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摘要:目的 以聚(N􀆼异丙基丙烯酰胺)(PNIPAm)凝胶为纳米载体,荷载抗肿瘤成分槲皮素,以增加药物对 MCF􀆼7细胞的毒

性和细胞摄取。方法 采用正交设计优化PNIPAm合成工艺,红外光谱进行结构确证;单因素试验优化载槲皮素纳米凝胶

(Que􀆼PNIPAm)处方及工艺,分别对粒径、表面形态、载药量进行表征并考察体外释放行为;CCK􀆼8法考察纳米凝胶对 MCF􀆼7
细胞的毒性;荧光倒置显微镜和流式细胞仪对纳米凝胶的 MCF􀆼7细胞摄取作用进行定性观察和定量测定;抑制剂法考察其细

胞摄取机制。结果 Que􀆼PNIPAm的粒径为(166.1±2.87)nm,载药量为3.18%;电镜下纳米粒子呈类球形、粒径分布均匀;

载药纳米凝胶对 MCF􀆼7细胞的抑制作用显著高于原药,且42℃下显示出更高的细胞摄取效率和抑制肿瘤细胞增殖活性;秋

水仙素与2􀆼去氧葡萄糖对细胞摄取有抑制作用。结论 制备的载药纳米凝胶粒径小,具有温敏特性,能够显著增强药物被细

胞摄取能力及肿瘤细胞毒性,MCF􀆼7细胞对PNIPAm的摄取机制为微管蛋白途径。
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ABSTRACT OBJECTIVE ToimproveuptakeandcytotoxicityofthedrugonMCF􀆼7cellsbydevelopingapoly N􀆼isopropy-
lacrylamide  PNIPAm nanogelforQuercetin Que METHODS ThePNIPAmnanogelwasoptimizedbyanorthogonalde-
signanditsstructurewasconfirmedbyFT􀆼IR Asinglefactorexperimentwasusedtooptimizetheformulationofquercetin􀆼
loadednanogel Que􀆼PNIPAm  Theparticlesize surfacemorphologyanddrugloadingwerecharacterizedandtheinvitrore-
leasebehaviorwasinvestigated CytotoxicityofMCF􀆼7cellsinducedbyQue􀆼PNIPAmwasinvestigatedbyCCK􀆼8method The
qualitativeandquantitativecellularuptakestudieswereinvestigatedbyfluorescencemicroscopeandflowcytometry respective-
ly Themechanismofcellularuptakewasinvestigatedbytheinhibitormethod RESULTS Theparticlesizeanddrugloading
ofQue􀆼PNIPAmweremeasuredas 166 1±2 87 nmand3 18% respectively Nanogelexhibitedsphericalmorphologyand
uniformsizedistributionobservedbyelectronmicroscopy ComparedtofreeQue Que􀆼PNIPAmsignificantlyincreasedinhibi-
tionrateofMCF􀆼7cells Que􀆼PNIPAmalsoshowedhighercelluptakeefficiencyandmoreeffectiveantitumoractivityat42
℃ Colchicineand2􀆼deoxyglucosehaveaninhibitoryeffectonMCF􀆼7cellsuptake CONCLUSION Thepreparednanogel
showssmallparticlesize thermosensitiveproperty whichcouldsignificantlyenhancethecapacityofcellularuptakeandtumor
cytotoxicity ThemechanismofcellularuptakedemonstratestubulinisinvolvedintheinternalizationofthenanogelintoMCF
􀆼7cells 
KEYWORDS MCF􀆼7cells PNIPAmnanogel quercetin cytotoxicity cellularuptake

  Quercetin 3 3' 4' 5 7􀆼pentahydroxyflavone Que isan
abundantflavonoidinmedicalplants includingGinkgobi-
lobaL  Apocynumlancifolium Rus  Tussilagofarfara
L  SophorajaponicaL andHippophaerhamnoidesL
 1􀆼3  Quepossessesabroadspectrumofanticanceractivity

 4􀆼5  Still thepotentialofQuehasnotbeensufficientlyex-
ploited partly due to the low water solubility
 0 7-7 7μg mL andpoorcellularuptake 6􀆼8  Toresolve
thesephysicochemicallimitations avarietyofbiodegradable
nanocarriersforQuedeliveryhavebeendeveloped which
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basedonliposomes micelles lipidnanoparticlesandpoly-
mers 9􀆼10  Amidstvariousnanocarriers stimuli􀆼responsive
polymershavegainedmuchattentionduetotheabilityof
phasetransitioninresponsetoexternalenvironmentchan-
ges suchaslight electricfieldstrength temperatureetc
 11􀆼14  Therein poly N􀆼isopropylacrylamide  PNIPAm 
hasbeenwidelyreportedasathermosensitivepolymerforbi-
omedicalapplications Ithasbeenshownthatwater􀆼soluble
PNIPAmhasbetteravailableefficaciesoftemperature􀆼modu-
latedcellularuptakeduetoitscontract􀆼stretchchainchanges
acrossthelowercriticalsolutiontemperature LCST  15􀆼16  

Inviewofthis wehaveconsideredthattheuseofPNI-
PAmcouldbeaneffectivepathwaytoenhancecellularuptake
andtoxicityofthehydrophobicQueonMCF􀆼7breastcancer
cells Inourstudy asshowninFigure1 PNIPAmwasob-
tainedthroughemulsionpolymerizationbymeansoforthogo-
naldesign andQue􀆼PNIPAmwaspreparedbysinglefactor
experimentforhigherdrugloading Invitrocharacteriza-
tions MCF􀆼7celluptakeefficiency cytotoxicityofthenano-
carrierswereconducted includingevaluationofthetempera-
ture􀆼responsiveproperties Additionally MCF􀆼7celluptake
mechanismwasfurtherinvestigatedbyflowcytometrywith
usingvariousinhibitors 
1 Materialsandmethods
1 1 Reagentsanddrugs

Quercetin Que waspurchasedfrom PufeideBiotech
Co Ltd  Chengdu China  Ammoniumpersulfate APS  
Methylene􀆼bis􀆼acrylamide MBA  Dimethylsulfoxide DM-
SO werepurchasedfromSinopharmChemicalReagentCo 
Ltd  Shanghai China  Laurylsodiumsulfate SDS was
purchasedfromUsolfBio􀆼TechnologyCo Ltd  Shandong 
China  N􀆼isopropylacrylamide NIPAm waspurchased
fromEnergyChemicalCo Ltd  Shanghai China  Colchi-
cineand2􀆼deoxy􀆼D􀆼glucosewerepurchasedfromYuanyeBio
􀆼TechnologyCo Ltd  Shanghai China  Coumarin􀆼6 
Nystatinand Ammonium chloride were purchasedfrom
AladdinBio􀆼ChemTechnologyCo Ltd  Shanghai China  
Chloroquine waspurchasedfrom Ark Pharm Co Ltd 
 Shanghai China  Fetalbovineserum FBS waspur-
chasedfromClarkbioscienceCo Ltd  Virginia America  
CellCountingKit􀆼8 CCK􀆼8 waspurchasedfromBeyotime
Bio􀆼TechnologyCo Ltd  Shanghai China  Trypsin􀆼ED-
TA Dulbecco'sModifiedEagleMedium DMEM andnon􀆼
essentialaminoacidwerepurchasedfromKeygenBio􀆼Tech-
nologyCo Ltd  Jiangsu China  0 9%sodiumchloride
injection was purchased from Hualu Pharmaceutical
Co Ltd  Shandong China  Formicacidand methanol
wereofchromatographicgrade Thewaterusedinallexperi-
mentwasultrapurewater Allotherreagentsareofanalyti-
calgrade 
1 2 PreparationofPNIPAmNanogel

Anemulsionpolymerizationmethodwasusedtoprepare
thePNIPAmnanogel 17􀆼18  SurfactantSDS 22 6mg and
cross􀆼linkingagentMBAwereweighedintoaflaskanddis-
solvedindeionizedwater Thesystemwasprotectedbyuse
ofnitrogen ThePNIPAmmonomer 4mmol andinitiator

APSwereaddedrespectivelyandmixedbyuseofamagnetic
stirbaratapresettemperature Followingthereaction the
productwastreatedbyuseofanultrasoniccellprocessorand
dialyzedinwaterfor24h withwaterchangesevery12h 
Next thePNIPAmnanogelwasobtainedbylyophilization 
1 3 OrthogonalDesign

Concentrationsof MBAand APS reactiontimeand
temperaturewereoptimizedintheproductionofthePNI-
PAmnanogel AspresentedinTable1 eachfactorwasas-
sessedatthreelevels Particlesizeisakeyfactorforjudging
theprocessofpolymerizationreactionandinfluencingcellular
internalizationofnano􀆼carriers Therefore particlesize
measuredatvarioustemperaturesweretakenastheevalua-
tingindex 19􀆼20  Theoptimalfactorswereselectedthrough
intuitiveandvarianceanalysis 21􀆼22  
1 4 Fouriertransforminfraredspectroscopy FT􀆼IR 

AFT􀆼IRspectrometer FTIR􀆼8400s SHIMADZU Ja-
pan wasusedtomonitorspectrasofNIPAm monomerand
PNIPAmnanogelatawavelengthbetween400~5000cm-1 
Toprepareflakes samplesweremixedwithKBrandcom-
pressedbyatabletpresstoproducediscswithadiametere-
qualto10mm 
1 5 Scanningelectronmicroscopy SEM 

SurfacemorphologyofPNIPAmnanogelwasobserved
usingaSEM TENEO VS FEI USA  Thelyophilized
formulationwascoatedwithgoldundervacuumandcharac-
terizedatanacceleratingvoltageof10kV 
1 6 Drugloading

Que􀆼PNIPAmnanogelwaspreparedbyuseofanincu-
bationmethodunderaqueousconditions PNIPAmnanogel
lyophilizedproductwasaddedtomilli􀆼Qwaterandsonicated
untilthesystemwascompletelydissolved ExcessQuewas
dissolvedinamixedethanolandacetonesolution 1∶1 
v v  thenaddedintothenanogelsolutionwith magnetic
stirringat400r minuntilcompletemixing Next thesys-
tem wasincubatedatapresettemperatureandprotected
fromlightfor12h Toinvestigatetheeffectofeachparame-
terondrugloading theformulationwasdeterminedbya
singlefactor experiment using incubation temperature
 4℃ 25℃and37℃  ratioofQueandPNIPAm 1∶5 
1∶10and1∶20 andPNIPAmconcentration 10mg mL 
20mg mL 30mg mL 50mg mLand80mg mL  Un-
loadedQue wasremovedby5 minofcentrifugationat
2000r min thesupernatantwaspassedthrougha0 45μm
filterandthefiltratewasdilutedwithmethanol TheHPLC
methodwasusedtoassessdrugloadingandcalculatedas 

Drugloading=
MassofOurinPNIPAmnanogel

MassoftotalOur􀆼PNIPAmnanogelused
×100%

1 7 HPLCmethod
AnHPLCmethodwasusedtodeterminetheamountof

QueinthepreparationbyuseofaC18column WondasilC18
􀆼WR 4 6 mm×250 mm 5μm  Theisocraticmobile
phasewasamixtureofmethanoland0 1% formicacid
 v v=65∶35 anddeliveredataflowrateof1mL min
andat30 ℃ AstandardcurveforQueconcentrationin
methanolwasusedforquantificationpurpose Quewasmo-
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nitoredat360nm aninjectionvolumeof20μLandinthe
retentionwindowof6min Thelinearityrangeofthemethod
was1-20μg mL R2=0 9994  Quereferencesolutions
werepreparedatthreedifferentconcentrations injectedfive
timestocalculateintra􀆼dayprecision Eachconcentrationof
Quewascontinuouslymeasuredfor3daystocalculateinter􀆼
dayprecision Resultsarepresentedaspercentagerelative
SD intra􀆼dayprecisionwas0 95% 0 51% and2 49%
 n=5  andinter􀆼dayprecisionwas1 62% 2 64% and
2 68%  n=3  respectively Ratesofrecoveryforthe
methodwere96 40% 97 00%and101 00% 
1 8 Transmissionelectronmicroscope TEM 

ThemorphologyoftheQue􀆼PNIPAmnanogelwasvisu-
alizedbyuseofTEM  TECNAIG2SpiritTwin FEI 
USA  ThepreparedQue􀆼PNIPAmsolutionwasdropped
ontoacarbon􀆼coatedcoppergridwith300􀆼meshanddried 
TEMphotosofQue􀆼PNIPAmwereobservedatanaccelera-
tingvoltageof200kVatdifferentmagnifications 
1 9 Invitrodrugrelease

InvitroreleaseoffreeQueandQue􀆼PNIPAmnanogel
wereinvestigatedusingthedialysismethod  23  1 mLof
drug􀆼loadednanogelwassealedineachdialysisbag MW 
1000kDa  Dialysisbagswereincubatedin80mLof35%
ethanolsolutionwithconstantstirringat100r min 24􀆼25 and
maintainedat37℃and42℃inordertoreflectthethermo-
sensitivecharacteristicsofthenanogel 1mLofeachsample
wascollectedatpresetintervaltimeandreplacedwith1mL
fresh35%ethanolsolution Eachsamplewasfilteredwitha
membranefilter 0 45μm Shimadzu Japan and0 5mL
oftheinitialfiltratewasremoved Next remainingfiltrate
wascollectedforHPLCanalysis Measurementsforrateof
releasewereperformedintriplicate Invitroreleaseoffree
Quewasinvestigatedforcomparisonwiththenanogel 
1 10 Cellculturestudies

Humanbreastcancercells MCF􀆼7 wereculturedin
DMEMcomplementedwith10% FBSand1%non􀆼essential
aminoacid Cellswereincubatedat37℃underatmosphere
comprising5%carbondioxide CO2  26  Themediumwas
replacedevery24hbeforethecellswerepassaged 
1 11 Cytotoxicity

Cytotoxicityexperimentsweredesignedtoinvestigate
theimpactofPNIPAmnanogelforQuedelivery Experi-
mentswerecarriedoutusingMCF􀆼7cellsandcytotoxicity
wasassessedbytheCellCountingKit􀆼8 CCK􀆼8 assay 27  
Cellswereseededinto96􀆼wellplateatadensityof8×103

cellsperwellandincubatedina5% CO2atmosphereat
37℃ Aftercellswereincubatedovernightforattachment 
differentconcentrationsofQue􀆼PNIPAmnanogelandfree
Quesolutionwereadded 100μL  cellsinDMEM only
 withoutdrugandPNIPAmnanogel wereusedasthecon-
trolforcomparison cellswerefirstincubatedatdifferent
temperature 37℃and42℃ for1handthenfollowedbya
23hincubationat37℃ After24hcellswerewashedwith
0 9% aqueoussodiumchloride 10% CCK􀆼8solutionwas
addedandcellswerestoredinthedarkandincubatedfor1h 
Next absorbancewasmeasuredat450nmbyuseofami-

croplatereader VarioskanLUX ThermoFisherSCIEN-
TIFIC USA  Resultswerepresentedaspercentageofinhi-
bition 
1 12 Cellularuptake

ToassessthecellularuptakeofthenanogelbyMCF􀆼7
cells qualitativeandquantitativestudieswereperformedu-
singCoumarin􀆼6 C6 asafluorescenceprobe Coumarin􀆼6
wasloadedinthePNIPAmnanogelaccordingtotheprevi-
ouslydescribedpreparationmethodfortheQue􀆼PNIPAm
nanogel Afterprobeloading nochangesinnanogelcharac-
teristicswereobserved 

Forqualitativestudy MCF􀆼7cellswereseededinto24􀆼
wellplateatadensityof1×104cellsperwellandincubated
ina5%CO2atmosphereat37℃for24h ThepreparedC6
􀆼PNIPAmnanogelwasdilutedwithDMEMatvariouscon-
centrations 75 150μg mLor300μg mL andaddedto
eachwell Inaddition PNIPAmnanogel withoutC6 and
freeC6solutionwereusedascontrols Followingexposure 
cellswerefixedwith4%paraformaldehydefor10minafter
incubationfor2hinthedark andthenwashedwith0 9%
aqueoussodiumchloride5times Cellswereobservedbyuse
offluorescencemicroscopy IX􀆼73 Olympus Japan atex-
citationandemissionwavelengthsof466and504nm The
temperature􀆼dependentcellularuptakepropertiesof1hat
37℃and42℃ werealsoinvestigatedunderthesameproce-
dure 

Forquantitativestudy MCF􀆼7cellswereseededinto6􀆼
wellplatesatadensityof1×105cellsperwellandincubated
ina5% CO2atmosphereat37 ℃for24h Theunloaded
PNIPAmnanogel freeC6solutionandpreparedC6􀆼PNI-
PAm nanogelwithdifferentconcentrations 75 μg mL 
150μg mLor300μg mL wereaddedtotheappropriate
well Afterincubationat37℃for2hinthedark cellswere
digestedbyuseof0 25%trypsin􀆼EDTAandcentrifugedat
1000r minfor3min Thesupernatantwascollectedand
cellsresuspendedin0 9%aqueoussodiumchloride Effect
ofincubationtimewasalsoinvestigated thepreparedC6􀆼
PNIPAmnanogelwasdilutedwithDMEMataconcentration
of150μg mLandincubatedat37℃fordifferenttimesin
thedark 1h 2hor4h  Afterdigestionandcentrifugation
steps thepercentageoffluorescingcellswasassessedbyuse
offlowcytometry FacsCantoⅡ Becton Dickinsonand
Company USA  

Mechanismsofcellularuptakewerefurtherassessedu-
singMCF􀆼7cellsseededon6􀆼wellplatesatadensityof
1×105cellsperwellandincubatedina5% CO2atmosphere
at37℃for24h Fiftyμg mLcolchicine 50mmol L2􀆼de-
oxyglucose 50μg mLchloroquine 1 mg mLammonium
chlorideand6μg mLnystatinwereaddedandincubatedfor
2h TheC6􀆼PNIPAmsolution dilutedwithDMEM medi-
um ataconcentrationof300μg mLofPNIPAmwasadded
andincubatedat37℃for2hinthedark Next cellswere
treatedasdescribedaboveandassessedbyuseofflowcytom-
etrytostudythecellularuptakemechanism 
1 13 Statisticalanalysis

SPSS20 0statisticalsoftwarewasusedtoanalysisda-
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ta Thestatisticalsignificanceofthedatawascomparedby
Student'st􀆼test 
2 Results
2 1 Optimizationofprescription

PNIPAmnanogelswerepreparedasdescribedinTable
2 Particlesizeofeachsamplewasobservedatthreedifferent
temperature including25 ℃  roomtemperature  37 ℃
 bodytemperature whichisalsohigherthantheLCSTof
PNIPAm  42℃ approximatelethaltemperatureoftumor
cells  respectively AspresentedinFigure2 particlesize
ofPNIPAmnanogeldecreasedwithincreasingtemperature 
Theseresultsmightbeduetothehydrophobicisopropyland
thehydrophilicamidegrouponthesidechainofthePNIPAm
nanogelastheamidegroupenablesthesynthesizednanogel
toundergovolumechangesinresponsetochangesintemper-
ature 

AsdemonstratedinTable3 varianceanalysisdemon-
stratedthattheconcentrationofAPS factorB hadasignif-
icanteffectontheresults Astheinitiatorofthepolymeriza-
tion theparticlesizeofPNIPAmnanogelincreasedsignifi-
cantlybyincreasingAPScontentfrom1% to5% which
mightbeattributedtothefactthatthepolymerizationand

nucleationrateincreasedwhenincreasingtheconcentrationof
initiator Thepolymerizationwasproceededfastwhenthe
APSwasexcessive which mightinturnformednanogel
withlargerparticlesize ConcentrationofAPS factorB 
wasidentifiedasamainfactor temperature factorD  con-
centrationofMBA factorA andtime factorC weresec-
ondaryfactors Optimallevelswereselectedforthefactors
withgreatestinfluence andotherfactorsthathadalesser
influenceonresultswereselectedaccordingtotheircost 
timeandbenefit OptimizedprescriptionconsistedofA3B1C1
D2 whichisequalto8% MBA 1% APSandareaction
timeof1 5hat60℃ AprescriptionequaltoA3B1C1D2did
notexistintheorthogonaldesign therefore asupplementa-
ryexperimentwascarriedout Asaresult theaveragepar-
ticlesizeobtainedat25℃and42℃ were 70 8±0 91 nm
and 44 5±0 46 nm respectively TheDLS dynamic
lightscattering curveandthetransitionphotographofPNI-
PAmaqueoussolutionatdifferenttemperatures 25℃and
42℃ werepresentedinFigure3 Theresultsindicatedthat
theprescriptionprocessofthermo􀆼responsivePNIPAmnano-
gelwasoptimizedsuccessfullybymeansoftheorthogonal
design 

Figure1 SchematicdiagramofPNIPAmandQue􀆼PNIPAmnanogel

Note 1to9representprescriptionsatdifferentfactors
accordingtotheorthogonaldesign

Figure2ParticlesizeofPNIPAmnanogel 􀭵x±s n =3 

Figure3Curveofsizedistributionandtransitionphotographof
PNIPAmaqueoussolutionat25℃and42℃

Table1 OrthogonalarrayanalysisofPNIPAmnanogel

Levels
Factors

A
MBA %

B
APS %

C
Time h

D
Temperature ℃

1 3 1 1 5 50
2 5 3 2 60
3 8 5 2 5 70

2 2 Fouriertransforminfraredspectroscopy FT􀆼IR 
TheFT􀆼IRspectraofNIPAmandPNIPAmnanogel

werepresentedinFigure4 ThePNIPAmnanogelhadbroad
absorptionbandsat3100-3500cm-1 indicatingpresence
of􀆼NH􀆼 Characteristicbandsat1620 09cm-1 and
1545 84cm-1wereobservedandcorrespondtothepeaksof
vinyl Thepeaksofvinyldisappearedatthecorresponding
positionofPNIPAm indicatingthatthestructureofvinylin
themonomerchanged Absorptionpeaksat2974 98cm-1 
2933 53cm-1and2875 67cm-1werecharacteristicofC􀆼H
absorptionpeaksofmethyl methyleneandmethinegroups
inthe mainchainofPNIPAm respectively Therefore 
theseresultssuggestedthattheNIPAmmonomerwaspoly-
merizedintoPNIPAm 
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Table2 OrthogonaldesignofPNIPAmnanogel 􀭺x±s 

Series
Factors

A
MBA %

B
APS %

C
Time h

D
Temperature ℃

Particlesize 25℃  nm

1 3 1 1 5 50 105 9±0 35
2 3 3 2 60 119 7±0 36
3 3 5 2 5 70 210 1±0 38
4 5 1 2 70 72 3±1 15
5 5 3 2 5 60 139 7±1 03
6 5 5 1 5 50 169 0±2 36
7 8 1 2 5 60 69 3±0 31
8 8 3 1 5 70 146 7±2 66
9 8 5 2 50 209 4±4 84
K1 435 73 247 5 421 57 455 00
K2 380 94 406 04 401 4 357 94
K3 425 34 588 47 419 04 429 07
`K1 145 24 82 50 140 52 151 67
`K2 126 98 135 35 133 80 119 31
`K3 141 78 196 16 139 68 143 02
Range 18 26 113 66 6 72 32 36

Table3 VarianceanalysisofPNIPAMnanogelorthogonaldesignresults 25℃ 
Factors Sumofsquare Degreesoffreedom F Significance
MBA % 563 138 2 7 026
APS % 19396 835 2 241 992 *

Time 80 155 2 1 000
Temperature 1682 607 2 20 992

Figure4 FT􀆼IRspectraofPNIPAmandNIPAm
2 3 Scanningelectronmicroscopy SEM 

SEMimagingwasperformedtocharacterizethemor-
phologyofthePNIPAmfreeze􀆼driedpowders Aspresented
inFigure5 thesurfaceofthePNIPAmnanogelhadaporous
networkstructure Thereout thenetworkcouldprovide
drug􀆼loadingsitesandthatdrugmoleculescouldbecombined
withthesetemperaturedependentsitestoinfluencedrugre-
lease 
2 4 Drugloading

LoadingoftheQue􀆼PNIPAmnanogel screenedbythe
singlefactorexperiment waspresentedinFigure6 Atthe
incubationtemperatures4℃ 25℃and37℃ drugloading
was0 26% 0 45%and2 70% respectively Theloading
capacityoftheQue􀆼PNIPAmnanogelwassignificantlygrea-

terat37℃ Therisingtemperaturemightstrengthenthehy-
drophobicforcesbetweenthePNIPAmchains thusfacilita-
tingbindingsofthedrugbythepolymer Whentheratiosof
QueandPNIPAmwere1∶5 1∶10and1∶20 drugload-
ingwas0 61% 1 91% and2 70% respectively Drug
loadingincreasedwiththeincreasingamountsoftotalQue 
buttherateofincreasedecreased likelyduetothelimiteda-
mountofQueinthepolymer Drugloadingwas3 18%
whentheconcentrationofPNIPAm was30mg mL DLS
showedthattheparticlesizeofQue􀆼PNIPAmwas 166 1±
2 87 nm n=3  Theincreaseinparticlesizemightbeat-
tributedtotheloadingofQueintothePNIPAmnanogel 

Figure5 SEMimagesofPNIPAmnanogelformationat
differentscales

—102—吕方南 等 载槲皮素PNIPAm纳米凝胶的制备及细胞学研究 第2期



Note  A Differentincubationtemperature  B Differentratioof

drugandcarrier  C Differentcarrierconcentration 􀭺x±s n =
3 

Figure6 DrugloadingofQue􀆼PNIPAmnanogel
2 5 Transmissionelectronmicroscopy TEM 

AspresentedinFigure7 theTEManalysisshowedthat
theQue􀆼PNIPAmnanogelwassphericalinshape Inaddi-
tion theparticlesizeobservedbyTEMwasslightlysmaller
than measuredbyDLS which mightduetothedrying
processofQue􀆼PNIPAmduringTEMsamplepreparation 

Figure7 TEMimagesofQue􀆼PNIPAmnanogel
2 6 Invitrodrugrelease

ThereleaseprofileofQuefromPNIPAmwereinvesti-
gatedat37℃and42℃ Thecumulativereleasecurvewas
presentedinFigure8 Intheinitialperiod thereleasedQue
fromtheQue􀆼PNIPAmwasonly5 09% 37℃ and6 94%
 42℃ at0 25h respectively Themaximumrateofre-
leaseat37℃ wasapproximately86 70%andamuchhigher
releaseof89 30% wasobservedat42 ℃ However only
6 27%drugwasreleasedformQuesuspensionat1h anda-
bout33 34%ofthedrugwasreleasedat24h Therefore a
significantimprovementofthereleaseofQuewasobserved
inananogelformulationcomparedwiththeQuesuspension 
ThereleaseofQuewasincreasedwiththeincreasingtemper-
ature thehigherthetemperaturethehigherthereleaserate 
mainlyduetotheweakeningofhydrogenbondinteractionof
QuewithPNIPAmcomparedtothatatlowertemperature
wherethehydrogenbondinteractionwasstrongenoughto
holdQuemoleculesonthePNIPAm 

Figure8 ReleaseprofilesofQuefromQue􀆼PNIPAm
nanogel 􀭵x±s n=3 

2 7 Cytotoxicity
Cytotoxicityofunloadednanogel freeQueandQue􀆼

PNIPAmwereinvestigatedusingMCF􀆼7cells Asshownin
Figure9 theunloadednanogel ataconcentrationranging
from100to1000μg mL hadnoobservablecytotoxicity 
thiscouldruleoutthatthePNIPAmwasthecauseofcyto-
toxicityoftheQue􀆼PNIPAm Incubationat42℃upto1h
didnotsignificantlyaffecttheviabilityofMCF􀆼7cellsinthe
controlgroup Que􀆼PNIPAmnanogelsignificantlyincreased
theinhibitionrateofMCF􀆼7cellswhencomparedtocells
treatedwithfreeQue AsshowninFigure10 comparedto
thegrouptreatedat37℃ noapparentinhibitionwasob-
servedinMCF􀆼7cellstreatedat42 ℃ rangingfrom1to
2μg mL However whenraisingtheconcentrationofdrug
to5μg mLorhigher thecellinhibitionrateincreasedsig-
nificantly Theresultswereprobablybecausethecellularup-
takeincreasedwithraisedtemperature Therateofinhibition
ofMCF􀆼7cellsincreasedwiththedose demonstratingthat
Que􀆼PNIPAm significantlyimproveanticancereffectsof
Que 

Figure9 CellviabilityofMCF􀆼7cellsforunloadedPNIPAm
nanogel 􀭵x±s n=3 

Note Statisticalanalysisbetweendifferentgroupswasperformedusing
aone􀆼wayanalysisofvarianceonSPSS11 0software *P<0 05 

**P<0 01 ***P<0 001 
Figure10 InhibitoryeffectoffreeQueandQue􀆼PNIPAm

nanogeltoMCF􀆼7cells 􀭵x±s n=3 
2 8 Cellularuptake

CellularuptakestudiesofCoumarin􀆼6loadedPNIPAm
 C6􀆼PNIPAm wereinvestigatedbyvisualizingthefluores-
cenceofC6usingfluorescencemicroscopy Thefluorescence
microscopyobservationswerepresentedinFigure11 Cells
treatedwithfreeC6solutionfor2hshowedalmostnofluo-
rescence indicatingthatfreeC6couldnotenter MCF􀆼7
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cells However abrightgreenfluorescencewasobservedaf-
ter2hofC6􀆼PNIPAmtreatmentandthefluorescencein-
creasedwithincreasingconcentrationsofPNIPAm Incon-
siderationofthesimilarsolubilityofC6andQue itwasevi-
dentthatdrug􀆼loadedPNIPAmnanogelcouldbeeasilyinter-
nalizedbyMCF􀆼7cellsandcellularuptakewaspositivelyas-
sociatedwithdrugconcentration Thecellularuptakeobser-
vationsatdifferenttemperatureswerepresentedinFigure
12 C6􀆼PNIPAmwaseffectivelytakenupbyMCF􀆼7cellsat
37℃ 42℃ thefluorescenceincreasedwithincreasingtem-
peratureatequalconcentrationlevelsofPNIPAm Itwasdue
tothethermo􀆼responsivepropertiesofthepolymer thatthe
increasedtemperatureledtoanenhancedhydrophobicinter-
actionbetweenthepolymerandcells 

Note  A freeC6 C6􀆼PNIPAmatdifferentconcentrationof
 B 75μg mL  C 150μg mLand D 300μg mL
Figure11 FluorescencemicroscopyimagesofC6􀆼PNIPAm

nanogelinMCF􀆼7cellsfor2hat37℃

Figure12 FluorescencemicroscopyimagesofMCF􀆼7cells
exposedto75and300μg mLofC6􀆼PNIPAmnanogel

for1hat37℃and42℃
TheaccumulationofC6inMCF􀆼7cellsatdifferentcon-

centrationsandincubationtimewerepresentedinFigure13
usingflowcytometry Thepercentageofcellularuptakeof
PNIPAmbytheMCF􀆼7was1 19% demonstratingthat
PNIPAmwashardlyuptakenbyMCF􀆼7cells Thepercent-
ageoffluorescentcellswas59 33% 65 29%and71 58%
attheconcentrationofPNIPAmof75μg mL 150μg mL
and300μg mL respectively Thepercentageoffluorescent
cellswas47 33% 65 29%and86 41%attheincubation
timeof1h 2hand4h respectively Theseresultswere

consistentwiththeobservationsunderfluorescencemicro-
scope indicatingthatcellularuptakeincreasedwithincreas-
ingconcentrationandincubationtime 

Note  A PNIPAmnanogel unloadedC6 andvariousC6􀆼PNI-
PAm for different concentrations and temperatures  B 
75μg mL  C 150μg mLand D 300μg mLfor2h respec-
tively  E 75μg mLfor1hand F 75μg mLfor4h

Figure13FlowcytometryofC6􀆼PNIPAmnanogelinMCF􀆼7cells
Variousendocytosisinhibitorswereusedtoinvestigate

themechanismofcellularuptake namelycolchicine tubulin
􀆼mediatedinhibitor  nystatin caveolae􀆼mediatedendocyto-
sisinhibitor  2􀆼deoxyglucose energyinhibitor  chloro-
quine lysosomalinhibitors  andammoniumchloride lyso-
somalinhibitors  Resultsofthestudieswerepresentedin
Figure14 WhencomparedwiththeC6􀆼PNIPAm without
inhibitorsadded  thepercentageofcellularuptakewaspar-
tiallyreducedbycolchicine 20 54% and2􀆼deoxyglucose
 12 15%  Theseresultssuggestedthattheuptakeofthe
PNIPAmnanogelbyMCF􀆼7cellswasenergy􀆼dependentand
underwentthetubulin􀆼mediatedprocesses 

Note A blankcells B PNIPAmnanogel unloadedC6  C C6
􀆼PNIPAmandvariousinhibitors D colchicine E 2􀆼deoxyglu-
cose F chloroquine G ammoniumchlorideand H nystatin
Figure14 FlowcytometryofMCF􀆼7cellstreatedwith

differentinhibitors
3 Discussion

ToenhancetheanticancerefficiencyofQue athermo-
sensitivePNIPAmnanogelloadedwithQuewasdesignedand
usedinthetreatmentofMCF􀆼7breastcancercells Firstly 
PNIPAmweresynthesizedandoptimizedbyorthogonalde-
signmethod Next Quewasencapsulatedinthenanogel
withhighloadingefficiencybysimpleprocedures Theob-
tainedQue􀆼PNIPAmexhibitedanacceleratedreleaseprofile
andathermosensitivepropertyintheinvitroreleasestud-
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ies ThecytotoxicityassayindicatedthatunloadedPNIPAm
isnon􀆼toxicwhereasQue􀆼PNIPAmshowedaspecifictoxicity
toMCF􀆼7cancercelllines Theinternalizationofcoumarin􀆼6
loadedPNIPAmhasbeenconfirmedbyfluorescentmicrosco-
py Thenanogelexhibitedmarkedlyhighercellularuptaketo
MCF􀆼7breastcancercellsinthepresenceofmildhyperther-
mia Inaddition theuptakeofPNIPAmnanogelbyMCF􀆼7
cellswasenergy􀆼dependentandthroughatubulin􀆼mediated
pathway Basedontheaboveresults thePNIPAmnanogel
representsapromisingdeliverysystemtoovercomethelimi-
tationsofhydrophobicdrugssuchasQue 
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