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 Two-Photon Ratiometric Fluorescent Mapping of 
Intracellular Transport Pathways of pH-Responsive Block 
Copolymer Micellar Nanocarriers  
 Stimuli-responsive block copolymer assemblies such as 
micelles and vesicles have gained increasing popularity as 
drug and gene delivery nanovehicles. [  1  ]  Triggered payload 
release in response to biologically relevant milieu such as pH, 
enzymes, and redox/oxidation potentials can boost drug bio-
availability at pathological sites, especially within the slightly 
acidic tumor extracellular matrix or upon cellular uptake. [  2  ]  In 
particular, responsive block copolymer nanocarriers exhibiting 
pH-actuated disintegration features are closely correlated with 
acidic cell organelles such as endosomes and lysosomes during 
endocytic vesicular traffi cking. [  3  ]  It has been generally accepted 
but not defi nitively proven that pH-responsive micelles with 
appropriate p K  a  might facilitate endosomal escape and drug 
release due to osmotic swelling associated with protonation-
triggered micelle-to-unimer transition. [  3,4  ]  Thus, the spatiotem-
poral quantifi cation of intracellular pH gradients experienced 
by responsive micellar nanocarriers can further elucidate endo-
cytic transport pathways and subcellular distributions. This will 
help optimize the design of bioresponsive drug nanocarriers 
and pH-cleavable polymer–drug conjugates. [  3c  ,  5  ]  

 Fluorescent polymers and polymeric assemblies can allow 
for the noninvasive and real-time optical imaging of cellular 
dynamics and processes. Previously, fl uorophore-labeled poly-
meric micelles, [  6  ]  nanoparticles, [  7  ]  and unimer chains [  8  ]  have 
been utilized to probe intracellular pH gradients or tissue pH 
abnormalities, either based on pH-incurred intensity changes 
of a single emission band [  6  ,  7f  ,  8a–d  ]  or ratiometric assay of two 
emission bands. [  7a–e  ,  8e–h  ]  Note that the latter design typically 
involves the fl uorescence resonance energy transfer prin-
ciple with two inversely varying emission bands [  7a  ,  b  ,  8e–g  ]  or 
combines a pH-sensitive dye with a reference dye. [  7c–e  ,  8h  ]  As 
for pH-sensing scaffold with block copolymer micelles, Gao 
and co-workers [  6  ]  recently reported the fabrication of single-
band intensity-based pH probes from poly(tertiary amine 
methacrylate)-containing double-hydrophilic block copolymers 
(DHBCs) anchored with fl uorophores of varying Stokes shift. 
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They exhibit quenched fl uorescence in the micellar state and 
emission turn-on due to micelle-to-unimer transition within 
acidic organelles. [  6  ]  Inspired by this work, we envisage that the 
construction of self-calibrating and ratiometric fl uorescent pH 
probes directly from pH-responsive block copolymer micelles 
could provide accurate and quantitative information about local 
microenvironment associated with the vesicular traffi cking 
pathway of micellar nanocarriers. To accomplish this, a prereq-
uisite would be that large changes in emission intensity ratios 
(i.e., high sensitivity) can occur over the endocytically relevant 
range (pH 4.0–7.4). [  7b  ,  e  ]  Note that for polymeric pH probes only 
involving a single type of pH-sensitive dye (and in combination 
with a reference dye), the sensitive and reliable detection range 
can be only up to 2 pH units. 

 In addition, two-photon microscopy (TPM) technique pos-
sesses advantages of deeper penetration depth, less photo-
damage, and reduced cellular autofl uorescence compared with 
the conventional one-photon microscopy. [  9  ]  In this work, we 
constructed an ultrasensitive ratiometric fl uorescent pH probe 
by utilizing pH-responsive DHBC as the scaffold ( Scheme    1  ). 
The design involves a pH-sensitive green-emitting dye, BTPE, 
labeled at the hydrophilic chain terminal [  10  ]  and a pH-inert blue-
emitting dye, CMA, covalently anchored to the pH-responsive 
block; pH-triggered micelle-to-unimer transition (at  ≈ pH 6) can 
effectively turn on the initially quenched CMA emission. [  6  ]  This 
integration leads to  ≈ 250-fold changes of BTPE/CMA emis-
sion intensity ratios in the range of pH 2–8, and most of the 
changes occur in the pH range of 4.0–7.4. The current design 
also allows for two-photon ratiometric, fl uorescent pH mapping 
of endocytic transport pathways (early endosomes, pH 5.9–6.2; 
late endosomes and lysosomes, pH 4.0–5.5) experienced by pH-
sensitive micellar nanocarriers. [  3,4  ]   

 Dually labeled pH-responsive diblock copolymers BTPE-
POEGMA- b -P(DPA- co -CMA) were synthesized by com-
bining consecutive reversible addition–fragmentation chain 
transfer (RAFT) polymerizations and post-functionalization 
(Scheme S1, Supporting Information), where OEGMA and 
DPA are oligo(ethylene glycol) monomethyl ether methacrylate 
and 2-(diisopropylamino)ethyl methacrylate, respectively. For 
carboxyl-terminated POEGMA 44 - b -P(DPA 0.972 - co -CMA 0.028 ) 35  
diblock precursor, GPC analysis gave an   M   n  of 28 000 g mol − 1 
and   M   w /  M   n  of 1.36, and the CMA content in P(DPA- co -CMA) 
block was determined to be  ≈ 2.8 mol%. The subsequent 
esterifi cation reaction with hydroxyl-functionalized BTPE 
(Figure S1, Supporting Information) afforded the target diblock 
copolymer. The structural parameters of BTPE-POEGMA 44 - b -
P(DPA 0.972 - co -CMA 0.028 ) 35  and two control diblock copolymers, 
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 1576–1581
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     Scheme  1 .     (a) Fabrication of ultrasensitive ratiometric fl uorescent pH probes based on double-
hydrophilic diblock copolymers, BTPE-POEGMA- b -P(DPA- co -CMA), dually labeled with cou-
marin derivative (CMA, blue-emitting) within pH-responsive PDPA block and pH-sensitive dye 
(BTPE, green-emitting) at the hydrophilic chain terminal. (b) Schematics for ratiometric fl uores-
cent readout of pH gradients within acidic organelles during intracellular transport. Upon endo-
cytosis, green-emitting micelles disintegrate into unimers when internalizing early endosomes 
develop into more acidic late endosomes and lysosomes, gradually leading to activated CMA 
blue emission and deactivated green-emission of BTPE moieties.  
POEGMA 44 - b -P(DPA 0.972 - co -CMA 0.028 ) 35  and BTPE-POEGMA 44 -
 b -PDPA 35 , are listed in Table S1 (Supporting Information). 

 It has been previously established that POEGMA- b -PDPA 
diblock copolymers can self-assemble into micellar nanoparti-
cles at pH  >  6 and disintegrate into unimers at pH  <  6. [  11  ]  The 
critical micelle concentration (CMC) of BTPE-POEGMA 44 - b -
P(DPA 0.972 - co -CMA 0.028 ) 35  micelles at pH 7.4 was determined to 
be  ≈ 0.009 g L  − 1  by surface tensiometry (Table S2, Supporitng 
Information). As revealed by dynamic laser light scattering 
(LLS), the micellar solution exhibits an intensity-average hydro-
dynamic radius,  <  R  h  > , of  ≈ 18.3 nm and a polydispersity index, 
  μ   2 /  Γ   2 , of 0.17 (Table S2, Supporting Information). Static LLS 
revealed that diblock copolymer micelles possess an apparent 
molar mass,   M   w  ,app , of 6.4  ×  10 6  g mol  − 1  at pH 7.4; thus, each 
micelle contains  ≈ 163 BTPE and  ≈ 159 CMA moieties on 
average. TEM analysis revealed the presence of robust spher-
ical nanoparticles with dimensions in the range of 20–30 nm 
(Figure S2, Supporting Information). Besides, the zeta poten-
tials of micellar nanoparticles were determined to be  ≈ 4.1 ( ± 1.2) 
mV, 5.2 ( ± 0.7) mV, and 7.0 ( ± 1.9) mV for POEGMA 44 - b -
P(DPA 0.972 - co -CMA 0.028 ) 35 , BTPE-POEGMA 44 - b -PDPA 35 , and 
BTPE-POEGMA 44 - b -P(DPA 0.972 - co -CMA 0.028 ) 35  micelles in 
PBS buffer (pH 7.4), respectively. This refl ects the essentially 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeiAdv. Healthcare Mater. 2013, 2, 1576–1581
uncharged nature for micellar coronas under 
physiological conditions. 

 Next, the pH-dependent emission char-
acteristics of single-type dye-labeled diblock 
copolymers were investigated at fi rst. At 
pH 2.0, aqueous solution of POEGMA 44 - b -
P(DPA 0.972 - co -CMA 0.028 ) 35  unimers exhibits a 
strong blue fl uorescence emission at 400 nm 
when excited at 340 nm (Figure S3, Sup-
porting Information). With the increase 
of solution pH, the fl uorescence intensity 
considerably decreases and fi nally almost 
negligible emission can be detected at pH  >  
7.0 (  Figure   1  a and b). Quantitative analysis 
revealed  ≈ 22.5-fold intensity increase at 
400 nm in the range of pH 2–10, and most 
of the changes occur within the narrow pH 
range of 5.0–6.5. The observed transition 
also correlates well with the pH-induced 
micelle-to-unimer transition range (p K  a  of 
PDPA  ≈  6.3). [  11  ]  Control experiments revealed 
that the emission of small-molecule CMA in 
aqueous media exhibits little changes over 
the pH range of 2–10 (Figure S4, Supporting 
Information). In the micellar state, depro-
tonated tertiary amine moieties in PDPA 
can exert photo-induced electron transfer 
(PET) quenching effect. Moreover, the self-
quenching between CMA moieties within 
hydrophobic PDPA cores ( ≈ 159 moieties per 
micelle) will also contribute. Considering 
that CMA moieties possess a Stokes shift 
of  ≈ 60 nm, the former factor should domi-
nate over the latter one. [  6  ]  Upon micellar-to-
unimer transition below  ≈ pH 6, the above 
two quenching effects do not exist anymore, 
leading to effi cient turn-on of CMA blue-emission.  
 For the micellar solution of BTPE-POEGMA 44 - b -PDPA 35  at 

pH 7.4, an intense green fl uorescence emission at 550 nm ( l  ex   =  
400 nm) with a large Stokes shift of  ≈ 150 nm (Figure  1 c and d; 
Figure S5, Supporting Information). Upon decreasing solution 
pH, the emission intensity decreases and eventually became 
almost non-fl uorescent at pH 2.0. This is presumably due to 
the protonation of pyridine nitrogen atom in BTPE, leading to 
disruption of the initially fl uorescent D- π -A system. [  10  ]  In the 
pH range of 2–10, about 25.2-fold emission intensity change 
was achieved, with the highest pH probing sensitivity at ca. 
pH 4.5. 

 Based on the above results (Figure  1 ), we conclude that 
the emission intensities of BTPE and CMA moieties, when 
labeled into pH-responsive diblock copolymers, dramatically 
changes with solution pH, but at opposite direction and with 
different sensitive pH ranges. Moreover, BTPE-POEGMA 44 - b -
P(DPA 0.972 - co -CMA 0.028 ) 35  diblock copolymer is expected to 
integrate the pH-sensing performance of both types of dyes 
and should lead to ultrasensitive ratiometric fl uorescent pH-
sensing. As shown in  Figure    2  , under neutral or alkaline condi-
tion, the micellar solution of BTPE-POEGMA 44 - b -P(DPA 0.972 - co -
CMA 0.028 ) 35  exhibits a predominant intense green emission 
nheim wileyonlinelibrary.com 1577
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     Figure  1 .     (a) Fluorescence spectra (  λ   ex   =  340 nm) and (b) pH-dependent changes in relative emission intensities (  λ   em   =  400 nm) recorded for 
POEGMA 44 - b -P(DPA 0.972 - co -CMA 0.028 ) 35  (0.2 g L  − 1 , [CMA]  =  7.0  ×  10  − 6   M ). (c) Emission spectra (  λ   ex   =  400 nm) and (d) pH-dependent changes in emis-
sion intensities (  λ   em   =  550 nm) recorded for BTPE-POEGMA 44 - b -PDPA 35  (0.2 g L  − 1 , [BTPE]  =  7.0  ×  10  − 6   M ).  

     Figure  2 .     (a) Typical fl uorescence emission spectra (  λ   ex   =  340 nm) and (b) normalized intensity 
ratio ( I  550  /I  400 ) changes recorded for the aqueous solution of BTPE-POEGMA 44 - b -P(DPA 0.972 - co -
CMA 0.028 ) 35  diblock copolymer (0.2 g L  − 1 , [CMA]  =  7.0  ×  10  − 6   M , [BTPE]  =  7.0  ×  10  − 6   M ) in the 
pH range of 2–10. (c) Optical photographs recorded under two-photon confocal microscopy 
for 0.2 g L  − 1  aqueous diblock copolymer solution at varying pH conditions.  
due to emission quenching of CMA moie-
ties within hydrophobic PDPA cores and 
pH-incurred enhanced DTPE emission 
(Scheme  1  and Figure  1 ). At pH  <  6, poly-
meric micelles start to disassemble into 
unimers due to protonation of DPA moie-
ties. Concomitantly, the CMA blue emission 
restores, accompanied with the emission 
quenching of BTPE moieties within micellar 
coronas. Thus, the polymeric probes exhibit 
a dominantly blue emission at low pH. Also 
note that this type of pH-induced emission 
transition can be clearly discerned by the 
naked eye. From Figure  2 a, we can tell that in 
the range of pH 2–10, characteristic emission 
bands of CMA (400 nm) and BTPE (550 nm) 
vary inversely in intensities with pH. Emis-
sion intensity ratios,  I  550  /I  400 , exhibit  ≈ 250-
fold changes (Figure  2 b). More importantly, 
most of the changes occur in the range of 
4.0–7.4, which correlates well with those 
occurred in the endocytic pathway of micellar 
nanoparticles (e.g., early endosomes, late 
endosomes, and lysosomes). In addition, pH-
triggered emission intensity ratio changes 
are quite reversible when the solution pH 
was cycled between pH 3 and 10 for at least 
8 cycles (Figure S6, Supporting Information).  
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com8 Adv. Healthcare Mater. 2013, 2, 1576–1581



www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

www.advhealthmat.de

     Figure  3 .     Time-dependent two-photon confocal microscopy fl uorescence images recorded for 
live HepG2 cells at 37 ° C upon incubating with BTPE-POEGMA 44 - b -P(DPA 0.972 - co -CMA 0.028 ) 35  
micelles: (a, e, I, m, and q) blue channel at 400  ±  20 nm, (b, f, j, n, and r) green channel at 550  ±  
20 nm, (c, g, k, o, and s) overlay of blue and green channels, and (d, h, l, p, and t) ratiometric 
fl uorescence images generated from green to blue channels. The addition of chloroquine pro-
motes escape from endosomes and lysosomes, leading to the relatively uniform distribution of 
fl uorescence in the cytosol (m-p). The addition of proton pump inhibitor, bafi lomycin, induces 
pH elevation within acidic organelles (q-t).  
 The above experiments utilize 340 nm UV 
range excitation and this poses a limitation 
for confocal microscopy observation (severe 
photo-damage and less available laser setup). 
Considering that both CMA and BTPE deriv-
atives have been employed for two-photon 
fl uorescence imaging, [  9  ]  we further attempted 
to utilize TPM technique for in situ mapping 
of intracellular pH gradients subjected by 
dual dyes-labeled micelles upon endocytosis. 
Two-photon excitation spectra revealed that 
BTPE-POEGMA 44 - b -PDPA 35  micelles at pH 
7.4 exhibits intense absorption in the range 
of 600–800 nm and the largest two-photon 
cross section was  ≈ 122.3 GM at  ≈ 790 nm 
(Figure S7, Supporting Information), whereas 
the two-photon absorption of POEGMA 44 -
 b -P(DPA 0.972 - co -CMA 0.028 ) 35  unimers at 
pH 2.0 is slightly weaker with the largest 
two-photon cross section being  ≈ 34.9 GM 
at  ≈ 760 nm. Preliminary two-photon imaging 
results of BTPE-POEGMA 44 - b -P(DPA 0.972 - co -
CMA 0.028 ) 35  diblock copolymer in aqueous 
media at varying pH further confi rmed that 
sensitive pH mapping is feasible by the TPM 
technique (Figure  2 c). 

 For diblock copolymer micelles with hydro-
philic POEGMA coronas and dimensions 
of a few tens of nanometers, upon endo-
cytic uptake, they will be typically subjected 
to slightly acidic early endosomes and more 
acidic late endosomes/lysosomes. [  3,4  ]  To verify 
the intracellular fate of BTPE-POEGMA 44 - b -
P(DPA 0.972 - co -CMA 0.028 ) 35  micelles, co-locali-
zation experiments were then conducted by 
utilizing one-photon microscopy on the basis 
of LysoTracker red and covalently labeled 
green-emitting BTPE. It was found that after 

2 h incubation, dye-labeled polymers are mainly located within 
late endosomes and lysosomes (Figure S8, Supporting Infor-
mation). Note that micellar nanoparticles might have already 
undergone micelle-to-unimer transition within these acidic 
intracellular organelles. If we can in situ quantify the exact pH 
values and incubation duration-dependent changes, it will be 
quite instructive to know whether micellar disintegration has 
occurred or not. However, the ratiometric fl uorescent quanti-
fi cation of microenvironmental pH gradients during the endo-
cytic pathway for pH-responsive micellar nanoparticles has not 
been achieved yet. 

 Intracellular mapping of pH gradients within HepG2 cells 
was then conducted by utilizing two-photon confocal micros-
copy ( Figure    3  ). After incubating cells in the presence of BTPE-
POEGMA 44 - b -P(DPA 0.972 - co -CMA 0.028 ) 35  micelles at 37  ° C for 
20 min, the cell culture was replaced with fresh Dulbecco’s 
modifi ed Eagle’s medium (DMEM). Strong punctuated green 
fl uorescence can be vividly observed while the blue channel emis-
sion is almost undetectable. In combination with the pH calibra-
tion curve of two-photon fl uorescence (Figure S9, Supporting 
Information), the pH values of these fl uorescent ensembles are 
© 2013 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2013, 2, 1576–1581
in the range of 6.2–6.6 ( Figure   3  and   4  ), suggesting that micellar 
nanoparticles are mainly located within early endosomes. [  3,4  ]  
By extending incubation duration to 60 min (40 min in fresh 
DMEM), the CMA blue channel emission increased consider-
ably, indicating further acidifi cation (Figure  1  and  3 ); concomi-
tantly, the BTPE green channel emission exhibits little changes. 
The pH gradient subjected by dye-labeled copolymers is in the 
range of  ≈ 5.2–5.9, corresponding to the development of internal-
izing early endosomes into more acidic late endosomes and lys-
osomes. Note that micelle-to-unimer transition should occur at 
this stage. [  11  ]  At 120 min incubation, the blue channel emission 
exhibits further enhancement, whereas green channel intensity 
considerably decreases. Note that this is in agreement with the 
different pH-sensitive range of CMA and DTPE dyes (Figure  1 ). 
At this stage, the pH gradient is  ≈ 4.5–5.3 (Figure  3  and  4 ), 
clearly confi rming that diblock unimers have entered into lys-
osomes. The above results that also imply that pH-responsive 
diblock copolymers containing PDPA block do not behave as 
good endosome-escaping nanocarriers. [  3c  ,  5  ]    

 In addition, the addition of well-known endosomal escaping 
agent, chloroquine, led to relatively uniform distribution of 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1579
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     Figure  4 .     Incubation time-dependent microenvironmental pH gradient 
distribution subjected by pH-responsive micellar nanoparticles, which 
were generated from emission intensity ratio images of multiple cells 
(Figure  3 ).  
fl uorescence within the whole cytoplasm and an average pH 
of  ≈ 6.8 (Figure  3 ), as revealed by the almost undetectable blue 
emission and intense green BTPE emission. This further con-
fi rms that the dual dye-labeled copolymer is capable of accurate 
sensing of intracellular pH. On the contrary, we further found 
that the addition of proton pump inhibitor, bafi lomycin, can 
lead to pH elevation of acidic organelles to the range of 5.0–7.0, 
with an average pH of  ≈ 6.3, as revealed by the enhanced green 
channel emission and decreased blue-channel emission, com-
pared with that observed for 120 min incubation in the absence 
of bafi lomycin (Figure  3  and  4 ). 

 In summary, ultrasensitive ratiometric fl uorescent pH 
probes based on pH-responsive DHBCs covalently labeled with 
green-emitting BTPE and blue-emitting CMA moieties were 
constructed. The pH-sensitive emitting nature of BTPE and 
emission turn-on of CMA residues triggered by pH-actuated 
micelle-to-unimer transition of diblock micelles, together with 
their complementary pH-sensing range difference, synergisti-
cally contribute to the observed  ≈ 250-fold changes of BTPE/
CMA emission intensity ratios in the whole pH range. Two-
photon ratiometric fl uorescent pH mapping of intracellular 
gradients subjected by pH-responsive micellar nanoparticles 
in their endocytic pathway has also been achieved. We expect 
that the strategy of integrating two types of sensing motifs 
(one intrinsically sensitive and one sensitive to the integrity 
of micellar scaffold) should represent one general approach 
for the design of next generation optically traceable drug/gene 
nanocarriers. 
© 2013 WILEY-VCH Verlag Gwileyonlinelibrary.com
  Experimental Section 
  Materials : Oligo(ethylene glycol) monomethyl ether methacrylate 

(OEGMA,    M   n    =  475 g mol  − 1 , mean degree of polymerization, DP, is 
8-9) purchased from Aldrich was passed through a neutral alumina 
column to remove the inhibitor and then stored at  − 20  ° C prior 
to use. 4,4 ′ -Azobis(4-cyanovaleric acid) (V501) and 2,2 ′ -azobis(2-
methylpropionitrile) (AIBN) were recrystallized from 95% ethanol. 
LysoTracker Red was purchased from Invitrogen. Bafi lomycin A1 
from streptomyces griseus was purchase from Sigma Life Sciences 
and dissolved in DMSO. Chloroquine diphosphate salt and Nigericin 
sodium salt purchased from Sigma Life Sciences were dissolved in 
water at a concentration of 100  ×  10  − 3   M  and 1  ×  10  − 3   M , respectively. 
2-(Diisopropylamino)ethyl methacrylate (DPA) was purchased from 
Polyscience Co. and distilled under reduced pressure before use. Fetal 
bovine serum (FBS), penicillin, streptomycin, and Dulbecco’s modifi ed 
Eagle’s medium (DMEM) were purchased from GIBCO and used 
as received. Picolinaldehyde, 2-bromoethanol, sodium iodide (NaI), 
potassium carbonate (K 2 CO 3 ), sodium hydroxide (NaOH),  N , N ′  -
dicyclohexylcarbodiimide (DCC), 4-dimethylamino pyridine (DMAP), 
and all other reagents were purchased from Sinopharm Chemical 
Reagent Co. Ltd. and used as received. Dichloromethane (CH 2 Cl 2 ) 
was dried over calcium hydride (CaH 2 ) and distilled before use. Water 
was deionized with a Milli-Q SP reagent water system (Millipore) to a 
specifi c resistivity of 18.4 M Ω  cm. 6-Amino-2-methylbenzothiazole, [  12a  ]  
2-propylsulfanylthiocarbonyl sulfanyl-2-methyl propionic acid (PTPA), [  12b  ]  
and coumarin-based fl uorescent monomer, CMA, [  12c  ]  were synthesized 
according to literature procedures. 

 Detailed procedures employed for the synthesis of BTPE and 
BTPE-POEGMA- b -P(DPA- co -CMA) diblock copolymers, fabrication of 
diblock copolymer micelles, CMC, and zeta potential measurements, 
determination of TPA cross-section, cell culture, and in vitro fl uorescence 
imaging are described in the Supporting Information. 

  Characterization : All  1 H nuclear magnetic resonance (NMR) spectra 
were recorded on a Bruker AV300 NMR spectrometer (resonance 
frequency of 300 MHz for  1 H) operated in the Fourier transform mode. 
CDCl 3  was used as the solvent. Molecular weights and molecular weight 
distributions were determined by gel permeation chromatography (GPC) 
equipped with Waters 1515 pump and Waters 2414 differential refractive 
index detector (set at 30  ° C), employing a series of two linear Styragel 
columns (HR2 and HR4) at an oven temperature of 4 5 ° C. The eluent 
was THF at a fl ow rate of 1.0 mL min  − 1 . A series of low polydispersity 
polystyrene standards was employed for calibration. Surface tension was 
conducted by JK99B tensiometer with a platinum plate. Transmission 
electron microscopy (TEM) observations were conducted on a Hitachi 
H-800 electron microscope at an acceleration voltage of 200 kV. The zeta 
potentials of the micelles in PBS (pH 7.4) were determined by Malvern 
Zetasizer Nano ZS at 1.0 g L  − 1 . Fluorescence spectra were recorded 
on an F-4600 (Hitachi) spectrofl uorometer. The slit widths were set at 
5 nm for both excitation and emission. Two photon excitation spectra 
were measured using femotosecond laser pulse and Ti:sapphire system 
(680–1080 nm, 80 MHz, 140 fs, Chameleon II) as the light source. The 
fl uorescence images of HepG2 cells were acquired using ZEISS710 at 
37  ° C with 5% CO 2 .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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