure	S18	and	S19),	which	can	be	ascribed	to	a	more	rapid	
clearance	of	 free	Croc	 from	the	 tumor	and	greater	photo-
thermal	efficiency	of	PTPhage	at	808	nm.	Three	days	post-
treatment,	 the	 mice	 were	 sacrificed,	 and	 the	 spleen	 and	
draining	lymph	node	were	collected	to	analyze	the	T	lym-
phocytes	and	mature	DCs	by	flow	cytometry	after	co-stain-
ing	with	various	markers.	It	is	worth	noting	that	post-PTT	
the	populations	of	immune	cells	within	the	tumors	were	all	
very	low,	likely	from	the	photoablation,	and	getting	useful	
data	from	the	tumors	was	difficult.	Since	our	interest	is	in	
studying	how	PTPhage	adjuvants	the	effects	of	ablative	PTT,	
this	was	anticipated.	We	were	able	to	get	statistically	mean-
ingful	data	from	the	draining	lymph	and	spleen;	however,	
and	these	populations	are	generally	useful	in	measuring	lo-
cal	and	systemic	immune	response	in	cancers.73,74	The	per-
centage	of	matured	DCs	(CD11c+	CD80+	CD86+)	in	the	drain-
ing	 lymph	node	 from	PTPhage	was	24%	greater	 than	 the	
Croc	group,	as	shown	by	higher	expression	of	costimulatory	
molecules	CD80	and	CD86	(Figure	5A),	validating	PTPhage	
's	in	vitro	behavior,	and	showing	it	can	enhance	the	activa-
tion	of	APCs	better	than	each	formulation	alone.	We	also	de-
termined	how	PTPhage	affects	CD8+	T-lymphocyte	cells	in	
the	draining	lymph	node	and	found	a	significant	number	of	
activated	 (CD44+	CD62L-)	 CD8+	 T-cells	 in	 the	 PTPhage	
group	compared	to	other	treated	groups	(Figure	5B).	To	ex-
clude	the	effect	of	the	more	efficient	photothermal	and	tu-
mor	residency	of	PTPhage,	we	analyzed	DC	maturation	 in	
the	draining	 lymph	node	when	 tumor	 tissue	 temperature	
for	both	PTPhage	and	croc	group	reached	the	same	temper-
ature	 after	 laser	 irradiation	 (this	 required	 different	
amounts	of	dye	in	each	formulation).	Multiple	studies	show	
that	heating	 tumor	 cells	 at	 low	 temperature	 (39.5–44	 °C)	
enhances	blood	flow	in	the	tumor	and	improves	the	perme-
ability	of	tumor	vasculature	and	may	promote	better	migra-
tion	of	DCs	between	tumor	and	lymphoid	organs	even	if	it	is	
not	as	efficient	as	a	higher	temperature	range	(>	45°C)	 in	
destroying	the	primary	tumor.	Therefore,	we	utilized	1.5	µg.	
mL-1	PTPhage	and	four	times	the	amount	of	Croc	(6.0	µg.	mL-
1)	 to	produce	a	 final	 tumor	temperature	of	approximately	
44 °C	and	maintained	this	temperature	for	10	min	by	808	
nm	 laser	 irradiation.	 Intriguingly,	 as	 shown	 in	Figure	 5F	
and	 5H,	 we	 observed	 the	 same	 general	 trends	 where	
PTPhage	outperforms	free	dye	significantly	 in	stimulating	
DC	and	T-cells.		Consequently,	we	do	not	think	that	temper-
ature	alone	explains	the	anti-tumor	results	reported	above.	

We	next	assessed	T-cell	responses	to	PTPhage.	The	
population	 of	 activated	 effector	 CD8+	 cytotoxic	 T-cell	
(CTL—CD8+CD44+CD62L−)	 and	 activated	 CD4+	 T-helper	
cells	(TH—CD4+CD44+CD62−)	were	quantified	in	spleens	by	
FCM	after	various	treatments.	Compared	to	either	Croc	or	
Qβ	alone,	 the	combination	treatment	resulted	in	2.10-fold	
increase	in	helper	CD4+	T-cell	and	2.12-fold	increase	in	CTL	
CD8+	T-cells	compared	to	Croc.	(p <0.05).	These	results	col-
lectively	demonstrate	 that	PTPhage	can	act	as	a	powerful	
photothermal	agent	along	with	potentiating	PTT’s	immuno-
logical	 response.	 Next,	 single-cell	 suspensions	 of	 spleens	
from	four	different	groups	of	mice	were	stained	with	anti-
CD11c,	-CD4,	-CD44,	and	-CD62L	antibodies	to	measure	how	

	
Scheme	 1.	 Schematic	 illustration	 of	 PTPhage-initiated	
photothermally-triggered	anti-tumor	immune	response.	
An	initial	photothermal	excitation	of	the	VLP	causes	an	
increase	in	temperature,	which	results	in	local	tissue	ab-
lation.	This	causes	 local	apoptosis/necrosis	and	the	re-
lease	of	immune-stimulating	DAMPs.	The	presence	of	in-
tact	VLP	in	the	ablated	tumor	environment	simulates	a	
potential	infection,	which	causes	downregulation	of	the	
immunosuppressive	 response	by	 suppressing	Treg	 cell	
formation.	 These	 responses	 can	 be	 measured	 in	 the	
draining	lymph	node.	In	this	lymph	node,	cancer	antigens	
collected	by	activated	dendritic	cells	can	present	to	naïve	
T-cells,	which	mature	to	cytogenic	CD8+	cells.	These	cells	
can	then	attack	metastatic	lesions.		



 

much	effector	T-cells	were	expressed	after	each	treatment.	
As	 displayed	 in	 Figure	 5G	 &	 5H,	 significant	
CD4+CD44+CD62−	 cells	 appeared	 for	 mice	 treated	 with	
PTPhage.		One	limitation	in	most	of	radiotherapy	systems	is	
that,	following	tissue	damage,	the	tumor	microenvironment	
can	develop	immunosuppressive	cells,	which	creates	an	im-
munological	"cold"	tumor	that	restricts	the	therapeutic	per-
formance.8,	75-76	Several	studies	have	reported8,	52	that	the	ef-
ficiency	of	PTT	inversely	correlates	with	Treg	cells,	an	im-
munosuppressive	 subset	 of	 CD4+	T	 cells	 characterized	
by	the	 expression	 of	 factor	 forkhead	 box	 protein	 P3	
(FoxP3).	

Necrotic	cell	death	 induced	by	PTT	causes	an	 in-
flammatory	response	that	promotes	the	expression	of	Treg	
immunosuppressive	molecules	to	prevent	the	initiation	of	a	
strong	 systemic	 immune	 response.	 We	 expected	 that	 Qβ	
may	amplify	the	immune	response,	and	its	presence	as	a	for-
eign	viral	protein	might	"trick"	the	immune	system	into	
turning	off	 this	 immunosuppressive	 response.	 	Therefore,	
we	 assessed	 the	 presence	 of	 CD4+FoxP3+	 after	 different	
treatments	by	flow	cytometry	to	investigate	the	ratio	of	the	
effector	CD4+	T-cells	vs.	Treg	in	the	spleen—an	organ	that	
serves	as	a	systemic	repository	for	the	immune	system.	As	
expected,	and	shown	in	Figure	5I	&	5J,	PTT	alone	produces	
a	suppressive	environment	while	PTPhage—a	combination	

	
Figure	5.	In	vivo	immune	responses	after	photothermal	stimulation.	A)	DC	maturation	induced	by	various	groups	on	mice	bearing	
4T1	tumors	(gated	on	CD11c+	DC	cells,	Figure	S24)	after	PTT	treatment	(Tmax	=	54.2°C).	Cells	in	the	tumor-draining	lymph	node	
were	assessed	by	flow	cytometry	after	staining	for	CD80	and	CD86	expressions.	B)	Quantification	of	CTLs	(CD8+)	in	isolated	lymph	
nodes.	C-D)	Percentage	of	activated	TH-cells	(CD4+CD44+CD62−)	and	CTLs	in	spleens.	Single-cell	suspensions	were	processed	from	
the	spleen	and	analyzed	by	flow	cytometry	after	anti-CD3,	-CD4,	-CD8,	-CD44,	and	-CD62L	staining	(Tmax	=	54.2°C).	E-F)	Repre-
sentative	flow	cytometry	plots	showing	expression	of	CD86	and	CD80	on	DC	of	draining	lymph	node	for	different	groups	(gated	
on	CD11c+,	Figure	S24)	after	PTT	treatment	(Tmax	=	44.0	°C).	G-H)	Representative	flow	cytometry	plots	of	effector	CD4+	in	spleen	
cells	of	different	treatment	groups	analyzed	by	flow	cytometry	(stained	with	anti-	CD3,	-CD4,	-CD44,	and	-CD62L)	(Tmax	=	44.0	°C).	
I-J)	Representative	 flow	cytometry	plots	showing	percentages	(gated	on	CD4+	cells,	Figure	S24)	of	CD4+FoxP3+	T	cells	 in	the	
spleen	after	various	treatments.	



 

of	PTT	and	 the	 immunoadjuvanting	agent	Qβ—decreased	
the	percentage	of	Tregs	(lower	CD4+FoxP3+).	This	is	signifi-
cant	because	cancer	therapeutic	therapy	efficacy	is	associ-
ated	with	tumor	suppression	and	higher	survival	time	cor-
relates	with	lower	Tregs	and	higher	effector	T-cells.		
	
CONCLUSION	
In	this	work,	we	took	advantage	of	VLP	Qβ's	biocompatibil-
ity,	functionalizability,	and	modest	immunogenicity	to	pro-
duce	 a	 new	 synthetic-biomaterial	 hybrid	 PTT	 "PTPhage".	
This	formulation	significantly	improved	the	photophysical	
properties	of	Croc,	including	photothermal	conversion	effi-
ciency	and	water	solubility,	as	shown	by	an	enhancement	of	
cellular	death	upon	808	nm	laser	exposure	than	free	dye.	In	
addition,	this	synergistic	combination	showed	excellent	NIR	
light-induced	tumor	ablation	by	suppressing	70%	of	the	pri-
mary	breast	cancer	tumor	in	BALB/c	mice	bearing	a	highly	
metastatic	 4T1	 tumor	 compared	 to	 18%	 for	 Croc	 alone.	
PTPhage	also	prolonged	survival	time	and	reduced	lung	me-
tastasis	by	85%	compared	to	control.	Our	initial	 immuno-
logical	screening	strongly	suggests	that	the	VLP	may	adju-
vant	PTT	by	promoting	greater	DC,	T-helper	and	Cytotoxic	
T-cell	 responses	while	 lowering	 immunosuppressive	Treg	
cells.	These	results	are	intriguing	and	studies	that	combine	
effective	 Th1	 promoting	 adjuvants,	 lower	 intra-tumoral	
temperatures,	and	checkpoint	inhibitors	to	promote	these	
effects	even	more	are	underway.		
	
EXPERIMENTAL	SECTION	
	
Expression	protocol	of	endotoxin	free	ClearColi	Qβ.	Ex-
pression	and	purification	of	Qβ	was	done	as	reported	else-
where	77	and	slightly	modified	as	described	below.	The	plas-
mid	used	was	a	kind	gift	from	Dr.	M.G.	Finn	from	the	Georgia	
Institute	of	Technology.	 	Competent	endotoxin	 free	Clear-
ColiBL21	DE3	E.	coli	single	colonies	were	mixed	with	100	
mL	of	SOB	media	supplemented	with	kanamycin	(50	µg.mL-
1)	and		incubated	overnight	at	37		°C.	Grown	cells	were	then	
amplified	to	2	L	of	media,	OD600	was	monitored	for	4	h	and	
bacteria	induced	using	1	mM	of	isopropyl	β-D-1-thiogalac-
topyranoside	(IPTG)	when	the	optical	density	had	reached	
ranged	a	value	of	0.9.	Induced	bacteria	were	incubated	for	
12	h	at	37	°C.	Cells	were	then	harvested	by	centrifugation	
(19,510	×g)	at	4	°C	 for	30	min,	 then	 lysed	using	a	cell	ho-
mogenizer.	 Lysate	 was	 centrifuged	 for	 1	 h	 at	 4	°C	
(19,510	×g),	 supernatant	 collected,	 and	protein	 salted-out	
by	mixing	with	2	ᴍ	ammonium	sulfate	at	4	°C	for	12	h.	Pro-
tein	was	then	collected	under	centrifugation	(19,510	×g)	for	
30	min	at	4	°C,	 re-suspended	 in	0.1	potassium	phosphate	
buffer	pH	7.0.	Excess	 lipids	and	membrane	proteins	were	
extracted	by	mixing	with	equal	volumes	of	n-butanol	and	
chloroform.	The	resulting	aqueous	layer	was	purified	under	
sucrose	gradients	(10–40%)	for	12	h	(87,808	×g).	Purified	
Qβ	was	pelleted	upon	centrifugation	 for	4	h	 (179,200	×g)	
and	 characterized	by	TEM,	 agarose	gel	 and	dynamic	 light	
scattering	(Figure	S2).	
	
Electroporation	 of	 ClearColi	 Qꞵ.	 ClearColi	 cells	 were	
transformed	with	a	pET28	plasmid	carrying	 the	coat	pro-
tein	sequence	of	Qꞵ.	Electrocompetent	cells	were	thawed	on	
ice	for	10	min	and	mixed	by	gentle	pipetting.	Then,	25	μl	of	
thawed	competent	reaction	cells	were	transferred	into	a	as	

chilled	in	a	1	mL	microcentrifuge	tube.	Further,	1	μl	of	the	
Qꞵ	plasmid	was	added	to	the	cell	suspension.	The	resulting	
mixture	was	chilled	within	an	electroporation	cuvette	for	5	
min.	Electroporation	was	done	at	25	μF,	100	Ω,	and	2.1	kV	
for	approximately	2.6	milliseconds.	The	electroporated	cells	
were	immediately	mixed	with	475	µl	of	prewarmed	(37	°C)	
SOB	media	inside	the	electroporation	cuvette.	The	mixture	
was	gently	 swirled	 twice,	 and	 then	 transfered	 to	a	 sterile	
culture	tube	(3	mL).	Bacteria	was	shaken	under	250	rpm	at	
37°C	for	60	min.	Finally,	bacteria	were	plated	into	LB	media	
plates	supplemented	with	kanamycin	for	12	h.	
	
Synthesis	of	Croconium	dye.	Croconium	NIR	dye	was	syn-
thesized	according	to	a	previously	described	method.2	The	
synthetic	route	of	is	shown	in	Figure	1A.	Briefly	4.30	g	(30.0	
mmol)	of	methyl	isonipecotate	and	2.32	g	(20.0	mmol)	thi-
ophene-2-thiol	were	mixed	at	20	mL	of	toluene	and	refluxed	
for	2	h.		After	cooling	down	to	room	temperature,	the	reac-
tion	mixture	was	 filtered	 through	a	 silica	gel	 and	washed	
with	ethyl	acetate.	The	resulting	compound	methyl	1-(thio-
phen-2-yl)	piperidine-4-carboxylate	(compound	a)	was	ob-
tained	as	a	pale-yellow	solid	with	64	%	yield.	1H	NMR	(600	
MHz,	Acetone)	δ	6.75	(dd,	J	=	5.5,	3.7	Hz,	1H),	6.65	(dd,	J	=	
5.5,	1.3	Hz,	1H),	6.16	(dd,	J	=	3.7,	1.3	Hz,	1H),	3.54	–	3.47	(m,	
3H),	2.89	–	2.79	(m,	2H),	2.50	(tt,	J	=	11.2,	3.9	Hz,	1H),	2.07	
(t,	 J	=	2.2	Hz,	2H),	2.03	–	1.96	(m,	2H),	1.81	(dtd,	J	=	13.3,	
11.3,	4.0	Hz,	2H)	Figure	S3.	13C	NMR	(151	MHz,	Acetone)	δ	
175.24,	160.34,	126.89,	112.71,	106.22,	52.06,	51.82,	40.91,	
28.45	(Figure	S4).		Next,	0.45	g	(2.0	mmol)	of	compound	(a)	
was	dissolved	in	10	mL	of	0.5	ᴍ	sodium	hydroxide	solution	
and	was	refluxed	for	1	h.	The	pH	of	the	reaction	mixture	was	
acidified	with	10%	acetic	acid	to	obtain	[1-(thiophen-2-yl)	
piperidine-4-carboxylic	acid]	(compound	b)	a	white	precip-
itated	 form	with	74%	yield.	1H	NMR	(600	MHz,	MeOD)	δ	
6.75	(dd,	J	=	5.4,	3.7	Hz,	1H),	6.66	(dd,	J	=	5.5,	1.3	Hz,	1H),	
6.20	(dd,	J	=	3.7,	1.3	Hz,	1H),	3.51	(dt,	J	=	12.9,	4.1	Hz,	2H),	
2.83	(td,	J	=	11.8,	2.9	Hz,	2H),	2.44	(tt,	J	=	11.2,	3.8	Hz,	1H),	
2.02	(dddd,	J	=	13.2,	5.8,	3.7,	1.9	Hz,	2H),	1.85	(dtd,	J	=	13.4,	
11.4,	4.1	Hz,	2H)	Figure	S5.	13C	NMR	(151	MHz,	MeOD)	δ	
178.76,	 160.80,126.67,	 107.56,	 53.12,44.59,	 41.77,	 30.66,	
29.03	(Figure	S6).	
Subsequently,	 0.142	 g	 (1.00	 mmol)	 of	 croconic	 acid	 was	
mixed	with	0.422	g	 (2.00	mmol)	 of	 compound	b	 and	dis-
solved	in	the	mixture	of	n-butanol	and	toluene	(30	mL,	1:1),	
the	reaction	was	stirred	for	1h	under	reflux.	After	cooling	
down	 to	 room	 temperature,	 the	mixture	was	 filtered	 and	
washed	with	methanol	 and	 the	 product	was	 dried	 under	
vacuum	to	obtain	pure	croconium	dye	as	a	black	solid	(yield	
67%).	 1H	NMR	(600	MHz,	DMSO)	δ	12.40	(s,	2H),	8.50	(s,	
2H),	7.05	(d,	J	=	5.0	Hz,	2H),	4.00	(dt,	J	=	13.6,	4.3	Hz,	4H),	
3.53	(t,	J	=	11.6	Hz,	4H),	2.67	(tt,	J	=	10.7,	4.0	Hz,	2H),	2.08	–	
2.02	(m,	4H),	1.79	–	1.65	(m,	4H)	Figure	S7.	13C	NMR	(151	
MHz,	 DMSO)	 δ	 184.69,	 181.54,	 174.99,	 122.54,	 114.59,	
50.66,	42.52,	30.69,	27.47,	24.65	(Figure	S8).	ESI)	m/z:	[M	
+	Na]+	calculated	for	C25H24N2O7S2,	551.57;	found,	551.10.	
	
EDC/NHS	 coupling	 reaction	 on	 Croconium	 dye.		 Cro-
conium	 dye	(150.0	 mg,	 0.2800	mmol),	 N-hydroxysuccin-
imide	(0.097	g,	0.85	mmol),	and	EDC	(0.13	g,	0.85	mmol)	in	
DMF	6	mL	were	stirred	at	room	temperature	24	h.	The	DMF	
was	removed	under	reduced	pressure	followed	by	dissolv-
ing	 the	 remaining	 residue	 in	20	ml	of	EtOAc.	The	organic	



 

layer	was	washed	with	water	(3	×	20	mL),	dried	with	MgSO4	
and	concentrated	under	reduced	pressure.	(yield	54%).	1H	
NMR	(600	MHz,	DMSO)	δ	8.53	(s,	2H),	7.08	(s,	2H),	4.06	(d,	
J	=	13.6	Hz,	4H),	3.63	(t,	J	=	12.3	Hz,	4H),	2.79	–	2.72	(m,	8H),	
2.59	(d,	J	=	16.6	Hz,	2H),	2.20	(d,	J	=	13.1	Hz,	4H),	1.90	(d,	J	=	
11.8	Hz,	4H)	Figure	S9.	13C	NMR	(151	MHz,	DMSO)	δ	175.46,	
173.23,	170.64,	170.13,	162.78,	73.73,51.16,	50.53,	36.99,	
36.25,	34.03,	31.61,	31.24,	29.47,	27.96,	25.70,		22.47,	21.37.	
	
Bioconjugation.	A	solution	of	Qβ	VLPs	(1	mg.	mL-1	in	0.1	ᴍ	
phosphate	 buffer,	 pH	 7)	 was	 treated	 with	 a	 pre-mixed	
DMSO	solution	(10%)	of	Croc-NHS	(final	concentration	0.05	
mᴍ)	in	the	mole	ratio	of	1:4	Qβ	to	dye.	The	solution	was	in-
cubated	 for	12	h	at	 room	 temperature	and	 the	nonconju-
gated	dye	from	the	sample	was	removed	by	10	kDa	cut	off	
centrifugal	column	and	then	running	the	collected	fraction	
through	a	Sephadex	25G	column.	Protein	concentration	was	
determined	 by	 Bradford	 Assay.	 Bioconjugation	 efficiency	
was	 determined	 based	 on	 absorption	 spectroscopy	 using	
Lambert-Beer	law:	Absorbance	(A)	=	extinction	coefficient	
(ε)	 ×	molar	 concentration	 (c)	 ×	 path	 length	 (l).	 A	 UV-vis	
spectrum	 of	 the	 conjugate	 solution	 was	 obtained	 (one	
should	remember	to	dilute	the	solution	to	an	absorbance	of	
<	1.0	for	an	accurate	measurement).	Amax	was	measured	at	
the	maximum	wavelength	(λmax=	783	nm)	of	croconium	dye	
with	extinction	coefficient	of	2.0	×	105	mol−1	cm−1	57	to	obtain	
a	concentration	of	bounded	dye	by	:	c	=	Amax	/	ε	×	l.	Qβ	con-
centration	was	obtained	by	Bradford	Assay	and	mol	ratio	of		
dye	to	Qβ	in	PTPhage	was	calculated	and	a	total	of	212	dyes	
were	attached	at	approximately	720	potential	conjugation	
sites.	
	
Animal	model	and	cell	preparation	for	tumor	Injection.	
The	 female	 BALB/c	 mice	 (6	 weeks,	 18–23	 g)	 were	 pur-
chased	 from	 Charles	 River	 laboratories.	 Study	 protocol	
(#18-17)	 was	 approved	 by	 the	 Institutional	 Animal	 Care	
and	Use	Committee	of	The	University	of	Texas	at	Dallas.	4T1	
tumor	models	were	established	by	subcutaneous	injection	
of	1×	106	4T1	cells	on	mammary	fat	pad	of	BALB/c	mice	as	
prepared:	4T1	breast	 cancer	 cells	 cultured	 in	RPMI	 1640	
medium	supplemented	with	10%	Fetal	Bovine	Serum	and	
1%	 penicillin-streptomycin	were	 trypsinized	 and	washed	
3×	with	1×	PBS.	50	µL	of	~	1.0	×	106	cells	suspended	in	1:1	
mixture	of	PBS	and	Matrigel	(High	concentration	phenol	red	
free	purchased	from	Corning).		
	
Single	 cell	 suspension.	 On	 day	 3	 post	 treatment,	 the	
spleens	and	lymph	nodes	were	collected	from	each	mouse	
and	 brought	 into	 a	 single	 cell	 suspension.	 Briefly,	 the	
spleens	and	lymph	nodes	were	shredded	with	tweezers	and	
passed	 through	 a	 cell	 strainer	 using	 RPMI	 1640	medium	
supplemented	with	10%	FBEssence,	1%	penicillin-strepto-
mycin,	and	50	µᴍ	β-mercaptoethanol.	The	cells	were	centri-
fuged	at	1,000	×g	for	5	mins.	The	red	blood	cells	were	then	
lysed	with	1×	Red	Blood	Cell	(RBC)	Lysis	Buffer	for	5	mins	
at	RT.	The	cells	were	centrifuged	at	1,000	×g	for	5	mins.	The	
splenocytes	 were	 washed	 3×	 with	 clean	 media.	 ~	 1.0	 ×	
106	cells	were	stained	with	anti-CD3-Pacific	blue,	anti-CD4-
PE/Cy7,	 anti-CD8a-FITC,	 anti-CD44-APC,	 and	 anti-CD62L-
BV605	 and	 analyzed	 by	 flow	 cytometry	 based	 on	 gating	
strategy	on	Figure	S24.	
	

Quantification	of	Lung	Metastatic	Nodules.	Tumor-bear-
ing	mice	were	 euthanized	 according	 to	 preferred	 institu-
tional	guidelines.	Lungs	were	 inflated	with	10%	India	 ink	
solution	in	Hanks'	Balanced	Salt	solution	(HBSS)	through	in-
jection	of	1	mL	solution	using	25G	needle	into	trachea.	After	
cutting	away	the	connective	tissue,	the	inflated	lungs	were	
transferred	to	a	50-mL	conical	tube	containing	5	mL	of	Fe-
kete's	solution	(35	mL	of	95%	EtOH,	15	mL	of	dH2O,	5	mL	of	
formaldehyde,	and	2.5	mL	of	glacial	acetic	acid),	and	incu-
bated	for	24	h	at	room	temperature	under	a	chemical	fume	
hood.	The	 lungs	were	 removed,	and	 the	number	of	meta-
static	nodules	were	counted	as	white	spots.		
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