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ABSTRACT:	Metal−organic	 framework	 (MOF)-based	drug	delivery	nanosystems	with	both	precise	drug	
release	and	multidrug	codelivery	capabilities	have	emerged	as	promising	candidates	for	cancer	treatment.	
However,	 challenges	 are	 posed	 by	 the	 limited	 number	 of	 suitable	 payload	 types,	 uncontrollable	 drug	
leakage,	and	lack	of	chemical	groups	for	postmodification.	To	overcome	those	challenges,	we	developed	a	
core−shell	nanocomposite	composed	of	zeolitic	imidazolate	framework-90	(ZIF-90)	coated	with	spermine-
modified	 acetalated	 dextran	 (SAD)	 by	 a	 facile	 microfluidics-based	 nanoprecipitation	 method.	 This	
nanocomposite	 could	 serve	as	 a	multidrug	 storage	 reservoir	 for	 the	 loading	of	 two	drugs	with	distinct	
properties,	where	the	hydrophilic	doxorubicin	(DOX)	was	coordinately	attached	to	the	ZIF-90	framework,	
and	hydrophobic	photosensitizer	IR780	was	loaded	into	the	SAD	shell,	enabling	the	combination	therapy	
of	photodynamic	treatment	with	chemotherapy.	Meanwhile,	equipping	ZIF-90	with	a	SAD	shell	not	only	
substantially	 improved	 the	 pH-responsive	 drug	 release	 of	 ZIF-90	 but	 also	 enabled	 the	 postformation	
conjugation	of	ZIF-90	with	hyaluronic	acid	for	specific	CD44	recognition,	thereby	facilitating	precise	drug	
delivery	 to	 CD44-overexpressed	 tumor.	 Such	 a	 simple	 microfluidics-based	 strategy	 can	 efficiently	
overcome	the	limitations	of	solely	MOF-based	DDSs	and	greatly	extend	the	flexibility	of	MOF	biomedical	
applications.	
KEYWORDS:	drug	delivery,	zeolitic	imidazolate	frameworks,	cancer	therapy,	stimulus-responsive,	
microfluidics	



INTRODUCTION 
Taking	advantage	of	the	unique	nanoscale	effect,	nanoparticle	based	chemotherapeutic	drug	delivery	has	
become	a	notable	potential	strategy	for	effective	cancer	therapy.1−4	To	achieve	high	therapeutic	efficiency,	
a	nanoparticle-based	drug	delivery	system	(NDDS)	should	satisfy	multiple	requirements.	For	example,	the	
carrier	 should	 be	 biocompatible	 and	 biodegradable,	 and	 the	 body’s	 metabolism	 should	 be	 able	 to	
completely	excrete	it;	the	NDDS	is	also	expected	to	exhibit	a	high	drugloading	capacity	and	highly	specific	
targeting	of	 tumor	cells.5−9	Moreover,	drugs	within	 the	NDDS	should	remain	stably	encapsulated	during	
passage	through	the	bloodstream	and	should	only	be	released	or	exhibit	therapeutic	effects	within	tumor	
cells.	On	the	other	hand,	many	studies	have	demonstrated	that	combination	therapy	involving	the	use	of	
chemotherapy	 drugs	 with	 other	 therapeutics	 (e.g.,	 photosensitizers,	 photothermal	 agents,	 and	
radiosensitizers)	encapsulated	within	an	NDDS	could	further	improve	the	therapeutic	effect	and	reduce	the	
side	effects	of	anticancer	drugs.10−12	Thus,	development	of	NDDSs	that	can	meet	all	the	above	requirements	
has	been	an	extensively	pursued	aim.	The	superior	advantages	of	metal−organic	frameworks	(MOFs)	over	
conventional	organic	and	inorganic	materials,	including	the	well-defined	porous	structure,	excessively	high	
porosities	and	surface	area,	and	nanoscale	tunable	particle	size,	make	them	a	promising	NDDS	for	cancer	
therapy.13−16		
	



	
	
Figure	 1.	 Preparation	 and	 characterization	 of	 IR780/DOX@ZIF-DH.	 (a)	 Schematic	 illustration	 of	 the	 synthesis	 and	
structure	of	 IR780/DOX@	ZIF-DH.	(b)	TEM	image	of	DOX@ZIF.	(c)	Zeta	potentials	of	DOX@ZIF	and	DOX@ZIF-D	 in	
deionized	water.	(d)	UV−vis	spectra	of	free	DOX	in	aqueous	solution,	IR780	in	ethanol	solution,	and	IR780/DOX@ZIF-
D	in	aqueous	solution.	(e)	TEM	image	of	IR780/DOX@ZIF-DH.	(f)	DLS	results	of	DOX@ZIF	and	IR780/DOX@ZIF-DH	in	
deionized	water.	(g)	XRD	patterns	of	DOX,	ZIF-90,	DOX@ZIF,	IR780/DOX@ZIF-DH,	and	simulated	ZIF-90.	
	

In	particular,	a	typical	MOF,	namely,	the	zeolitic	imidazolate	framework	(ZIF),	has	received	considerable	
attention	in	recent	years	because	 it	exhibits	 inherent	biodegradability,	excellent	biocompatibility,	a	pH-
sensitive	 framework,	 and	 a	 high	 drugloading	 capacity.17−21	However,	 ZIF-based	NDDSs	 still	 suffer	 from	
several	problems	that	limit	their	clinical	applications:	One	important	issue	is	the	premature	drug	release	of	
ZIF-based	NDDSs	owing	to	their	insufficient	stability	in	the	physiological	conditions	of	a	human	body.22	For	
instance,	more	than	20%	of	drugs	were	prematurely	released	from	the	doxorubicin	(DOX)-	and	curcumin-
loaded	ZIF-8	frameworks	in	24	h.23,24	This	results	in	low	bioavailability	and	severe	side	effects	to	healthy	
tissues.	On	the	other	hand,	the	ZIF	is	only	suitable	for	loading	and	delivering	a	high	payload	of	drugs	with	
some	specific	functional	groups,	e.g.,	sulfonic,	carboxyl,	and	carbonyl	groups,	and	fails	in	loading	common	
drugs	without	these	functional	groups.25	Generally,	functional	groups	might	be	chemically	introduced	into	
the	drugs	for	optimization	of	the	drug	loading	in	ZIFs,	which,	however,	changes	the	molecular	structure	of	
the	drug,	resulting	in	a	significant	decrease	in	the	drug	activity.25,26	Additionally,	ZIF	functionalization	with	
specific	 target	molecules	or	“stealth” polymers	 is	 another	major	 challenge,	because	most	ZIFs	 lack	any	
reactive	 chemical	 groups	 for	 postformation	modification.27	Without	 surface	modification,	 ZIF	 generally	
undergoes	rapid	clearance	from	the	blood	via	the	reticuloendothelial	system	and	also	has	a	low	distribution	
in	 tumors.28−31	 Different	 polymer	 coating	 strategies,	 e.g.,	 layerby-	 layer	 (LbL)	 polyelectrolyte	 self-
assembly32	and	 polydopamine	 coating,33	have	 been	 established	 to	 provide	 ZIFs	with	 functional	 groups,	
whereas	 these	 strategies	 suffer	 from	 complicated	 process,	 decreased	 payload	 of	 anticancer	 drugs,	 and	



dramatic	damage	to	both	the	crystal	structure	and	native	property	of	the	ZIF.	Therefore,	development	of	a	
facile	and	multifunctional	ZIF-based	NDDS	that	 is	capable	of	highefficiency	 loading	of	different	 types	of	
drugs,	 has	 highsensitivity	 pH-responsive	 drug	 release,	 and	 has	 reactive	 chemical	 groups	 for	
postmodification	is	of	great	importance	for	optimizing	cancer	therapy,	which,	however,	to	our	knowledge,	
is	still	challenging.	In	this	study,	a	robust	trifunctional	polymer	coating	strategy	was	proposed	to	address	
the	major	drawbacks	of	conventional	ZIFs,	while	realizing	synergistic	chemo-photodynamic	treatment	by	
codelivering	 two	 therapeutics,	 chemotherapy	 drug	 DOX	 and	 near-infrared	 photosensitizer	 dye	 IR780.	
Specifically,	ZIF-90	was	used	to	encapsulate	DOX	during	particle	synthesis	to	form	DOX@ZIF,	followed	by	
coating	with	 a	 sperminemodified	acetalated	dextran	 (SAD)	 shell	 via	 a	microfluidicsbased	 self-assembly	
route,	leading	to	the	formation	of	a	novel	DOX-loaded	NDDS	that	was	denoted	DOX@ZIF-D.	Meanwhile,	the	
amphiphilic	feature	of	the	SAD	polymer	and	microfluidic	mixing-induced	rapid	solvent	exchange	allow	for	
the	 in	situ	encapsulation	of	hydrophobic	 IR780	 into	 the	SAD	shell	with	a	high	payload	during	 the	shell	
formation	process	(the	obtained	nanoparticle	was	denoted	IR780/DOX@ZIFD).	More	importantly,	the	SAD	
shell	 is	highly	 sensitive	 to	pH,	and	 therefore	 it	 is	 expected	 to	be	effective	 in	 inhibiting	premature	drug	
release	 from	 ZIF-90	 in	 the	 physiological	 environment	 while	 facilitating	 drug	 release	 under	 an	 acidic	
environment.	Furthermore,	this	drug-loaded	ZIF-D	nanocomposite	can	be	further	chemically	conjugated	
with	 hyaluronic	 acid	 (HA)	 via	 amidation	 to	 enable	 targeted	 drug	 delivery	 to	 HA	 receptor	 (CD44)-
overexpressed	cancer	cells.	The	effects	of	the	SAD	coating	on	the	performance	of	ZIFs	in	drug	loading,	drug	
release,	 and	 tumor-cell-targeted	 delivery	 were	 systematically	 investigated.	 The	 synergistic	 tumor	
inhibition	 effects	 of	 the	 combined	 chemo-photodynamic	 treatment	 based	 on	 HA-conjugated	
IR780/DOX@ZIF-D	(designated	as	IR780/DOX@ZIF-DH)	were	evaluated	in	detail	both	in	vitro	and	in	vivo	
to	confirm	the	potential	of	this	NDDS	for	multimode	tumor	therapy.	
RESULTS AND DISCUSSION 
Preparation and Characterization of IR780/DOX@ZIFDH. 
The	 fabrication	 of	 IR780/DOX@ZIF-DH	 by	 a	 facile	 microfluidics-based	 nanoprecipitation	 approach	 is	
illustrated	 in	 Figure	 1a.	 DOX@ZIF	 was	 first	 synthesized	 by	 the	 selfassembly	 of	 DOX,	 zinc	 ions,	 and	
imidazole-2-carboxaldehyde	 (2-ICA)	 in	 a	 N,N-dimethylformamide	 (DMF)	 solution,	 followed	 by	
centrifugation	 to	 remove	 the	 unloaded	 DOX.34	 The	 obtained	 DOX@ZIF	 exhibits	 a	 relatively	 regular	
octahedral	shape	with	particle	sizes	in	the	range	from	75	to	95	nm,	as	seen	in	both	transmission	electron	
microscopy	(TEM)	and	scanning	electron	microscopy	(SEM)	images	(Figure	1b	and	Figure	S1).	The	DOX	
loading	amount	was	measured	to	be	28.8	wt	%	by	using	a	UV−vis	spectrophotometer.	Notably,	compared	
to	the	characteristic	peak	of	free	DOX,	the	DOX@ZIF	in	phosphate-buffered	saline	(PBS)	at	pH	7.4	showed	
an	obvious	red-shift	and	split	into	multiple	peaks,	which	could	be	ascribed	to	the	coordination	of	DOX	with	
Zn2+	(Figure	S2).35	Interestingly,	the	absorption	peak	of	the	DOX	released	from	the	ZIF	in	an	acidic	PBS	was	
found	to	be	consistent	with	that	of	the	free	DOX,	suggesting	that	the	chemical	structure	and	drug	activity	of	
DOX	 were	 recovered	 when	 the	 DOX-Zn2+	 coordination	 was	 broken.	 In	 addition,	 the	 surface	 area	 and	
porosity	 of	 ZIF-90	 (fabricated	 in	 absence	 of	 DOX)	 and	 DOX@ZIF	 were	 investigated	 by	 Brunner−	
Emmet−Teller	(BET)	measurement.	The	BET	surface	area	of	DOX@ZIF	is	1037	m2/g,	which	is	slightly	lower	
than	that	of	ZIF-90	(1139	m2/g).	Meanwhile,	the	nitrogen	adsorption− desorption	isotherm	profiles	of	ZIF-
90	 and	 DOX@ZIF	 show	 the	 hysteresis	 loop	 at	 P/P0	=	 0.3−0.6,	 which	 is	 attributed	 to	 the	 formation	 of	
mesoporous	structures	(Figure	S3),	and	the	mean	pore	sizes	of	ZIF-90	and	DOX@ZIF	are	around	2.8	and	
3.6	nm,	respectively	(Figure	S4).	Overall,	the	BET	surface	area	and	porosity	of	DOX@ZIF	were	similar	to	
those	 of	 ZIF-90,	 indicating	 that	 DOX	was	 incorporated	 into	 the	 ZIF-90	 crystal	 framework	 rather	 than	
physically	 adsorbed	 in	 pores.	 Next,	 DOX@ZIF	 was	 coated	 with	 the	 SAD	 via	 a	 microfluidics-based	
nanoprecipitation	approach.	The	SAD	was	prepared	by	the	conjugation	of	spermine	with	partially	oxidized	
acetalated	 dextran	 (Figure	 S5).36	 This	 polymer	 can	 be	 used	 to	 encapsulate	 hydrophobic	 drugs	 via	 a	
nanoprecipitation	 or	 emulsification	 route	 because	 of	 its	 amphiphilic	 property,	 and	 it	 exhibits	 pH	
responsiveness	due	to	the	lability	of	the	acetal	groups	in	an	acidic	environment.	The	successful	synthesis	
of	the	SAD	was	confirmed	from	1H	NMR	spectra	(Figure	S6).	
The	proportion	of	nitrogen	in	the	SAD	is	around	1.6	wt	%,	as	determined	by	elemental	analysis	(Table	S1).	
The	results	show	the	presence	of	∼0.3	mmol	of	primary	amine	groups	in	each	gram	of	SAD.	Furthermore,	
we	compared	the	water	solubility	of	the	SAD	in	solutions	with	different	pH	values.	As	shown	in	Figure	S7,	
around	15.2%	and	88.6%	SAD	was	dissolved	after	48	h	of	immersion	in	PBS	at	pH	7.4	and	5.5,	respectively,	
indicating	the	high	pH	responsiveness.	The	microfluidics-based	synthesis	of	the	SAD	shell	on	DOX@ZIF	was	
conducted	using	a	coaxial	microfluidic	chip	consisting	of	an	inner	glass	capillary	and	an	outer	cylindrical	
tube.	This	approach	exhibits	obvious	advantages	for	the	precisely	controlled	and	scaled-up	synthesis	of	
nanoparticles.37	



In	detail,	the	ethanol	solution	containing	DOX@ZIF,	the	soluble	SAD	polymer,	and	a	certain	proportion	of	
IR780	was	poured	into	the	inner	capillary,	while	the	aqueous	solution	containing	ethylene	oxide/propylene	
oxide	block	copolymer	(F127)	was	placed	in	the	gap	between	the	inner	capillary	and	outer	tube.	When	the	
two	separate	fluids	converged,	the	SAD	shell	was	immediately	formed	on	the	surface	of	DOX@ZIF	owing	to	
the	rapid	decrease	in	the	solubility	of	the	SAD	polymer	in	aqueous	solution.	The	core−shell	structure	of	the	
resultant	 particle	 is	 clearly	 visible	 in	 both	 TEM	 and	 high-angle	 annular	 dark	 field	 images	 (Figure	 S8),	
revealing	 the	 successful	 modification	 of	 DOX@	 ZIF	 with	 SAD	 shell.	 The	 surface	 zeta	 potential	 of	
nanoparticles	changes	from	+11.1	mV	to	+21.4	mV	after	SAD	coating,	which	was	attributed	to	the	positive	
charge	of	the	spermine	groups	in	the	SAD	(Figure	1c).	In	addition,	we	also	confirmed	that	another	typical	
ZIF	nanoparticle,	DOX@ZIF-8,	could	also	be	successfully	coated	with	a	SAD	shell	by	employing	the	same	
synthetic	 approach	 as	 DOX-loaded	 ZIF-90,	 suggesting	 that	 the	 SAD	 coating	 via	 microfluidics-based	
nanoprecipitation	couldbe	extended	to	different	types	of	ZIFs	(Figure	S9).	Moreover,	the	presence	of	the	
characteristic	peaks	of	IR780	in	the	UV−vis	absorption	spectrum	(Figure	1d)	confirms	that	IR780	has	been	
successfully	encapsulated	within	DOX@ZIFD,	which	is	mainly	due	to	the	strong	interaction	between	the	
hydrophobic	group	of	IR780	and	the	acetal	groups	of	the	SAD.	These	results	indicate	that	ZIF-D	not	only	
has	attractive	structural	characteristics	but	also	can	coload	different	 types	of	 therapeutics	 for	potential	
application	 in	 combination	 therapy.	To	 improve	 the	biocompatibility	 of	 IR780/DOX@ZIF-D	and	 realize	
targeted	delivery	to	the	tumor,	the	particles	were	modified	via	amidation	between	the	carboxyl	groups	of	
HA	and	amine	groups	on	the	SAD	shell.38,39	The	TEM	image	shows	that	IR780/DOX@ZIF-DH	particles	are	
spherical	with	an	average	size	of	126	nm	(Figure	1e).	Further,	an	obvious	charge	inversion	occurred,	as	the	
IR780/DOX@ZIF-DH	shows	a	negative	 charge	with	a	 surface	 zeta	potential	of	−13.3	mV,	 indicating	 the	
presence	of	HA	on	the	particle	surface	(Figure	S10).	To	determine	the	weight	percentage	of	SAD	and	HA	on	
the	surface	of	nanoparticles,	the	weight	percentages	of	zinc	in	a	certain	mass	of	ZIF-D	and	ZIF-DH	were	first	
measured	by	inductively	coupled	plasma	mass	spectrometry	(ICP-MS),	separately.	Based	on	the	result	of	
Zn	 percentage	 in	 ZIF-D	 (19.0	 wt	 %),	 the	 SAD	 percentage	 in	 ZIF-D	 was	 calculated	 to	 be	 25.2	 wt	 %.	
Furthermore,	based	on	the	result	of	Zn	percentage	in	ZIF-DH	(17.0	wt	%),	the	total	weight	percentage	of	
DH	in	ZIF-DH	was	calculated	to	be	33.0	wt	%.	Therefore,	the	weight	percentages	of	SAD	and	HA	on	the	
surface	of	ZIF-DH	were	calculated	to	be	22.6	and	10.4	wt	%,	respectively	(Table	S2).	Moreover,	the	dynamic	
light	scattering	(DLS)	profiles	show	that	the	hydrodynamic	diameters	of	DOX@ZIF	and	IR780/	DOX@ZIF-
DH	are	about	142	and	220	nm,	 respectively	 (Figure	1f).	The	 increase	 in	 the	hydrodynamic	diameter	 is	
attributed	 to	 the	 additional	 SAD	 shell	 and	HA	 conjugation.	 In	 addition,	 the	 crystal	 structure	 and	phase	
purity	of	nanoparticles	obtained	at	different	stages	were	verified	by	X-ray	powder	diffraction	(XRD)	(Figure	
1g).	Notably,	the	crystal	structures	of	both	DOX@ZIF	and	IR780/DOX@ZIF-DH	are	quite	similar	to	that	of	
ZIF-90,	 indicating	 that	 the	 entire	 preparation	 process,	 including	 DOX	 loading,	 SAD	 coating,	 and	 HA	
modification	do	not	destroy	the	lattice	structure	of	ZIF-90.	Interestingly,	the	diffraction	peaks	of	DOX	are	
absent	 in	 the	 patterns	 of	 both	 DOX@ZIF	 and	 IR780/DOX@ZIF-DH,	 which	 means	 that	 DOX	 has	 been	
encapsulated	in	the	ZIF-90	rather	than	being	physically	adsorbed	on	the	particle	surface.40		Evaluation of 
IR780 Loading Capacity of ZIF-DH. The	IR780	loading	capacity	of	DOX@ZIF-DH	was	quantitatively	evaluated	
using	 the	 UV−vis	 absorption	 spectrum	 (Figure	 2a).	 The	 results	 indicate	 that	 the	 IR780	 amount	 in	
IR780/DOX@	ZIF-DH	increases	by	increasing	the	amount	of	IR780	added	during	the	microfluidics-based	
synthesis.		

	
Figure	2.	Evaluation	of	IR780	loading	capacity	of	ZIF-DH.	(a)	UV− vis	spectra	of	IR780-loaded	DOX@ZIF-DH	obtained	
by	microfluidics- based	synthesis	in	the	presence	of	an	ethanol	solution containing	different	concentrations	of	IR780	
(0.5,	1,	and	2	mg	mL−1). (b)	UV−vis	spectra	of	IR780-loaded	ZIF-90	obtained	by	in	situ encapsulation	of	IR780	in	ZIF-
90	during	DOX@ZIF	synthesis	in	a DMF	solution.	The	feed	concentrations	of	DOX	in	DMF	were	fixed as	2	mg	mL−1,	and	
the	feed	concentrations	of	IR780	in	DMF	were fixed	as	0.5,	1,	and	2	mg	mL−1	separately.	All	IR780-loaded nanoparticle	
samples	with	the	same	mass	concentration	of	10	μg mL−1	were	dispersed	in	deionized	water	before	performing	spectra 
analysis. 



The	loading	amount	of	IR780	is	calculated	to	be	as	high	as	up	to	14.3	wt	%	when	the	mass	feed	ratio	of	
IR780	to	DOX@ZIF	is	2:1	(Figure	2a).	For	comparison,	the	conventional	in	situ	encapsulation	of	IR780	into	
ZIF-90	during	the	construction	of	ZIF-90	was	also	conducted.	Researchers	generally	use	this	method	to	load	
those	drugs	with	functional	groups	having	specific	affinity	for	MOFs	(e.g.,	carboxyl	and	sulfonic	groups).	For	
example,	 the	 average	 ibuprofen	 loading	 efficiency	 of	 Zn2(1,4-bdc)2(dabco)	 was	 around	 15	 wt	 %.41	
Unfortunately,	 IR780	 is	 difficult	 to	 be	 loaded	 by	 this	 encapsulation	 method,	 because	 there	 is	 weak	
interaction	 between	 the	 IR780	 and	 ZIFs.25	Thus,	 only	weak	 characteristic	 peaks	 associated	with	 IR780	
could	be	observed	in	the	UV−vis	absorption	spectrum	of	ZIF-90	(Figure	2b),	and	the	IR780	loading	capacity	
and	efficiency	were	calculated	to	be	only	1.3	and	2.4	wt	%,	respectively.	Such	enormous	variation	in	the	
loading	 amount	 of	 IR780	 confirms	 the	 advantage	 of	 our	 proposed	 microfluidics-based	 SAD	 coating	
approach,	which	enables	MOFs	to	efficiently	load	hydrophobic	drugs	without	specific	affinity	for	the	MOFs.	
In Vitro pH-Responsive Drug Release. The	particle	morphology	and	drug	release	kinetics	of	DOX@ZIF	and	
IR780/DOX@ZIF-DH	at	different	pH	values	were	evaluated	by	TEM	observation	and	UV−vis	spectroscopy,	
respectively.	After	4	h	in	PBS	at	pH	7.4,	DOX@ZIF	showed	an	obvious	decrease	in	hydrodynamic	size	(from	
142	to	122	nm),	indicating	that	nanoscale	ZIF-90	partially	decomposed	in	the	aqueous	solution	(Figure	3a,	
Figure	S11).	The	decomposition	of	ZIF-90	resulted	in	obvious	drug	leakage;	e.g.,	∼33.7%	DOX	was	released	
from	 ZIF-90	 after	 9	 h	 (Figure	 3b).	 In	 contrast,	 the	 structural	 integrity	 and	 hydrodynamic	 size	 of	
IR780/DOX@	ZIF-DH	was	maintained	under	the	same	condition	(Figure	3a,	Figure	S11),	and	only	∼12.3%	
DOX	was	released	even	after	9	h.	The	above	results	demonstrate	that	the	SAD	shell	could	efficiently	inhibit	
the	decomposition	of	ZIF-90,	leading	to	minimal	drug	leakage	in	the	physiological	environment.	This	may	
be	because	the	dense	SAD	shell	containing	a	large	number	of	hydrophobic	segments	effectively	prevents	
the	direct	contact	between	the	aqueous	solution	and	the	ZIF	framework,	thereby	limiting	the	dissolution	
and	 outward	 diffusion	 of	 Zn2+	 and	 2-	 ICA.42	Notably,	 both	 DOX@ZIF	 and	 IR780/DOX@ZIF-DH	 exhibit	
obvious	structural	collapse	and	decrease	in	hydrodynamic	size	after	4	h	in	PBS	at	pH	5.5	(Figure	3a,	Figure	
S11).	 In	 particular,	 the	 SAD	 shell	 in	 IR780/DOX@ZIF-DH	 could	 not	 be	 clearly	 observed	 at	 this	 time.	
Furthermore,	 the	 particle	 morphology	 dramatically	 changed,	 and	 several	 irregular	 objects	 with	 small	
particle	sizes	were	observed	after	immersion	for	8	h.	The	encapsulated	drug	was	rapidly	released	from	
DOX@ZIF	and	IR780/DOX@ZIF-DH:	ca.	89.8%	and	74.6%	of	the	drug	was	released	after	12	h,	respectively	
(Figure	3b,	Figure	3c).	These	results	indicate	that	the	excellent	acidresponsiveness	of	the	SAD	shell	enables	
IR780/DOX@ZIFDH	to	rapidly	release	the	loaded	DOX	under	an	acidic	environment	(Figure	3d).	Thus,	the	
results	of	the	morphological	change	and	drug	release	behavior	at	different	pH	values	confirm	that	the	pH-
responsive	drug	release	performance	of	ZIF-DH	is	superior	to	that	of	the	pristine	ZIF.		
In Vitro Evaluations of Targeting and Acid-Responsive	
Drug Release Properties. To	realize	highly	selective	drug	delivery	into	tumor	cells,	an	NDDS	should	meet	two	
basic	perquisites:	(1)	The	NDDS	should	be	capable	of	specific	recognition	of	the	targeted	tumor	cells,	and	
(2)	there	should	be	minimal	leakage	of	drugs	within	the	NDDS	before	entry	into	the	tumor	cells	and	rapid	
release	after	cell	internalization.	43	In	this	study,	HeLa	cells	with	high	expression	of	the	HA	receptor	CD44	
were	used	as	a	cancer	cell	model	to	investigate	the	cell	uptake	and	drug	release	of	IR780/DOX@	ZIF-DH	at	
a	cellular	level.	In	addition,	a	competitive	uptake	Figure	2.	Evaluation	of	IR780	loading	capacity	of	ZIF-DH.	(a)	UV− 
vis	spectra	of	 IR780-loaded	DOX@ZIF-DH	obtained	by	microfluidics- based	synthesis	 in	the	presence	of	an	ethanol	
solution containing	different	concentrations	of	IR780	(0.5,	1,	and	2	mg	mL−1). (b)	UV−vis	spectra	of	IR780-loaded	ZIF-
90	 obtained	 by	 in	 situ encapsulation	 of	 IR780	 in	 ZIF-90	 during	 DOX@ZIF	 synthesis	 in	 a DMF	 solution.	 The	 feed	
concentrations	of	DOX	in	DMF	were	fixed	as	2	mg	mL−1,	and	the	feed	concentrations	of	IR780	in	DMF	were	fixed	as	0.5,	
1,	and	2	mg	mL−1	separately.	All	IR780-loaded	nanoparticle	samples	with	the	same	mass	concentration	of	10	μg	mL−1	
were	dispersed	in	deionized	water	before	performing	spectra	analysis.	The	results	indicate	that	the	IR780	amount	
in	IR780/DOX@	ZIF-DH	increases	by	increasing	the	amount	of	IR780	added	during	the	microfluidics-based	
synthesis.	The	loading	amount	of	IR780	is	calculated	to	be	as	high	as	up	to	14.3	wt	%	when	the	mass	feed	
ratio	of	IR780	to	DOX@ZIF	is	2:1	(Figure	2a).	For	comparison,	the	conventional	in	situ	encapsulation	of	
IR780	into	ZIF-90	during	the	construction	of	ZIF-90	was	also	conducted.	Researchers	generally	use	this	
method	 to	 load	 those	drugs	with	 functional	groups	having	 specific	affinity	 for	MOFs	 (e.g.,	 carboxyl	and	
sulfonic	groups).	For	example,	the	average	ibuprofen	loading	efficiency	of	Zn2(1,4-bdc)2(dabco)	was	around	
15	wt	%.41	Unfortunately,	 IR780	is	difficult	 to	be	 loaded	by	this	encapsulation	method,	because	there	 is	
weak	interaction	between	the	IR780	and	ZIFs.25	Thus,	only	weak	characteristic	peaks	associated	with	IR780	
could	be	observed	in	the	UV−vis	absorption	spectrum	of	ZIF-90	(Figure	2b),	and	the	IR780	loading	capacity	
and	efficiency	were	calculated	to	be	only	1.3	and	2.4	wt	%,	respectively.	Such	enormous	variation	in	the	
loading	 amount	 of	 IR780	 confirms	 the	 advantage	 of	 our	 proposed	 microfluidics-based	 SAD	 coating	
approach,	which	enables	MOFs	to	efficiently	load	hydrophobic	drugs	without	specific	affinity	for	the	MOFs.	
In Vitro pH-Responsive Drug Release. The	particle	morphology	and	drug	release	kinetics	of	DOX@ZIF	and	



IR780/DOX@ZIF-DH	at	different	pH	values	were	evaluated	by	TEM	observation	and	UV−vis	spectroscopy,	
respectively.	After	4	h	in	PBS	at	pH	7.4,	DOX@ZIF	showed	an	obvious	decrease	in	hydrodynamic	size	(from	
142	to	122	nm),	indicating	that	nanoscale	ZIF-90	partially	decomposed	in	the	aqueous	solution	(Figure	3a,	
Figure	S11).	The	decomposition	of	ZIF-90	resulted	in	obvious	drug	leakage;	e.g.,	∼33.7%	DOX	was	released	
from	 ZIF-90	 after	 9	 h	 (Figure	 3b).	 In	 contrast,	 the	 structural	 integrity	 and	 hydrodynamic	 size	 of	
IR780/DOX@	ZIF-DH	was	maintained	under	the	same	condition	(Figure	3a,	Figure	S11),	and	only	∼12.3%	
DOX	was	released	even	after	9	h.	The	above	results	demonstrate	that	the	SAD	shell	could	efficiently	inhibit	
the	decomposition	of	ZIF-90,	leading	to	minimal	drug	leakage	in	the	physiological	environment.	This	may	
be	because	the	dense	SAD	shell	containing	a	large	number	of	hydrophobic	segments	effectively	prevents	
the	direct	contact	between	the	aqueous	solution	and	the	ZIF	framework,	thereby	limiting	the	dissolution	
and	 outward	 diffusion	 of	 Zn2+	 and	 2-	 ICA.42	Notably,	 both	 DOX@ZIF	 and	 IR780/DOX@ZIF-DH	 exhibit	
obvious	structural	collapse	and	decrease	in	hydrodynamic	size	after	4	h	in	PBS	at	pH	5.5	(Figure	3a,	Figure	
S11).	 In	 particular,	 the	 SAD	 shell	 in	 IR780/DOX@ZIF-DH	 could	 not	 be	 clearly	 observed	 at	 this	 time.	
Furthermore,	 the	 particle	 morphology	 dramatically	 changed,	 and	 several	 irregular	 objects	 with	 small	
particle	sizes	were	observed	after	immersion	for	8	h.	The	encapsulated	drug	was	rapidly	released	from	
DOX@ZIF	and	IR780/DOX@ZIF-DH:	ca.	89.8%	and	74.6%	of	the	drug	was	released	after	12	h,	respectively	
(Figure	3b,	Figure	3c).	These	results	indicate	that	the	excellent	acidresponsiveness	of	the	SAD	shell	enables	
IR780/DOX@ZIFDH	to	rapidly	release	the	loaded	DOX	under	an	acidic	environment	(Figure	3d).	Thus,	the	
results	of	the	morphological	change	and	drug	release	behavior	at	different	pH	values	confirm	that	the	pH-
responsive	drug	release	performance	of	ZIF-DH	is	superior	to	that	of	the	pristine	ZIF.	In Vitro Evaluations of 
Targeting and Acid-Responsive Drug Release Properties. To	realize	highly	selective	drug	delivery	into	tumor	
cells,	an	NDDS	should	meet	two	basic	perquisites:	(1)	The	NDDS	should	be	capable	of	specific	recognition	
of	the	targeted	tumor	cells,	and	(2)	there	should	be	minimal	leakage	of	drugs	within	the	NDDS	before	entry	
into	 the	 tumor	 cells	 and	 rapid	 release	 after	 cell	 internalization.	 43	 In	 this	 study,	 HeLa	 cells	 with	 high	
expression	of	the	HA	receptor	CD44	were	used	as	a	cancer	cell	model	to	investigate	the	cell	uptake	and	drug	
release	 of	 IR780/DOX@	 ZIF-DH	 at	 a	 cellular	 level.	 In	 addition,	 a	 competitive	 uptake	 study	 was	 also	
conducted	to	confirm	the	specific	interaction	of	IR780/DOX@ZIF-DH	with	HA-binding	receptors	(Figure	
4a).	To	facilitate	the	observation	of	the	intracellular	concentration	of	IR780/DOX@ZIF-DH	through	CLSM,	
the	 SAD	 polymer	 was	 chemically	 conjugated	 with	 a	 fluorescein	 FITC	 probe	 before	 surface	 coating	 of	
DOX@ZIF.	Because	DOX	is	fluorescent,	it	can	be	directly	observed	by	CLSM.	The	uptake	of	a	considerable	
number	of	nanoparticles	by	HeLa	cells	after	4	h	coincubation	was	observed	from	the	TEM	images	in	Figure	
S12.	Moreover,	the	number	of	IR780/DOX@	ZIF-DH	nanoparticles	in	the	cell	obviously	increased	with	the	
incubation	duration,	as	 indicated	by	the	gradual	 increase	 in	the	FITC	and	DOX	 fluorescence	 intensity	 in	
HeLa	cells	(Figure	4a).	However,	no	obvious	florescence	signals	could	be	observed	after	coincubation	of	
HeLa	cells	with	IR780/	DOX@	ZIF-DH	in	the	presence	of	excess	free	HA	even	for	8	h.	This	could	be	because	
free	 HA	 can	 rapidly	 bind	 to	 all	 the	 CD44	 on	 the	 cell	 membrane,	 thereby	 preventing	 the	 cellular	
internalization	 of	 IR780/DOX@ZIF-DH.44	Therefore,	 HA	 conjugation	 to	 the	 amine-containing	 SAD	 shell	
endows	IR780/	DOX@ZIF-D	with	excellent	tumor	targeting	efficacy.	We	also	investigated	the	drug	release	
process	 after	 cellular	 uptake	 of	 IR780/DOX@ZIF-DH.	 Notably,	 both	 the	 CLSM	 images	 (Figure	 4b)	 and	
fluorescence-intensity	distribution	results	showed	the	presence	of	FITC	fluorescence	in	the	nucleus	after	
HeLa	 cells	 were	 incubated	 with	 IR780/DOX@	 ZIF-DH	 for	 16	 h.	 A	 previous	 report	 demonstrated	 that	
lowmolecular-	weight	dextran	derivatives	could	diffuse	through	the	nuclear	pore	and	enter	the	nucleus,	
whereas	the	diffusion	of	nanoparticles	and	high-molecule-weight	polymers	was	limited	by	the	nuclear-pore	
threshold	of	∼10	nm,	resulting	in	inefficient	nuclear	entry.45	Thus,	the	emergence	of	FITC	fluorescence	in	
the	nucleus	indicates	that	a	considerable	amount	of	the	SAD	coated	on	IR780/DOX@ZIF	has	been	converted	
into	the	hydrophilic	polymer	owing	to	the	stimulation	of	the	acidic	endosome/lysosome,	further	confirming	
its	 high	 pH	 responsiveness	 at	 the	 cellular	 level.	 Moreover,	 the	 structural	 collapse	 of	 the	 SAD	 shell	
accelerated	the	drug	release,	resulting	in	the	nuclear	accumulation	of	DOX,	as	confirmed	by	the	presence	of	
the	red	fluorescence	in	nuclei	(Figure	4b).	Interestingly,	for	the	CD44-blocked	cells,	the	intracellular	DOX	
fluorescence	was	negligible	even	after	coincubation	with	IR780/DOX@ZIF-DH	for	8	h	(Figure	4a).	This	in	
vitro	result	clearly	proves	that	ZIFDH	could	maintain	structural	stability	and	avoid	premature	drug	release	
in	an	extracellular	environment.	All	 the	above	results	confirm	that	 the	obtained	IR780/DOX@ZIF-DH	is	
endowed	with	the	targeting	and	pH-responsive	ability,	which	enables	tumor-cell-specific	delivery	and	the	
intracellular	release	of	the	payload	(Figure	4c),	thus	ensuring	a	high	antitumor	activity	and	reduced	side	
effects	on	normal	cells.		



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	3.	In	vitro	evaluation	of	pH-responsive	drug	release.	(a)	TEM	images	of	DOX@ZIF	and	IR780/DOX@ZIF-DH	after	
immersion	in	PBS	at	pH	7.4	and	5.5	for	different	durations	(4	and	8	h).	(b,	c)	In	vitro	evaluations	of	the	amount	of	DOX	
released	from	(b)	DOX@ZIF	and	(c)	IR780/	DOX@ZIF-DH	after	immersion	in	PBS	at	pH	7.4,	6.5,	and	5.5	separately	for	
different	periods.	 (d)	Schematic	 illustration	of	 the	stable	structure	of	 IR780/DOX@ZIF-DH	at	pH	7.4,	and	 the	acid-
triggered	structural	collapse	and	drug	release	at	pH	5−6.	
In Vitro Evaluation of Photodynamic Effect. Free	 IR780	 is	 generally	 employed	 as	 a	 photosensitizer	 in	
photodynamic	 therapy	 (PDT),	 but	 its	 poor	 water	 solubility	 limits	 its	 therapeutic	 efficiency	 in	 vivo.46	
Although	the	solubility	of	IR780	can	be	increased	by	adding	a	certain	proportion	of	weak	polar	solvents,	
such	as	dimethyl	sulfoxide	and	ethanol,	these	cosolvents	have	a	significant	toxic	effect.47	Our	proposed	drug	
encapsulation	strategy	in	this	research	could	enhance	the	water	solubility	of	IR780,	thereby	facilitating	its	
practical	 use	 via	 intravenous	 administration.	 To	 confirm	 whether	 the	 IR780	 encapsulated	 in	 IR780/	
DOX@ZIF-DH	could	also	produce	reactive	oxygen	species	 (ROS)	 in	 the	same	manner	as	 free	 IR780,	 the	
fluorescence	 intensities	 of	 SOSG	 for	 both	 IR780/DOX@ZIF-DH	 and	 free	 IR780	 solutions	with	 the	 same	
IR780	concentration	were	measured	following	808	nm	laser	irradiation	(808	nm,	2	Wcm−2,	60	s).	As	shown	
in	Figure	5a,	the	1O2	generation	from	IR780/DOX@	ZIF-DH	increases	during	laser	irradiation,	which	is	a	
similar	trend	to	that	shown	by	free	IR780,	implying	that	ZIF-DH	can	be	serve	as	an	excellent	nanocarrier	
for	IR780	without	adversely	affecting	its	photosensitizer	performance	of	ROS	generation.	The	effectiveness	
of	 IR780/DOX@ZIF-DH	in	PDT	was	further	 investigated	with	HeLa	cells.	 Initially,	 the	cell	survival	rates	
after	24	h	incubation	with	different	concentrations	of	ZIF-DH	were	measured	by	using	the	standard	cell-
counting	kit-8	(CCK-8)	assay	(Figure	5b).	The	survival	rate	was	>90%	at	a	high	particle	concentration	of	
160.0	μg	mL−1,	indicating	the	high	safety	of	the	nanocarrier	ZIF-DH.	Then	HeLa	cells	were	incubated	with	
IR780/DOX@ZIF-DH	for	4	h	and	subjected	to	808	nm	laser	irradiation.	The	radiation	intensity	and	duration	
were	set	as	2	W	cm−2	and	20	s,	respectively,	to	avoid	photothermal	damage	to	cells	(Figure	S13).	In	addition,	
the	 cells	 treated	 with	 IR780/DOX@ZIF-DH	 at	 the	 same	 concentrations	 without	 irradiation	 and	 those	



subjected	to	laser	irradiation	only	were	set	as	controls.	The	HeLa	cells	after	these	treatments	were	stained	
by	the	fluorescence	probe	2ʹ,7ʹ-	dichlorofluorescin	diacetate	(DCFH-DA)	for	observation	of	the	intracellular	
ROS	via	CLSM.	DCFH-DA	turns	into	2ʹ,7ʹ-	dichlorofluorescein	(DCF)	with	a	strong	green	fluorescence	upon	
the	generation	of	ROS	in	cells.	Figure	5c	shows	the	strong	green	fluorescence	intensity	of	DCF	in	HeLa	cells	
after	treatment	with	IR780/DOX@ZIF-DH	combined	with	808	nm	  laser	irradiation.	However,	negligible	
fluorescence	 is	 observed	 for	 the	 single	 treatment	 groups.	 These	 results	 were	 also	 confirmed	 by	 the	
quantitative	analysis	via	flow	cytometry,	as	shown	in	Figure	5d.	Overall,	these	in	vitro	results	prove	that	
IR780/DOX@ZIF-DH	could	effectively	generate	ROS	in	tumor	cells	under	NIR	irradiation.	In Vitro Evaluation 
of Combined Chemo-photodynamic	Treatment. To	compare	the	therapeutic	effects	of	the	combined	chemo-
photodynamic	 treatment	 and	 each	 single	 therapeutic	mode	 in	 vitro,	 the	 cell	 inhibition	 rates	 of	 IR780/	
DOX@ZIF-DH	 samples	 at	 different	 ZIF-DH	 concentrations	 (0−80.0	 μg	 mL−1)	 with	 and	 without	 laser	
irradiation,	and	 the	cell	 inhibition	rates	of	 IR780@ZIF-DH	(with	 the	same	ZIFDH	concentrations	as	 the	
IR780/DOX@ZIF-DH	samples)	with	only	laser	irradiation,	were	measured	via	the	CCK-8	assay	(Figure	6a).	
The	results	demonstrate	that	 for	each	treatment	group,	 the	 inhibition	rate	gradually	 increases	with	the	
nanoparticle	 concentration.	 In	 particular,	 for	 the	 same	 particle	 concentration,	 the	 inhibition	 rate	 for	
treatment	with	IR780/	DOX@ZIF-DH	combined	with	laser	irradiation	is	significantly	higher	than	that	for	
treatment	 with	 IR780@ZIF-DH	 combined	 with	 laser	 irradiation	 (single	 PDT)	 and	 for	 treatment	 with	
IR780/DOX@ZIF-DH	 (single	 chemotherapy)	 without	 laser	 irradiation.	 Here	 the	 additive	 therapeutic	
efficacy	(Tadd.)	was	calculated	as	follows:	Tadd.	=	[100	− (f	PDT	× fchemo)]	× 100	(where	f	is	the	cell	viability	in	
each	treatment).48	As	shown	in	Figure	6b,	the	inhibition	rate	in	the	case	of	combined	treatment	is	higher	
than	 the	 calculated	 Tadd.	value	 at	 each	 particle	 concentration,	 demonstrating	 the	 synergistic	 anticancer	
effect	of	the	combined	treatment.	On	the	basis	of	this	result,	it	is	expected	that	the	codelivery	of	DOX	and	
IR780	using	ZIF-DH	in	combination	with	photodynamic	treatment	could	effectively	prevent	both	the	dose-
limiting	toxicity	of	DOX	and	the	tissue	damage	due	to	excessive	laser	exposure.		

	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	4.	In	vitro	evaluations	of	targeting	and	acid-responsive	drug	release	properties.	(a)	CLSM	images	of	HeLa	cells	
after	incubation	with	IR780/	DOX@ZIF-DH	for	2,	4,	and	8	h	(scale	bar	=	20	μm).	(b)	The	magnified	CLSM	images	of	
HeLa	cells	after	incubation	with	IR780/DOX@ZIF-DH	for	16	h,	and	fluorescence-intensity	distribution	along	the	white	
line	crossing	the	HeLa	cell	(scale	bar	=	20	μm).	(c)	Schematic	illustration	of	the	endocytosis	of	nanoparticles	mediated	
by	HA	receptors,	followed	by	the	intracellular	drug	release	in	HeLa	cells.		



	
Figure	5.	In	vitro	evaluations	of	photodynamic	and	combined	chemo-photodynamic	effect.	(a)	In	vitro	1O2	generation	
by	PBS,	free	IR780,	and	IR780/DOX@ZIF-DH	under	laser	irradiation	(808	nm	laser,	2	W	cm−2).	(b)	Cell	viabilities	of	
HeLa	cells	treated	with	different	concentrations	of	ZIF-DH	for	24	h	(mean	± SD,	n	=	5).	(c)	The	CLSM	images	of	the	
DCFH-DA	probe	in	HeLa	cells	subjected	to	no	treatment	(control)	and	different	treatments	(IR780/DOX@ZIF-DH	alone,	
laser	irradiation	alone,	and	IR780/DOX@ZIF-DH	+	laser)	(scale	bar	=	20	μm).	(d)	Quantitative	analysis	of	intracellular	
ROS	levels	in	HeLa	cells	by	employing	the	flow	cytometric	technique.	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	6.	(a)	Cell	viabilities	of	HeLa	cells	treated	with	different	dosages	of	IR780@ZIF-DH,	IR780@ZIF-DH	+	laser,	
IR780/DOX@	ZIF-DH,	IR780/DOX@ZIF-DH	+	laser	(mean	± SD,	n	=	5).	(b)	Inhibition	rates	for	HeLa	cells	treated	with	
IR780/DOX@ZIF-DH	+	laser,	and	the	calculated	values	of	additive	therapeutic	efficacy	for	different	concentrations	of	
IR780@ZIF-DH.	*P	<	0.05;	**P	<	0.01;	***P	<	0.001.	
In Vivo Safety Evaluation of ZIF-DH. The	 in	 vivo	 toxicity	 of	 ZIF-DH	was	 further	 evaluated	 to	 confirm	 its	
suitability	for	potential	cancer	therapy	applications.	Healthy	female	BALB/c	mice	were	randomly	divided	
into	three	groups	(n	=	5)	and	received	the	intravenously	administered	ZIF-DH	at	different	doses	(0,	50,	and	
100	mg	kg−1).	The	body	weight	of	mice	in	each	group	was	carefully	monitored	every	2	days	(Figure	S14).	
During	a	30-day	period,	 the	mice	 in	 the	 three	groups	showed	no	significant	differences	 in	body	weight	
change.	Thereafter,	the	mice	were	sacrificed,	and	their	blood	and	main	organs,	i.e.,	the	liver,	heart,	spleen,	
kidney,	and	lung,	were	collected	for	further	systematical	evaluation.	As	indicated	in	Figure	S15a,	no	obvious	
pathological	 abnormality	 was	 observed	 in	 the	 main	 organs	 in	 microscopic	 analysis	 of	 H&E-stained	
histologic	sections.	Further,	the	quantitative	hematological	and	biochemical	analysis	of	the	blood	showed	
no	obvious	differences	 in	 the	 typical	blood	biochemical	 indexes	and	 in	 the	markers	of	 liver	and	kidney	
functions	between	the	three	groups	(Figure	S15b).	Thus,	these	profiles	provide	comprehensive	evidence	
that	the	novel	drug	carrier	ZIF-DH	at	the	given	dose	can	be	safely	administered	intravenously	in	vivo.		



Tumor Growth Inhibition by Combined Chemophotodynamic	 Therapy Based on IR780/DOX@ZIF-DH. The	
antitumor	 efficacy	of	 IR780/DOX@ZIF-DH	was	 evaluated	 in	 vivo	based	on	 a	HeLa	 tumor-bearing	nude	
mouse	 model.	 Because	 IR780	 could	 be	 used	 as	 a	 near-infrared	 probe,	 the	 in	 vivo	 biodistribution	 of	
IR780/DOX@ZIF-DH	was	first	evaluated	by	fluorescence	imaging	at	790	nm.	As	shown	in	Figure	7a,	a	strong	
signal	 in	 the	 tumor	 area	 was	 visible	 4	 h	 after	 the	 intravenous	 injection	 of	 IR780/DOX@	 ZIF-DH.	
Furthermore,	the	fluorescence	signal	in	the	tumor	site	gradually	increased	in	a	time-dependent	manner	
and	 reached	 a	 peak	 intensity	 value	 at	 8	 h	 postinjection.	 However,	 the	 fluorescence	 signal	 intensity	
decreased	drastically	24	h	postinjection,	which	suggested	that	a	large	amount	of	IR780	had	been	released	
and	 excreted	 from	 the	 tumor	 cells.	 Accordingly,	 to	 realize	 optimal	 photodynamic	 treatment,	 laser	
irradiations	 were	 performed	 4	 and	 8	 h	 postinjection.	 Furthermore,	 HeLa	 tumor-bearing	 mice	 were	
randomly	divided	to	six	groups	(n	=	5),	and	one	group	each	was	treated	with	PBS	(control	group),	free	DOX,	
IR780@ZIF-DH,	IR780/	DOX@ZIF-DH,	IR780@ZIF-DH	combined	with	laser	irradiation	(IR780@ZIF-DH	+	
laser,	808	nm,	2	W	cm−2,	20	s),	and	IR780/DOX@ZIF-DH	combined	with	laser	irradiation	(IR780/DOX@ZIF-
DH	+	laser,	808	nm,	2	W	cm−2,	20	s).	The	body	weight	and	tumor	size	were	recorded	every	2	days	after	
treatment	(Figure	7b,	Figure	7c,	and	Figure	S16).	Further,	the	tumors	were	photographed	(Figure	S17)	and	
weighed	 (Figure	 7d)	 at	 the	 16th	 day.	 As	 shown	 in	 Figure	 7c,	 the	 tumor	 volumes	 of	 the	 control	 and	
IR780@ZIF-DH	groups	quickly	increased	during	the	16	days.	The	tumor	inhibition	rate	of	free	DOX	is	also	
quite	low	(9.1%)	probably	owing	to	the	low	accumulation	of	free	DOX	in	the	tumor	(Figure	7d).	In	contrast,	
the	 IR780@ZIF-DH	 +	 laser,	 IR780/DOX@ZIF-DH,	 and	 IR780/DOX@ZIF-DH	 +	 laser	 treatments	 showed	
significant	tumor	inhibition	rates	of	43.4%,	61.1%,	and	86.5%,	respectively.	Notably,	the	tumor	growth	can	
almost	be	completely	inhibited	in	the	group	treated	with	IR780/	DOX@ZIF-DH	and	irradiation,	indicating	
that	 the	 therapeutic	 efficacy	 of	 the	 combination	 of	 chemotherapy	 and	 photodynamic	 therapy	 with	
IR780/DOX@ZIF-DH	 is	much	 higher	 than	 that	 of	 other	 single-mode	 treatments.	 Notably,	 in	 the	 group	
treated	with	free	DOX,	obvious	tissue	damage	was	found	in	the	liver	and	kidney,	as	could	be	found	in	the	
H&E-stained	tissue	sections	(Figure	7e),	i.e.,	granular	degeneration	in	the	cytoplasm	of	liver	cells,	and	the	
presence	of	a	few	renal	tubular	epithelial	cells.	In	contrast,	the	DOX	delivery	mediated	by	IR780/DOX@ZIF-
DH	resulted	 in	no	obvious	abnormalities	 in	both	the	body	weight	and	major	organs	(Figure	7e).	All	 the	
above	results	indicate	that	this	novel	IR780/DOX@ZIF-DH	is	a	biocompatible	and	powerful	nanoplatform	
for	combined	chemo-photodynamic	therapy.	
	

	
Figure	7.	Evaluation	of	the	therapy	outcomes	and	biocompatibility	of	IR780/DOX@ZIF-DH.	(a)	In	vivo	fluorescence	
images	of	mouse	before	and	2,	4,	8,	and	24	h	after	intravenous	injection	of	IR780/	DOX@ZIF-DH.	The	red	circles	indicate	
the	tumor	site.	(b)	The	average	body	weight,	(c)	tumor	volume,	and	(d)	average	weight	of	excised	tumors	and	tumor	



inhibition	ratios	of	mice	after	different	treatments:	(I)	PBS	(control	group),	(II)	free	DOX,	(III)	IR780@	ZIF-DH,	(IV)	
IR780@ZIF-DH	+	laser	irradiation,	(V)	IR780/	DOX@ZIF-DH,	and	(VI)	IR780/DOX@ZIF-DH	+	laser	irradiation	(mean	± 
SD,	n	=	5).	**P	<	0.01.	(e)	H&E	staining	of	the	livers	and	kidneys	of	mice	after	treatment	with	PBS	(control),	free	DOX,	
and	IR780/DOX@ZIF-DH.	The	red	circle	at	the	top	indicates	granular	degeneration	in	the	cytoplasm	of	liver	cells,	and	
the	red	circle	at	the	bottom	indicates	the	presence	of	a	few	renal	tubular	epithelial	cells	due	to	free	DOX	(scale	bar	=	
100	μm).	
CONCLUSIONS 
In	summary,	we	developed	herein	a	multifunctional	NDDS	with	a	nanoscale	ZIF-90	core	and	a	SAD	shell	by	
employing	a	facile	and	precisely	controlled	microfluidics-based	approach	that	enabled	ZIF-90	to	codeliver	
DOX	and	IR780.	Notably,	the	loading	capacity	of	IR780	for	obtained	ZIF-DH	is	10-times	higher	than	that	of	
conventional	 ZIF-90.	 Furthermore,	 the	 SAD	 shell	 could	 effectively	 improve	 the	 pH-responsive	 release	
performance	 of	 nanoscale	 ZIF-90	 and	 prevent	 drug	 leakage	 in	 a	 physiological	 solution.	 Moreover,	 the	
conjugation	of	HA	via	amine	groups	on	the	SAD	shell	endowed	ZIF-90	with	the	tumor-targeting	function.	
Both	 in	vitro	and	 in	vivo	 results	demonstrated	 the	effectiveness	of	 IR780/DOX@ZIF-DH	 for	 synergistic	
dual-mode	chemo-photodynamic	therapy	against	cancers.	Overall,	this	study	provides	a	robust	strategy	by	
combining	intelligent	polymer	design	and	controllable	microfluidics-	based	production	to	simultaneously	
solve	multiple	Figure	7.	Evaluation	of	the	therapy	outcomes	and	biocompatibility	of	IR780/DOX@ZIF-DH.	(a)	In	vivo	
fluorescence	images	of	mouse	before	and	2,	4,	8,	and	24	h	after	intravenous	injection	of	IR780/	DOX@ZIF-DH.	The	red	
circles	 indicate	 the	 tumor	site.	 (b)	The	average	body	weight,	 (c)	 tumor	volume,	and	 (d)	average	weight	of	excised	
tumors	 and	 tumor	 inhibition	 ratios	 of	mice	 after	 different	 treatments:	 (I)	 PBS	 (control	 group),	 (II)	 free	DOX,	 (III)	
IR780@	ZIF-DH,	 (IV)	 IR780@ZIF-DH	+	 laser	 irradiation,	 (V)	 IR780/	DOX@ZIF-DH,	and	(VI)	 IR780/DOX@ZIF-DH	+	
laser	irradiation	(mean	± SD,	n	=	5).	**P	<	0.01.	(e)	H&E	staining	of	the	livers	and	kidneys	of	mice	after	treatment	with	
PBS	 (control),	 free	DOX,	and	 IR780/DOX@ZIF-DH.	The	red	circle	at	 the	 top	 indicates	granular	degeneration	 in	 the	
cytoplasm	of	liver	cells,	and	the	red	circle	at	the	bottom	indicates	the	presence	of	a	few	renal	tubular	epithelial	cells	
due	to	free	DOX	(scale	bar	=	100	μm).	problems	encountered	in	the	case	of	nanoscale	ZIFs,	which	is	expected	
to	have	a	significant	potential	for	clinical	cancer	therapy	applications.	
EXPERIMENTAL SECTION 
Chemicals. N,N-Dimethylformamide	(DMF),	dimethyl	sulfoxide	(DMSO),	ethanol,	sodium	borohydride	(NaBH4),	sodium	
periodate,	 imidazole-2-carboxyaldehyde	 (2-ICA),	 2-methylimidazole	 (2-MI),	 Zn(NO3)2·6H2O,	 hyaluronic	 acid	 (HA)	
(>95.0%,	 molecular	 weight	 =	 4000	 DA),	 and	 2-methoxypropene	 were	 purchased	 from	 Aladdin.	 Ethylene	
oxide/propylene	 oxide	 block	 copolymer	 (F127),	 dextran	 (molecular	 weight	 =	 9000−11	 000	 g	 mol−1),	 2ʹ,7ʹ-
dichlorofluorescin	 diacetate	 (DCFH-DA),	 doxorubicin	 (DOX),	 IR780	 iodide	 dye	 (content	 ≥95.0%)	 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide	hydrochloride	(EDC),	 triethanolamine	(TEA),	and	N-hydroxysuccinimide	(NHS)	
were	 purchased	 from	 Sigma-Aldrich.	 Characterizations. Transmission	 electron	 microscopic	 (TEM)	 images	 and	
corresponding	elemental	mapping	analyses	were	taken	from	a	JEM-2100F	transmission	electron	microscope	operated	
at	200	kV.	The	powder	X-ray	diffraction	(XRD)	pattern	was	obtained	on	a	Rigaku	D/Max-2550	V	diffractometer	with	
Cu	Kα radiation	source	(40	kV,	40	mA).	Hydrodynamic	diameters	and	zeta	potentials	were	measured	by	a	Zetasizer	
Nanoseries	 (Nano	 ZS90).	 The	 UV−vis	 spectra	 were	 recorded	 by	 a	 Shimadzu	 UV-3600	 spectrophotometer.	 The	
fluorescence	spectra	were	obtained	on	a	Shimadzu	RF-5301	PC	
spectrophotometer.	The	CLSM	images	were	taken	from	an	FV1000	system	(Olympus	Company,	Japan).	The	quantitative	
analysis	of	cellular	ROS	generation	was	measured	by	a	flow	cytometer	(BD	LSRFortessa).	Synthesis of DOX@ZIF-90. First,	
192.18	mg	of	2-ICA	was	dissolved	in	10	mL	of	DMF	at	60	°C.	After	2-ICA	was	completely	dissolved,	the	solution	was	
cooled	to	room	temperature.	Then	10	mL	of	DMF	containing	Zn(NO3)2·6H2O	(297.5	mg)	and	DOX	(50.0	mg)	was	mixed	
with	the	2-ICA	solution	under	magnetic	stirring	for	5	min,	followed	by	adding	20	mL	of	DMF.	After	that,	the	mixture	
was	further	stirred	for	10	min.	The	obtained	DOX@ZIF-90	was	purified	by	centrifugation	(10	000	rpm)	and	washing	
with	ethanol.	Synthesis of DOX@ZIF-8. A	164.2	mg	amount	of	2-MI	was	dissolved	in	10	mL	of	deionized	water.	Then	10	
mL	of	deionized	water	containing	Zn(NO3)2·6H2O	(297.5	mg)	and	DOX	(50.0	mg)	was	mixed	with	the	2-MI	solution	
under	magnetic	stirring	for	5	min,	followed	by	addition	of	20	mL	of	deionized	water.	Afterward,	the	mixture	was	further	
stirred	for	10	min.	The	DOX@ZIF-8	was	purified	by	centrifugation	(10	000	rpm)	and	washing	with	ethanol.	Synthesis of 
the Spermine-Modified Acetalated Dextran	(SAD). The	SAD	was	synthesized	according	to	reported	literature.36	A	5.0	g	
amount	of	dextran	was	dissolved	in	20	mL	of	deionized	water.	Then	1.1	g	of	sodium	periodate	was	added	into	the	above	
solution.	The	mixture	was	stirred	at	400	rpm	for	5	h	at	room	temperature.	Then	the	product	was	purified	by	dialysis	
with	a	MWCO	(3500	g	moL−1)	in	deionized	water.	The	partially	oxidized	dextran	was	collected	after	freeze-drying.	After	
that,	3.0	g	of	partially	oxidized	dextran	was	dissolved	in	10	mL	of	DMSO	and	added	to	a	flask	filled	with	nitrogen	gas.	
Then	48.6	mg	of	pyridinium	p-toluenesulfonate	and	10.6	mL	of	2-methoxypropene	were	added	into	the	flask.	After	3	h,	
the	reaction	was	quenched	by	3	mL	of	TEA.	The	product	was	precipitated	by	adding	300	mL	of	deionized	water,	and	
purified	by	washing	with	deionized	water	and	centrifugation	(6000	rpm)	twice	(the	product	is	denoted	AcDX).	The	
AcDX	was	freeze-dried	for	the	next	step	of	reaction.	Then,	2	g	of	AcDX	and	4	g	of	spermine	were	dissolved	in	10	mL	of	
DMSO	and	stirred	at	50	°C	for	22	h.	After	the	DMSO	solution	was	cooled	to	room	temperature,	2	g	of	NaBH4	was	added	
into	the	above	solution.	The	mixture	was	further	stirred	for	18	h.	The	product	was	purified	by	centrifugation	(6000	
rpm)	and	washing	with	deionized	water.	Finally,	the	obtained	SAD	was	lyophilized	for	nanoparticle	synthesis.	



Synthesis of IR780/DOX@ZIF-DH. A	0.5	mg	amount	of	DOX@	ZIF-90,	0.5	mg	of	IR780,	and	2	mg	of	SAD	were	dissolved	in	
4	mL	of	ethanol.	The	above	mixture-containing	syringe	and	the	F127	aqueous	solution	(0.5%)-containing	syringe	were	
fixed	to	microfluidic	pumps	(WZS−50F6,	Smiths	Medical)	separately.	The	DOX@ZIF-90/SAD/	IR780/ethanol	syringe	
was	connected	to	the	inner	capillary	of	the	microfluidic	chip,	while	the	F127	aqueous	solution	syringe	was	connected	
to	 the	 outer	 capillary.	 Their	 flow	 rates	 were	 fixed	 at	 1.5	 mL	 h−1	 and	 35	 mL	 h−1,	 respectively.	 Then	 the	 obtained	
IR780/DOX@	ZIF-D	was	collected	by	centrifugation	at	13	000	rpm	for	10	min	and	freeze-drying	for	24	h.	To	obtain	
IR780/DOX@ZIF-DH,	IR780/	DOX@ZIF-D	was	reacted	with	HA	aqueous	solution	(2	mg	mL−1)	in	the	presence	of	0.4	mg	
of	EDC	and	1.1	mg	of	NHS.	The	particles	were	 collected	and	purified	by	 centrifugation	at	13	000	 rpm	 for	10	min.	
Quantitative Analysis of Drug Content in Nanoparticles. To	calculate	the	DOX	content	in	DOX@ZIF,	2	mg	of	DOX@ZIF	was	
completely	 dissolved	 in	 20	mL	 of	 PBS	 (pH	 5.5),	 followed	 by	 measuring	 the	 absorbance	 at	 485	 nm	 using	 UV−vis	
spectrophotometer.	A	standard	curve	of	DOX	was	made	by	measuring	the	average	absorbance	value	with	different	
concentration	 of	 DOX.	 Then	 the	DOX	 concentration	 in	 sample	 solution	was	 read	 out	 from	 the	 standard	 curve.	 To	
measure	the	IR780	content	in	IR780/DOX@ZIF-DH,	2	mg	of	IR780/DOX@ZIF-DH	was	completely	dissolved	in	20	mL	
of	 PBS	 (pH	 5.5),	 followed	 by	 measuring	 the	 absorbance	 at	 783	 nm	 using	 a	 UV−vis	 spectrophotometer.	 The	
concentration	 of	 IR780	was	measured	 using	 the	 same	method	 as	 that	 of	 DOX.	Quantitative Analysis of the Weight 
Percentages of	Polymers on the Particle Surface. ZIF-D	(1	mg)	and	ZIF-DH	(1	mg)	were	added	in	10	mL	of	hydrochloric	
acid	 solutions,	 separately,	 to	 release	 the	 zinc	 ions	 into	 the	 solutions.	 Then	 zinc	 concentrations	 in	 solutions	 were	
measured	by	ICP-MS.	The	weight	percentage	of	SAD	in	ZIF-D	was	calculated	by	the	follwing	equation:	100%	− ((the	
weight	 percentage	 of	 zinc	 in	 ZIF-D)/(the	 relative	 atomic	 mass	 of	 zinc)	 × (the	 molar	 mass	 of	 C8H8N4O2·Zn)).	
Furthermore,	the	weight	percentage	of	DH	in	ZIF-DH	can	be	calculated	by	the	follwing	equation:	100%	− ((the	weight	
percentage	of	zinc	in	ZIF-DH)/(the	relative	atomic	mass	of	zinc)	× (the	molar	mass	of	C8H8N4O2·Zn)).	According	to	the	
above	results,	the	percentages	of	SAD	and	HA	on	the	surface	of	nanoparticles	could	be	calculated.	In Situ Encapsulation 
of IR780 in DOX@ZIF-90 during ZIF-	90 Synthesis. A	192.18	mg	amount	of	2-ICA	was	dissolved	in	10	mL	of	DMF	at	60	°C.	
After	2-ICA	was	completely	dissolved,	the	solution	was	cooled	to	room	temperature.	Then	10	mL	of	DMF	containing	
Zn(NO3)2·6H2O	(297.5	mg),	DOX	(50.0	mg),	and	different	concentrations	of	IR780	(0.5,	1,	and	2	mg	mL−1)	were	poured	
into	the	2-ICA	solution	under	magnetic	stirring.	After	5	min,	20	mL	of	DMF	was	added.	Then	the	mixture	was	further	
stirred	for	5	min.	The	obtained	IR780	loaded	DOX@ZIF-90	was	washed	with	ethanol	and	dried	in	vacuum	for	24	h.	In 
Vitro Detection of Singlet Oxygen Production. One	milliliter	of	free	IR780	and	1	mL	of	IR780/DOX@ZIF-DH	with	the	
same	 concentration	 of	 IR780	 (20	μg	mL−1)	were	mixed	with	 1	mL	of	 singlet	 oxygen	 sensor	 green	 (SOSG)	 reagent	
methanol	solution	(50	μM)	separately.	Meanwhile,	1	mL	of	PBS	was	added	into	1	mL	of	SOSG	methanol	solution	(50	
μM)	to	obtain	the	control	solution.	After	laser	irradiation	(808	nm,	2	W	cm−2,	60	s),	the	fluorescence	intensity	of	oxidized	
SOSG	was	detected	at	525	nm	by	fluorescence	spectrophotometer	(excitation	wavelength:	504	nm).	DOX Release of 
DOX@ZIF and IR780/DOX@ZIF-DH. The	dialysis	bags	containing	DOX@ZIF	or	IR780/DOX@ZIF-DH	with	the	same	weight	
of	DOX	were	placed	into	plastic	tubes	containing	20	mL	of	PBS	solution	with	different	pH	values	separately.	The	tubes	
were	 shaken	 at	 a	 speed	 of	 120	 rpm	 in	 shaker	 at	 37	 °C.	 The	 DOX	 release	 amounts	 at	 different	 time	 points	 were	
determined	by	a	UV−vis	spectrophotometer.	These	operations	were	carried	out	in	triplicate.	Evaluations of the CD44-
Targeting and Acid-Responsive Drug Release Properties at Cell Level. To	track	the	IR780/	DOX@ZIF-DH	via	fluorescence	
imaging,	 the	 SAD	was	 conjugated	with	 a	 fluorescein	 isothiocyanate	 (FITC)	 probe	 before	microfluidic	 synthesis	 of	
IR780/DOX@ZIF-DH.	 To	 evaluate	 the	 CD44-targeting	 and	 acid-responsive	 drug	 release	 properties,	 HeLa	 cells	
incubated	with	IR780/DOX@ZIF-DH	for	different	times	were	observed	by	laser	scanning	confocal	microscopy	(LSCM).	
In	detail,	HeLa	cells	were	seeded	into	confocal	culture	dishes	(NETS	Co.,	U.S.)	and	incubated	for	24	h	at	37.0	°C.	Then	
the	culture	media	were	replaced	by	DMEM	culture	medium	containing	IR780/DOX@ZIF-DH	(DOX	concentration:	5	μg	
mL−1).	After	different	incubation	times	(2,	4,	8,	and	16	h),	the	cells	were	washed	three	times	with	PBS	and	stained	with	
Hoechst	 33342	 for	 15	min.	 Finally,	 the	 fluorescent	 images	 of	 all	 samples	were	 observed	 by	 LSCM.	 The	 excitation	
wavelengths	of	Hoechst	33342,	DOX,	and	FITC	were	405,	488,	and	488	nm,	respectively.	 In	addition,	a	competitive	
uptake	study	was	also	conducted	to	confirm	the	specific	interaction	of	IR780/DOX@ZIF-DH	with	CD44.	In	detail,	the	
HeLa	cells	were	incubated	with	DMEM	culture	medium	containing	free	HA	(5	mg	mL−1)	for	2	h	before	the	addition	of	
IR780/DOX@ZIF-DH.	The	cells	were	also	observed	using	the	abovementioned	protocol.	
Cytotoxicity and Cellular ROS Generation. The	CCK-8	assay	was	used	to	evaluate	the	cytotoxicity.	The	HeLa	cells	were	
seeded	in	96-well	plates	at	the	density	of	5	× 103	cells	per	well	and	cultured	for	24	h	at	37	°C.	Then	the	HeLa	cells	were	
treated	with	 ZIF-DH,	 IR780@ZIF-DH,	 IR780@ZIF-DH	 +	 laser	 (808	 nm,	 2	W	 cm−2,	 20	 s),	 IR780/DOX@ZIF-DH,	 and	
IR780/DOX@ZIF-DH	+	laser	(808	nm,	2	W	cm−2,	20	s)	separately.	The	cells	were	further	incubated	at	37	°C	for	24	h.	
Then	 the	 DMEM	 culture	 medium	 was	 replaced	 with	 CCK-8	 solution.	 Finally,	 the	 absorbance	 was	 measured	 by	 a	
microplate	 reader	 at	 450	nm.	To	 evaluate	 cellular	ROS	 generation,	HeLa	 cells	 receiving	different	 treatments	were	
observed	 by	 LSCM.	 First,	 HeLa	 cells	 were	 seeded	 into	 confocal	 culture	 dishes	 (NETS	 Co.)	 at	 37.0	 °C.	 After	 24	 h	
incubation,	the	culture	media	were	replaced	by	DMEM	culture	medium.	Then	different	treatments	were	conducted	as	
the	following	groups:	control,	IR780/DOX@ZIF-DH	(IR780	concentration:	5	μg	mL−1)	+	laser	(808	nm,	2	W	cm−2,	20	s),	
and	IR780/DOX@ZIF-DH	(IR780	concentration:	5	μg	mL−1)	+	laser	(808	nm,	2	W	cm−2,	20	s).	The	cells	were	stained	
with	DCFH-DA	(excitation	wavelength:	405	nm)	for	20	min.	Then	the	fluorescent	images	of	all	samples	were	taken	by	
LSCM.	 Meanwhile,	 the	 cells	 were	 also	 collected	 for	 quantitative	 assessment	 via	 flow	 cytometry.	 In Vivo Toxicity 
Evaluation of ZIF-DH. All	animal	experiments	were	approved	by	the	Institutional	Animal	Care	and	Use	Committee	of	
Shanghai	Rat&Mouse	Biotech	Co.,	Ltd.,	and	performed	following	the	Guide	for	Care	and	Use	of	Laboratory	Animals.	The	
healthy	Balb/	c	mice	were	randomly	divided	into	3	groups	(n	=	5),	and	one	group	each	was	injected	with	different	
concentrations	(0,	50,	and	100	mg	kg−1)	of	ZIF-DH	via	intravenous	route.	The	mice	were	fed	for	30	days,	and	the	body	



weight	of	each	mouse	was	measured	every	2	days.	The	blood	samples	and	main	organs	were	collected	and	tested	using	
the	previously	reported	protocol.34	
In Vivo Antitumor Efficacy. HeLa-bearing	Balb/c	mice	with	tumor	volume	of	70−90	mm3	were	randomly	divided	into	six	
groups	(n	=	5)	including	PBS	(control),	free	DOX,	IR780@ZIF-DH,	IR780@ZIF-DH	+	laser,	IR780/DOX@ZIF-DH,	and	
IR780/DOX@	ZIF-DH	+	laser.	The	nanoparticles	were	injected	into	the	mice	via	intravenous	route.	For	the	IR780@ZIF-
DH	+	laser	and	IR780/	DOX@ZIF-DH	+	laser	groups,	the	tumor	of	each	mouse	was	laserirradiated	
(808	nm,	2	W	cm−2,	20	s)	twice	(4	and	8	h)	after	intravenous	administration	of	nanoparticles.	Then	the	tumor	volumes	
and	body	weight	were	measured	every	2	days.	At	the	end	of	the	experiment,	mice	were	sacrificed,	and	the	main	organs	
were	 harvested.	Meanwhile,	 the	 tumors	were	weighed	 and	 imaged.	 The	 livers	 and	 kidneys	 of	 PBS,	 free	DOX,	 and	
IR780/DOX@ZIF-DH	 +	 laser	 groups	were	 stained	with	 hematoxylin	 and	 eosin	 (H&E)	 and	 examined	 by	 an	 optical	
microscope.	Tumor	volume	=	a	× b2/2	(a	=	the	largest	diameter,	b	=	the	smallest	diameter).	Statistical Analysis. One-way	
analysis	 of	 variance	 (ANOVA)	with	 Tukey’s	multiple	 comparison	 test	was	 used	 to	measure	 significant	 differences	
among	the	treatment	groups	(*p	values	<0.05,	**p	values	<0.01,	and	***p	values	<0.001).	Data	were	taken	as	mean	± 
standard	error.	
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(45)	Bittoun,	P.;	Avramoglou,	T.;	Vassy,	J.;	Crépin,	M.;	Chaubet,	F.;	Fermandjian,	S.	Low-Molecular-Weight	Dextran	
Derivatives	(FCMDB)	Enter	the	Nucleus	and	Are	Better	Cell-Growth	Inhibitors	Compared	with	Parent	CMDB	
Polymers.	Carbohydr.	Res.	1999,	322,	
247−255.	
(46)	Wang,	K.;	Zhang,	Y.;	Wang,	J.;	Yuan,	A.;	Sun,	M.;	Wu,	J.;	Hu,	Y.	Self-Assembled	IR780-Loaded	Transferrin	
Nanoparticles	as	an	Imaging,	Targeting	and	PDT/PTT	Agent	for	Cancer	Therapy.	Sci.	
Rep.	2016,	6,	27421.	
(47)	Alves,	C.	G.;	de	Melo-Diogo,	D.;	Lima-Sousa,	R.;	Costa,	E.	C.;	Correia,	I.	J.	Hyaluronic	Acid	Functionalized	
Nanoparticles	Loaded	with	IR780	and	DOX	for	Cancer	Chemo-Photothermal	Therapy.	Eur.	J.	Pharm.	Biopharm.	2019,	
137,	86−94.	
(48)	Ma,	M.;	Chen,	H.;	Chen,	Y.;	Wang,	X.;	Chen,	F.;	Cui,	X.;	Shi,	J.	Au	Capped	Magnetic	Core/Mesoporous	Silica	Shell	
Nanoparticles	for	Combined	Photothermo-/Chemo-Therapy	and	Multimodal	Imaging.	Biomaterials	2012,	33,	
989−998.	
 


