
FU
LL

 P
A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1304 wileyonlinelibrary.com

USA alone by 2022, [ 1 ]  the cancer metas-
tasis chemoprevention program becomes 
increasingly important and badly needs 
to prevent cancer metastasis after sur-
gical removal of primary cancer. The root 
cause of cancer metastasis is presumably 
related to the residual circulating tumor 
cells (CTCs) in blood of asymptomatic 
cancer survivors. [ 2 ]  Owing to their low 
proliferation rate and rarity, [ 3 ]  the cur-
rent post-metastatic chemotherapy that 
targets high proliferative cell lines can 
be ineffective in targeting and killing 
cancer cells specifi cally. [ 4 ]  In fact, the 
anticancer chemotherapy may enhance 
metastasis formation. [ 5 ]  Current biona-
notechnology has utilized a single CTCs 
surface biomarker antibody such as the 
anti-epithelial cell adhesion molecule 
(anti-EpCAM) to coat silicon-nanopillar, [ 6 ]  
nanoscale poly(amidoamine) (PAMAM) 
dendrimers [ 7 ]  or functionalized grapheme 

oxide nanosheets [ 8 ]  for capturing CTCs in vitro for diagnostic 
purpose only. 

 The current nanotechnology for recognizing and binding the 
rare CTCs is mainly designed to enhance the local topographic 
interaction [ 6,9 ]  between bionanomaterial conjugates (com-
posed of a chemotherapeutic drug and a targeting antibody) 
and surface biomarkers of the typical CTCs, and is delimited 
to the low capability and specifi city of binding and capturing 
CTCs. Human CTCs may possess more than one surface bio-
marker. [ 10 ]  The abundance of a single surface biomarker may 
also fl uctuate with the change of cell cycle phase resulting in 
variable binding affi nity between the biomarker and its corre-
sponding targeting antibody. [ 11 ]  CTCs can undergo the epithe-
lial-to-mesenchymal transition, causing at least partial down-
regulation of epithelial cell-specifi c molecules. [ 12 ]  Considering 
the above possibility, we hypothesized that multivalent link of 
two distinct antibodies against a typical CTC to functionalized 
PAMAM dendrimers could signifi cantly enhance the specifi city 
of the conjugate to recognize and capture the wanted CTCs, 
and further result in down-regulation of the activity of the cap-
tured CTCs. 

 To test the hypothesis, we selected hepatocellular carcinoma 
HepG2 as a CTCs model as others have done, [ 13 ]  and re-engi-
neered PAMAM dendrimers with two antibodies to examine 
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  1.     Introduction 

 Cancer metastasis is a serious social, economic, and scientifi c 
problem world-wide that needs an urgent solution. As the esti-
mated number of cancer survivors will reach 18 millions in the 
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the capture and regulation capabilities of the 
conjugates with this regard. The two antibodies 
are the human epithelial cell adhesion mol-
ecule (EpCAM) antibody (aEpCAM), and type 
II carbohydrate antigen saliva acidifying louis 
oligosaccharides X molecule (Sialyl Lewis X, 
Slex) antibody (aSlex). We selected HepG2 as a 
CTC model because liver cancer is one of the 
major threat cancers in China, and we have a 
good understanding of cellular characteris-
tics of HepG2 cells. [ 14 ]  The above-mentioned 
two biomarkers are over-expressed on HepG2. 
Spatial and temporal advances in high-payload 
and coating of PAMAM dendrimers allow us 
to explore the new initiative to capture and 
restrain CTCs in blood by using the dual anti-
body conjugation strategy. Yet, the quantita-
tive and qualitative analyses of the interaction 
between the special conjugates and HepG2 
have not been available, and the present studies 
with the conceptual advantage may provide the 
important information to the fi eld.  

  2.     Results 

  2.1.     Physiochemical Characterization of 
Conjugates 

 Modifi ed PAMAM dendrimer surfaces were 
sequentially functionalized with dual anti-
bodies with or without fl uorescence labe-
ling ( Figure    1  A). The single or dual antibody 
conjugation was performed at the molar 
ratio of 1 CC G6 to 3 or 5 aSlex or aEpCAM. 
Thus we denoted the synthesized single con-
jugates as G6–3aEpCAM, G6–5aEpCAM, 
G6–3aSlex, and G6–5aSlex, or dual conjugates 
as G6–3aEpCAM-3aSlex and G6–5aEpCAM-
3aSlex. Physiochemical characterization of 
the conjugates was conducted using spectral 
analyses, fi eld scanning electron microscope 
(FSEM), and atomic force microscope (AFM), 
respectively. The conjugates were in a char-
acteristic morphology of round pie with the 
1 nm height. The diameter of the single anti-
body-coated dendrimers was approximately 
35 ± 5 nm, and that of the dual antibody-coated 
dendrimers was 100 ± 5 nm (Figure  1 B,D). 
Dynamic light scattering (DLS) measurements 
also demonstrated the increased hydrophilic 
size and negative charge once dendrimers were 
coated with aEpCAM or aSlex, separately, or 
in combination. The change in charge of the 
antibody-coated conjugates may infl uence their 
interaction with cells and blood components. 
Characteristic fl uorescent colors and ultravi-
olet absorption values at  λ  220 nm  further dem-
onstrated the successful conjugation of each 
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 Figure 1.    Conceptual design and characterization of surface functionalized G6 PAMAM 
dendrimers coated with single or dual antibodies of CTCs biomarkers (EpCAM and Slex) 
for the enhanced capture and down-regulation of target hepatocellular CTCs in blood. 
A) Synthetic procedures of G6 PAMAM dendrimers coated with single or dual antibodies 
with or without fl uorescence labeling (PE and FITC). a) G6 PAMAM dendrimers with pri-
mary amine end groups; b) CC G6 dendrimers with carboxyl end groups; c) G6-single or 
dual antibody conjugates; d) fl uorescence-labeled G6-single or dual antibody conjugates. 
B) A typical AFM image of single antibody conjugate G6–3aEpCAM. C) UV spectra of 
CC G6 and G6-single or dual antibody conjugates. D) A representative FSEM image of dual 
antibody conjugate G6–5aEpCAM-5aSlex. E) Fluorescence images of dual antibody conju-
gate PE-3aEpCAM-G6–3aSlex-FITC in PBS (pH 7.4) solution obtained by a laser confocal 
microscope in different excitation channels.
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fl uorescence-labeled antibody or antibody 
to dendrimer surfaces (Figure  1 C,E). The 
amount of antibody in each single antibody 
conjugate was also calculated based on the 
corresponding linear curves of free aEpCAM 
and aSlex at  λ  220 nm . The UV spectra analysis 
showed that about 2 aEpCAM or 6 aSlex mol-
ecules were conjugated onto one G6 PAMAM 
dendrimer surface, respectively.   

  2.2.     Microscopic and Flow Cytometric 
Analyses for HepG2 Recognition, Multivalent 
Binding, and Capture 

 To intuitively visualize the binding and cap-
ture effi ciency of HepG2 cells in the absence 
or presence of interfering blood cells, fl uores-
cein isothiocyanate (FITC, green fl uorescence) 
was linked to aSlex (aSlex-FITC), and phyco-
erythrin (PE, orange fl uorescence) to aEpCAM 
(aEpCAM-PE), respectively. The resultant 
products were then coated onto the den-
drimer surface. The fi nal fl uorescence-labeled 
conjugates were denoted as G6–3aEpCAM-
PE, G6–5aEpCAM-PE, G6–3aSlex-FITC, 
G6–5aSlex-FITC, PE-3aEpCAM-G6–3aSlex-
FITC, and PE-5aEpCAM-G6–3aSlex-FITC, 
respectively. The number represents the esti-
mated moles of the antibodies conjugated to 
the G6 PAMAM.  

  2.3.     Binding and Capturing HepG2 Cells 
in the Absence of Interfering Blood Cells 

 For the adherent HepG2 cells, fl uorescent 
images ( Figure    2  A) showed blue fl uores-
cence in cell nuclei, indicating the integrity 
of HepG2. When HepG2 was exposed to fl u-
orescence-labeled antibody or conjugates, the 
cells displayed the merged fl uorescent colors. 
Orange color showed that the cells bound to 
aEpCAM-PE or G6–5aEpCAM-PE, and green 
color indicated the cells bound to aSlex-FITC 
or G6–3aSlex-FITC. The merged yellow-
green color indicated that the cells bound 
to dual antibody conjugate PE-5aEpCAM-
G6–3aSlex-FITC. Moreover, compared with 
the cells incubated with aSlex-FITC and 
aEpCAM-PE alone, stronger fl uorescence on 
the cells treated with single or dual antibody-
coated conjugates suggested a multivalent-
mediated enhancement in binding affi nity 
when dual antibody conjugates were bound 
to multiple surface biomarkers (Figure  2 A).  

 For the suspensory HepG2 cells, the 
capture capability of the conjugates was 
evaluated in two ways when cells were at 

Adv. Funct. Mater. 2015, 25, 1304–1313

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    Microscopic and fl ow cytometric analyses of the bound or captured HepG2 cells 
by fl uorescence-labeled single or dual antibody conjugates without any interference. Fluores-
cence-labeled antibodies including aEpCAM-PE and aSlex-FITC were also tested for the specifi c 
antigen–antibody interactions. A) Binding between the adherent HepG2 cells and conjugates 
imaged by a laser confocal microscope. B) Capturing the suspensory HepG2 cells by the 
conjugates imaged by a fl uorescence inverted microscope. C) Dot plots showed the num-
bers of captured HepG2 cells within Q2 quadrant (i.e., cells positive to both FITC and PE 
dyes) by dual antibody conjugates PE-5aEpCAM-G6–3aSlex-FITC or PE-3aEpCAM-G6–3aSlex-
FITC (right-upper two panels) or their single counterparts added together G6–5aEpCAM-PE+ 
G6–3aSlex-FITC or G6–3aEpCAM-PE+ G6–3aSlex-FITC (right-lower two panels). Dual antibody 
conjugate PE-5aEpCAM-G6–3aSlex-FITC captured HepG2 20-fold more than two single ones 
added together or 4-fold more than its counterpart PE-3aEpCAM-G6–3aSlex-FITC.
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the density of 10 6  per incubation tube: 1. Fluorescent analysis: 
HepG2 was pretreated with Hoechst 33258 to show the pres-
ence of the cells, which were then incubated with fl uorescence-
labeled antibody or conjugates for 1 h. Compared with the 
control, cells treated with the antibody or conjugates displayed 
different colors on cytomembrane in addition to the blue color 
in nucleus. The result was indicative of the capture of the cells 
by the conjugates. Moreover, with the amounts of antibody 
aEpCAM or aSlex conjugated onto each dendrimer increased, 
more cells were captured by the conjugates in comparison 
with the fl uorescence-labeled antibody aEpCAM-PE or aSlex-
FITC alone. Dual antibody-coated dendrimers PE-5aEpCAM-
G6–3aSlex-FITC seemed to capture more fl oating HepG2 cells 
than any single antibody-coated dendrimers G6–5aEpCAM-PE 
or G6–3aSlex-FITC alone or added together (Figure  2 B). The 
enhancement in recognizing, binding and capturing HepG2 by 
the conjugates fi rst confi rmed our assumption that dendrimers 
conjugated with dual antibodies may be superior to those con-
jugated with the single ones in terms of capture effi ciency. 

 2. Flow cytometric analysis: the fl oating HepG2 cells 
were incubated with the mixture of single antibody-coated 
dendrimers G6–3aEpCAM-PE plus G6–3aSlex-FITC, or 
G6–5aEpCAM-PE plus G6–3aSlex-FITC, or G6–5aEpCAM-PE 
plus G6–5aSlex-FITC, or individual dual antibody conjugates 
PE-3aEpCAM-G6–3aSlex-FITC and PE-5aEpCAM-G6–3aSlex-
FITC at the fi nal concentration of 20 µg mL −1  for 1 h. Flow 
cytometric analysis was performed to determine the capture 
effi ciency of the conjugates on HepG2 cells after normalization 
of fl uorescence intensity obtained from isotype controls IgG-PE 
and IgG-FITC. The numbers of HepG2 cells captured in Q2 
plot quadrant by the dual antibody conjugates PE-3aEpCAM-
G6–3aSlex-FITC or PE-5aEpCAM-G6–3aSlex-FITC were more 
than those captured by the single antibody conjugates added 
together (Figure  2 C).  

  2.4.     Capturing HepG2 Cells in the Presence of Interfering Blood 
Cells 

 The capture specifi city, on the basis of our previous defi nition, [ 15 ]  
was defi ned as the ability to assess unequivocally the CTCs cap-
tured in the presence of components (red blood cells (RBCs), 
white blood cells (WBCs)) that may interrupt the quantitative 
measurement, while maintaining their own characteristics. The 
specifi city of the conjugates binding to the surface of HepG2 
cells was examined by mixing a series of HepG2 with either 
HL-60 cells (as a leukocyte model), or RBCs at a mixture ratio of 
1:10 3  or 1:10 5  (HepG2: HL-60; or HepG2: RBCs) with fi xed total 
10 6  cells per incubation tube, or by mixing 1000 HepG2 cells 
with 10 6  or 10 8  RBCs per incubation tube. HL-60 cells usually 
have no interaction with aEpCAM. [ 16 ]  The ratio mimicked the 
clinical situation in which, roughly 1 CTC presented in 10 3 –10 6  
leukocytes, [ 17 ]  or 100 CTCs in 10 8  RBCs. [ 18 ]  Sample analysis 
and data collection were performed after 1 h incubation of the 
HepG2 with the fl uorescence-labeled conjugates. 

 The gate conditions for HepG2 cells were set to compen-
sate for FITC and PE dyes followed by dot plotting to show 
the numbers of HepG2 cells captured by the conjugates. In 
general, the conjugates recognized and bound HepG2 in a 

cooperative manner in the presence of either HL-60 or RBCs, 
whereas, the isotype IgG control did not bind or capture the 
suspended HepG2 cells. 

 PE-5aEpCAM-G6–3aSlex-FITC conjugate captured more 
HepG2 cells than PE-3aEpCAM-G6–3aSlex-FITC conjugate 
in the presence of abundant interfering RBCs ( Figure    3  A,D). 
Capture effi ciency of PE-5aEpCAM-G6–3aSlex-FITC and PE-
3aEpCAM-G6–3aSlex-FITC was 30.9% and 10.7%, respectively 
(Figure  3 A), at the number ratio of HepG2:RBCs in 1:10 3 , sug-
gesting the important role of aEpCAM in capturing HepG2. 
The percentage of bound and captured HepG2 by those con-
jugates decreased when the mixed cell ratio of HepG2 to 
HL-60 or RBCs changed from 1:10 3  to 1:10 5  (HL-60), or from 
10 6  to 10 8  (RBCs) (Figure  3 A–D), probably due to the interfer-
ence from RBC or HL-60. The capture effi ciency or captured 
cell number of dual antibody conjugates (e.g., PE-5aEpCAM-
G6–3aSlex-FITC) was 3- to 15-fold higher in the presence of 
interfering cells, especially RBCs, in comparison with that of 
single antibody conjugates G6–5aEpCAM-PE and G6–5aSlex-
FITC (Figure  3 B,C). Similarly, a reduction in the number of the 
captured HepG2 was observed when the number of interfering 
RBCs was increased (Figure  3 D).   

  2.5.     Regulation by the Conjugates on Viability of Captured 
HepG2 Cells 

 In comparison to the control completely carboxylated G6 
(CC G6) dendrimers and its single antibody counterparts, 
the G6–5aEpCAM-3aSlex conjugate produced a signifi cant 
reduction in cell viability when the conjugate concentrations 
increased from 5, 10 to 20 µg mL −1  ( Figure    4  A). In contrast, 
CC G6, G6–3aSlex, and G6–5aEpCAM at molar concentrations 
of 3- to 5-fold higher than G6–5aEpCAM-3aSlex did not have 
the signifi cant effect (Figure  4 A). To further determine how 
these conjugates affected the viability of the captured cells, 
cell cycle distribution was analyzed by fl ow cytometry using 
the propidium iodide (PI) staining to reveal the percentage of 
HepG2 arrested by the conjugates in the phases of G0/G1, S, 
and G2/M, respectively, after 24- and 48-h binding treatment. 
The CC G6 was used as a control. The results indicated that 
G6–5aEpCAM, G6–3aSlex, and G6–5aEpCAM-3aSlex produced 
a concentration-dependent increase in cell population of the 
S-phase and a reduction in the G2/M phase cell population 
without a signifi cant effect on the G0/G1 phase cell popula-
tion (Figure  4 B,C). We, therefore, concluded that the conjugates 
could deactivate the captured CTCs by arresting the cells in the 
DNA synthesis S phase and preventing them from going into 
the G2/M checkpoint.   

  2.6.     Cell Apoptosis Analysis 

 The conjugates seemed to produce somewhat early apoptosis 
or necrosis on the captured HepG2 cells. G6–5aEpCAM-3aSlex 
conjugate (20 µg mL −1 ) resulted in approximately 40% increase 
in early apoptotic cell population without a signifi cant effect on 
necrotic cell population in comparison with the control. When 
the concentrations of G6–5aEpCAM and G6–3aSlex conjugates 
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reached 20 µg mL −1 , G6–5aEpCAM and 
G6–3aSlex conjugates caused no signifi -
cant increase in apoptotic cell population 
but about 20% increase in necrotic cell 
population ( Figure    5  A). Decrease in cellular 
mitochondrial membrane potential (MMP) 
induced by single or dual antibody conju-
gates also refl ected the moderate regulation 
on cell activity, which was in agreement with 
the above cytotoxic and cell apoptotic anal-
yses (Figure  5 B).   

  2.7.     CTCs Captured in Blood of Liver Cancer 
Patients 

 The capture effi ciency of the single or dual 
antibody conjugates was determined based 
on the positive numbers shown in the plot 
quadrant of the fl ow cytometer. Distin-
guished from WBCs, the CTCs from patient 
blood were characterized by three-color 
immunocytochemistry (dihydrochloride 
(DAPI), FITC anti-cytokeratin, PE anti-
CD45) as described in recent CTC detection 
and capture studies. [ 8,19 ]  Only cells that were 
DAPI + CD45 − cytokeratin +  with the appro-
priate size and morphology were identifi ed 
as CTCs. PE + APC − -labeled and FITC + APC − -
labeled cells were determined, respectively, 
as the CTCs captured by the single antibody 
conjugate G6–5aEpCAM-PE and G6–5aSlex-
FITC, while PE + FITC + APC − -labeled cells 
were determined as the CTCs captured by 
the dual antibody conjugate PE-5aEpCAM-
G6–3aSlex-FITC ( Figure    6  A). In 50 000 cells 
collected by the fl ow cytometer, the average 
number of CTCs captured by the dual anti-
body conjugate was 4 ± 4 mL −1  blood of liver 
cancer patients ( n  = 7), whereas, the single 
antibody conjugate G6–5aSlex-FITC captured 
2 ± 2 CTCs, and G6–5aEpCAM-PE captured 
fewer CTCs per mL blood of liver cancer 
patients ( n  = 7) under the same conditions 
(Figure  6 B). The result was consistent with 
what was shown in Figure  3 , and strongly 
suggests that the dual antibody conjugate 
is superior to its single counterparts in cap-
turing CTCs.    

  3.     Discussion 

 In the present study, we made use of the spa-
tial and high payload advances of PAMAM 
dendrimer nanomaterials to sequentially coat 
two antibodies of CTCs surface biomarkers 
(aEpCAM and aSlex) onto the surface func-
tionalized nanomaterials. The conjugation 
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 Figure 3.    Capture effi ciency of fl uorescence-labeled single or dual antibody conjugates at cap-
turing HepG2 cells in the presence of interfering RBCs or HL-60 cells. The capture effi ciency 
was determined either by% positive cells or by the captured cell numbers. A) PE-5aEpCAM-
G6–3aSlex-FITC conjugate showed the enhanced capture effi ciency for HepG2 as compared 
to its counterpart PE-3aEpCAM-G6–3aSlex-FITC when HepG2 was mixed with the interfering 
cells RBC at the number ratio of 1:10 3  and 1:10 5 . B) Comparison of the capture effi ciency 
between dual antibody conjugate PE-5aEpCAM-G6–3aSlex-FITC and single antibody conjugates 
(G6–5aEpCAM-PE and G6–5aSlex-FITC) when 1000 HepG2 cells were spiked into 10 6  or 10 8  
RBCs. C) Dual antibody conjugate PE-5aEpCAM-G6–3aSlex-FITC exhibited the higher capture 
effi ciency than single antibody conjugate G6–5aEpCAM-PE when the number ratios of HepG2: 
RBC or HL-60 were in 1:10 3  and 1:10 5 . D) Flow cytometric images of the captured FITC + PE +  
HepG2 cells in Q2 plot quadrant by dual antibody conjugates PE-5aEpCAM-G6–3aSlex-FITC 
and PE-3aEpCAM-G6–3aSlex-FITC. Note, the former captured more HepG2 (Q2 plot of the 
upper two panels) than the latter (Q2 plot of the lower two panels).
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technology seems to be practically applicable to creating dual 
antibody coated conjugates with the enhanced specifi city 
and capacity to bind and capture CTCs. The synthesis was 

successful and documented by the physiochemical characteri-
zation using FSEM, AFM, DLS, fl uorescent imaging, and other 
sophisticated means to demonstrate each molecular entity. The 
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 Figure 5.    Flow cytometric analysis of cell apoptotic status and cellular MMP induced by single or dual antibody conjugates. A) Annexin V-FITC/PI apop-
totic analysis. B) Changes in cellular MMP induced by the conjugates at the same concentration of 10 µg mL −1 . Compared to the control, the increased 
fl uorescence intensity of DiOC6(3) usually indicates the decreased cellular MMP. The dual antibody conjugate produced more descent in MMP.

 Figure 4.    Cell viability and cell cycle distribution of HepG2 when incubated with the conjugates (10 and 20 µg mL −1 ). A) Changes in cell viability of the 
captured HepG2. The dual antibody conjugate G6–5aEpCAM-3aSlex inhibited HepG2 viability more potently. B) Distribution of HepG2 cell population 
in G0/G1, S, and G2/M phases. In comparison with the control, single or dual antibody conjugates caused an increase in cell population of the S phase 
and a decrease in that of the G2/M phase. C) DNA fl ow cytometric images of HepG2 cells captured by the dual antibody conjugate G6–5aEpCAM-
3aSlex. Compared with the control, cell population in S phase was concentration-dependently increased after capturing.
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fl uorescence-labeled or nonfl uorescence labeled antibody–den-
drimer conjugates seemed to be biostable under various condi-
tions. We tested their binding and capture effects on HepG2 
cells in the presence and absence of abundant interfering blood 
cells, i.e., HL-60 cells and RBCs, and on CTCs in liver cancer 
patients. We further demonstrated whether the capture could 
result in down-regulation of HepG2, and elucidated the related 
mechanisms of actions. The novelty of the present study lies 
in that we, for the fi rst time, created the dual antibody-coated 
nanomaterial conjugates to specifi cally capture and restrain 
CTCs in blood of liver cancer patients. To the best of our knowl-
edge, it is the fi rst time that this conceptual advance was prac-
tically tested. The initiative could guide us to design a more 

specifi c and effi cient nano-conjugate to restrain the residual 
CTCs in patient blood. 

 Dendrimers have the high-branched nanoscale structure 
with large numbers of the functional groups, which possess the 
superior properties such as biocompatibility, biodegradability, 
biosafety as well as the mediated multivalent binding effect. [ 7,20 ]  
Therefore, dendirmers as promising candidates of carriers were 
widely used for cancer treatment, especially for targeted drug 
delivery. [ 21 ]  Different from the reported conjugation methods 
using heterobifunctional cross-linkers, [ 22 ]  we took the 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxy-
succinimide (NHS) catalytic method [ 7 ]  for surface functionaliza-
tion of the dendrimers to sequentially conjugate the aEpCAM 
and aSlex antibodies onto the functionalized dendrimers for 
the fi rst time (Figure  1 ). The re-engineering process seemed to 
be successful, and the two antibodies could be spatiotemporally 
accommodated. 

 Given the fact that the transmembrane glycoprotein EpCAM 
is expressed on the surface of a wide variety of solid-tumor cells 
but not of the normal cells found in blood, [ 23 ]  and Slex is fre-
quently expressed on tumor cell lines and closely correlated 
with the process of cancer metastasis, [ 17,24 ]  stationary binding 
and capture studies in vitro clearly displayed that the single or 
dual antibody conjugates could specifi cally bind to the EpCAM 
and Slex-expressing HepG2 cells (Figure  2 ). The strong fl uores-
cence from the bound cell surface might be attributed to the 
dendrimer-mediated multivalent binding effects by multiple 
antigen-antibody interactions [ 7 , 20b ]  and the enhanced local topo-
graphic interactions between antibody-coated dendrimers and 
various components on the cell surface. [ 9a,b,    25 ]  The maximum 
capture effi ciency by PE-5aEpCAM-G6–3aSlex-FITC conjugate 
was 30.8% or 35.6% (Figure  3 A–C), when the mixture ratio 
of HepG2:RBCs was 1:10 3 , or 1000 HepG2 cells were spiked 
into 10 6  RBCs. The dual antibody conjugate PE-5aEpCAM-
G6–3aSlex-FITC also exhibited higher binding and capture 
capacity than the single antibody conjugates (Figure  3 B,C). The 
enhanced capture effi ciency might be due to the double speci-
fi city and selectivity of the conjugates toward two tumor cell 
surface biomarkers. 

 The dual antibody conjugate G6–5aEpCAM-3aSlex 
(20 µg mL −1 ) showed the 42% antiproliferation ability 
(Figure  4 A). The down-regulation on HepG2 cells might be 
ascribed to the direct effect of the dendrimers on the captured 
cells, [ 26 ]  antibody–antigen interactions, [ 27 ]  and endocytosis role 
of cells themselves. [ 28 ]  Interestingly, when the concentration 
unit of these conjugates was converted to the molar concentra-
tion (n M ), G6–5aEpCAM-3aSlex, G6–3aSlex, and G6–5aEpCAM 
at 20 µg mL −1 , respectively, exhibited the mean growth inhibi-
tion rate of 26.6% ± 15.1%, 11.2% ± 5.0%, and 2.3% ± 1.9% on 
the HepG2 cells based on the effect of the CC G6 used as the 
control (0.4% ± 0.4%). Cell cycle distribution and cell apoptosis 
analyses demonstrated the conjugates could arrest the captured 
cells in S phase and result in a decrease in cell population 
going into the G2/M phase (Figure  4 B,C). Consequently, cells 
were induced into early apoptotic stage. Cellular MMP meas-
urement and morphological evaluation were in agreement with 
above results (Figure  5 , Figure  1 , Supporting Information). The 
potent inhibition by the dual antibody conjugate against the 
captured HepG2 provides additional evidence of the enhanced 
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 Figure 6.    Analysis by fl ow cytometry of CTCs captured from 1 mL blood 
of liver cancer patients at mid-to-late stage. A) Representative images 
of captured CTCs from a patient blood by dual antibody conjugate PE-
5aEpCAM-G6–3aSlex-FITC in comparison with the isotype control. The 
number shown in the Q2 plot quadrant indicates the number of CTCs 
captured. B) Numbers of CTCs captured by the single or dual antibody 
conjugates from seven patients’ blood. Dual antibody conjugate PE-
5aEpCAM-G6–3aSlex-FITC captured more CTCs than its single counter-
parts (G6–5aEpCAM-PE and G6–5aSlex-FITC).
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capture specifi city of the dual antibody conjugate because spe-
cifi c capture usually produces greater inhibition. 

 CTCs-capture study of patient samples is indicative of the 
clinical applicability of the dual antibody-conjugation tech-
nology. In comparison with the reported studies in which 
only ≤7 CTCs per 7.5 mL of breast cancer patient blood were 
detected by microfl uidic approaches and CellSearch plat-
form, [ 29 ]  or average 3–5 CTCs per mL blood of breast, pancre-
atic, lung cancer patients were captured by using functionalized 
graphene oxide nanosheets on a patterned gold surface, [ 8 ]  our 
novel strategy not only has a signifi cant advantage in specifi -
cally capturing more CTCs (Figure  6 ), but also shows the great 
potential in capturing and down-regulating CTCs in vivo. 

 In summary, the present study applied a novel nanotech-
nology strategy to the advanced conception of capturing and 
restraining CTCs in blood. The spatially-branched and high 
payload dendrimers were used to accommodate dual antibodies 
against two distinct biomarkers of CTCs to enhance the speci-
fi city of capturing and restraining patient CTCs and HepG2 in 
the presence and absence of abundant interfering blood cells. 
As the result of re-engineering, the dual antibody conjugates 
showed improved multivalent capturing and restraining effects 
on the CTCs. The study provides a new conception to design 
more effective nanomedicines for capturing and restraining 
CTCs in patient blood.  

  4.     Experimental Section 
  Synthesis of G6 PAMAM Dendrimer–Antibody Conjugates : G6 

PAMAM dendrimers (62 400 Da) with primary amine end groups of 
256 were chosen as the scaffolds to assemble aEpCAM and/or aSlex 
following complete carboxylation of the G6 dendrimers. Dendrimers G6 
reacted with succinic anhydride (SA) to form the CC G6 and partially 
carboxylated G6 PAMAM (PC G6) dendrimers. PC G6 dendrimers were 
covalently reacted with FITC at pH 9.5, then with antibodies at pH 7.4. 
The conjugation reaction was carried out using EDC/NHS conjugation 
chemistry. CC G6 dendrimers, once activated by EDC and NHS, directly 
reacted with aEpCAM and aSlex (aEpCAM-PE and aSlex-FITC) for 
synthesis of the conjugates. Purifi ed human aEpCAM (MW150 KDa) 
were provided by Abcam (Hong Kong) Ltd. Human aSlex (MW150 KDa), 
aSlex-FITC, and aEpCAM-PE were purchased from BD company. All the 
derivatives and conjugates were purifi ed via dialysis (10 000 MWCO) 
against deionized water and followed by lyophilization. 

  Characterization Procedures of the Conjugates : Chemical structures of 
all dendrimer derivatives and conjugates were confi rmed by spectral 
analyses including  1 H NMR (an AVANCE III 500 MHz NMR system, 
Bruker, Switzerland) in D 2 O and FTIR (a Nicolet 360 Fourier Transform 
IR spectrometer, Nicolet Instruments, Inc.). Distribution of zeta 
potential (mV) and hydrodynamic diameter (nm) was measured by a 
Zeta potential/dynamic light scattering analyzer (Zetaplus/90plus, BIC, 
Brookharen). Surface morphology and particle size were determined by 
FSEM (Nova NanoSEM 230) and AFM (Agilent AFM 500, tapping probe 
40 N m −1 , in AC mode) images. The numbers of FITC molecules in each 
PC G6 dendrimers and antibody in each single antibody conjugate were 
respectively calculated according to the corresponding fl uorescence 
intensity at  λ  ex  492 nm,  λ  em  530 nm, and UV absorption value at  λ  220 nm . 
Fluorescence-labeled antibody conjugated on dendrimer surface was 
further demonstrated by using a laser confocal microscope (Olympus 
FluoView 1000), respectively, at FITC  λ  ex  488 nm,  λ  em  500–535 nm and 
PE  λ  ex  543 nm,  λ  em  560–660 nm. The stability of the conjugates was 
measured under static or dynamic conditions at different pHs (5.6, 7.4, 
9.13), T °C (4, 37 °C), vibration rates (80, 120, 210 rpm) and incubation 
intervals. Changes were determined by UV spectral analysis. 

  Cell Culture : Human HepG2 and HL-60 leukemia cells were 
cultured in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal calf serum (FCS) and 1% penicillin/ streptomycin 
(P/S) in a humidifi ed atmosphere of 5% CO 2  at 37 °C. HepG2 cells at 
fi nal density of 10 5 –10 6  cells per mL were grown in 96-well plates for 
MTT {[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrasodium bromide] 
tetrazolium salt} assay, 6-well plates for fl ow cytometric analysis, 
and 35 mm dishes with glass coverslips on the bottom for confocal 
microscopic observation. RBCs were obtained from the fresh blood after 
centrifugation. 

  Flow Cytometry Procedures : Flow cytometric analysis was performed 
on a Becton Dickinson (BD) multiparametric fl uorescence-activated cell 
sorting (FACS) Aria III cell sorter with laser excitation set at 488 and 
633 nm. Fluorescence signals derived from PI or PE were detected 
through 585 nm bandpass fi lters. Fluorescence signals derived from 
iodide [3,3′-dihexyloxacarbocyanine iodide] (DiOC6(3)) or FITC were 
detected through 530 nm bandpass fi lters. Fluorescence signals 
derived from APC were detected through 660 nm bandpass fi lters. Data 
acquisition was collected based on 10 000 or 50 000 cells satisfying the 
light scatter criteria. Initial data analysis was performed using the BD 
FACS Diva software. The antibodies used in the capture assay were 
aEpCAM-PE and aSlex-FITC, which were pre-conjugated onto dendrimer 
surfaces by covalent-coupling reactions. Immunoglobulins labeled with 
the same fl uorochromes IgG-PE, IgG-FITC and IgG-APC were used 
as isotype controls to exclude the autofl uorescence and nonspecifi c 
binding. Gating strategy focused on identifying and quantifying the 
conjugate-captured FITC + PE +  HepG2 cells from the large populations of 
HL-60 cells or RBCs, or the whole blood of patients. We set P1 gate as 
the total target HepG2 cells according to the forward versus side scatter 
histograms. Compensation was made for FITC and PE dyes followed by 
dot plots to show the number of fl uorescence-labeled conjugates bound 
to HepG2 cells. Each plot quadrant showed the number of aSlex-bound 
cells (FITC channel) versus aEpCAM-bound ones (PE channel). The 
average number of the conjugate-captured FITC + PE +  HepG2 cells was 
shown within Q2 plot quadrant. 

  Cell Binding and Capture Assays : To investigate binding interaction 
between single or dual antibody conjugates and the adherent HepG2 
cells, laser confocal microscopic analysis was performed. Cells at a 
density of 10 5  per mL evenly were seeded on 35 mm dishes with glass 
coverslips on the bottom and incubated with serum-free medium 
containing fl uorescence-labeled antibodies (aEpCAM-PE and aSlex-
FITC) or conjugates (G6-aEpCAM-PE, G6-aSlex-FITC, and PE-aEpCAM-
G6-aSlex-FITC) at the same concentration of 20 µg mL −1  at 37 °C 
in a humidifi ed atmosphere of 5% CO 2  for 1 h after pretreatment 
with phosphate-buffered saline (PBS) containing 1% bovine serum 
albumin (BSA) (1% PBSA) for 30 min. Cells were washed and fi xed with 
stationary liquid ( V  methanol : V  acetone  = 7:3) for 1 min, and stained with PBS 
buffer containing the nuclei stain DAPI (10 µg mL −1 , blue color) for 
15 min. Finally, cells were rinsed and covered with serum-free medium 
for analysis by using an Olympus FluoView 1000 laser scanning confocal 
microscope, respectively, at FITC  λ  ex  488 nm,  λ  em  500–535 nm, and 
PE  λ  ex  543 nm,  λ  em  560–660 nm. To investigate capture capability of 
the single or dual antibody conjugates, the fl oating HepG2 cells were 
treated in two ways: (1) 10 6  cells in each tube were fi rst stained with 
Hoechst 33258 (blue color) for 15 min to confi rm the presence of 
cell nucleus, cells were then mixed with PBS containing fl uorescence-
labeled antibodies (aEpCAM-PE and aSlex-FITC) and conjugates 
(G6-aEpCAM-PE, G6-aSlex-FITC, and PE-aEpCAM-G6-aSlex-FITC), 
separately, for 1 h at 37 °C water bath in dark after pretreatment with 
1% PBSA for 30 min. After removal of the unbound conjugates, cells 
were suspended in 100 µL PBS for imaging by a fl uorescence inverted 
microscope (Axio Observer A1, Zeiss, Germany) at  λ  ex  470/40 nm,  λ  em  
525/50 nm. (2) 10 6  cells in each tube were directly co-incubated with 
fl uorescence-labeled dual antibody conjugates (PE-3aEpCAM-G6–3aSlex-
FITC and PE-5aEpCAM-G6–3aSlex-FITC) or mixed with the single 
counterparts (G6–3aEpCAM-PE and G6–3aSlex-FITC, G6–5aEpCAM-PE 
and G6–3aSlex-FITC, G6–5aEpCAM-PE and G6–5aSlex-FITC) at fi nal 
concentration of 20 µg mL −1  for 1 h at 37 °C water bath in dark after 
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pretreatment with 1% PBSA for 30 min and quantifi ed on a BD FACS 
Aria III analyzer with laser excitation set at 488 nm. To quantitatively 
evaluate the cell capture effi ciency of the conjugates toward HepG2 
in the presence of numerous interfering cells, HepG2 was spiked with 
HL-60 cells and RBCs at number ratios of 1:10 3  or 1:10 5 . Cell mixtures 
were treated with 1% PBSA to exclude the nonspecifi c binding and 
then individually incubated with 20 µg mL −1  fl uorescence-labeled dual 
antibody conjugates (PE-3aEpCAM-G6–3aSlex-FITC and PE-5aEpCAM-
G6–3aSlex-FITC) for 1 h at 37 °C water bath. After cells were washed 
with PBS for three times, fl ow cytometric analysis was performed based 
on the normalization of the fl uorescence intensity using IgG-PE and IgG-
FITC isotypes. The capture effi ciency (% positive cells) was defi ned as 
the number of the conjugate-captured FITC + PE +  HepG2 cells in Q2 plot 
quadrant divided by the number of the cells shown in the P1 gate. 

  Cell Activity Regulation : The following assays were conducted 
to study HepG2 activity regulation by the single or dual antibody 
conjugates without fl uorescent labeling (G6–5aEpCAM, G6–3aSlex, and 
G6–5aEpCAM-3aSlex). 

  Anti-proliferation Assay : Cell toxicity induced by the conjugates 
was tested by MTT assay. HepG2 cells were grew in 96-well plates in 
the confl uence of 70%–80% and exposed to individual conjugate at 
various concentrations (0, 5, 10, 20 µg mL −1 ) for 48 h. 100 µL serum-
free medium containing 1 mg mL −1  MTT solution was added to each 
well. After incubation for another 4 h, the supernatant was aspirated and 
150 µL DMSO was added to dissolve the water-insoluble blue formazan. 
The optical density of each well was read on an ELISA reader (Tecan 
Infi nite M200 pro) at a wavelength of 570 nm and the survival rate 
was calculated by the absorption values of A 570 nm  in the treated group 
compared to those in the control group. 

  Cell Cycle Analysis : The analysis procedure was similar to what 
we described before for evaluation on the effects of drugs on the 
distribution of cell population in every phase (G0/G1, S, and G2/M). [ 30 ]  
Briefl y, HepG2 cells were incubated in 6-well plates. After treatment 
with various concentrations of conjugates (0, 10, 20 µg mL −1 ) for 48 h, 
cells were trypsinized and washed with ice-cold PBS for three times. 
Cells were then collected and fi xed with 70% ice ethanol overnight at 
−20 °C. Fixed cells were washed and stained with PI solution at 37 °C 
for 15 min in dark. Data acquisition and analysis was fi nally read on a 
fl ow cytometer (BD FACS Aria III). The side angle scattered light (SSC) 
versus PI histogram was shown for cell cycle analysis. 

  Cell Apoptosis Detection : Annexin V-FITC/PI apoptosis detection kit 
was used to quantitatively determine the apoptotic status of HepG2 
cells after treatment. Cells were fi rst cultivated on the 6-well plates and 
incubated with the conjugates (0, 10, 20 µg mL −1 ) for 48 h followed by 
three times of washing with PBS, and harvested by centrifugation. 5 µL 
Annexin V-FITC, 5 µL PI, and 500 µL binding buffer were mixed and 
added to each tube for 15 min in dark. Cells at different stages were 
analyzed within 1 h by fl ow cytometric analysis. Briefl y, FITC and PI 
fl uorescent intensity and the percentage of cell population within each 
plot quadrant of dot plots represented distribution of cells in every stage 
(debris, viable, apoptotic and necrotic). Besides, SSC versus DiOC6(3) 
histogram was also displayed for MMP analysis. 

  MMP Measurement : Changes in MMP in HepG2 cells were evaluated 
by the method validated by us. [ 31 ]  The assay was based on quantitative 
fl uorescent analysis of DiOC6(3) in mitochondria following cell 
apoptosis. After incubation with the conjugates (0, 10, 20 µg mL −1 ) for 
48 h, cells were trypsinized and collected after centrifugation. Each tube 
was stained with 500 µL of 2 × 10 −9   M  DiOC6(3) working solution at 
37 °C for 20 min. All the stained cells were examined by fl ow cytometry 
(BD FACS Aria III). 

  Quantifi cation of Captured CTCs From Liver Cancer Patient Samples : 
Blood samples obtained from seven liver cancer patients at mid-to-late 
stage were collected into EDTA-containing vacutainer tubes according to 
the standard protocol approved by the institutional review board, and 
processed within 24 h. Fluorescence labeled-single or dual antibody 
conjugates (40 µg, 1 mL) were individually spiked into 1 mL of patient 
blood that was pretreated with 1% PBSA for 30 min. After 1 h incubation 
at 37 °C, the captured CTCs and WBCs were isolated from the lysed 

RBCs via centrifugation and blocked with 1% PBSA at room temperature 
for 30 min. The APC-conjugated anti-CD45 was added to label the 
WBCs at 37 °C for 30 min to exclude hematopoietic cells. Finally, all the 
residual cells were directly suspended in 500 µL PBS for quantitative 
analysis of the capture effi ciency of the conjugates by using the fl ow 
cytometry. The quantitation was conducted following normalization 
for different fl uorescent dyes (PE, FITC, and APC). Various kinds of 
isotypes were used as the controls to exclude the nonspecifi c binding 
and autofl uorescence of cells. 

  Statistical Analysis : Data were presented as the means ± standard 
deviations of  n  ≥ 3. Statistical analysis was done by Student’s  t -test and 
one-way analysis of variance by using the least signifi cance difference 
(LSD) test (IBM SPSS Statistics 19.0). The symbol  *  and  **  represented 
the comparison between sample and control, and   #   and   ##   represented 
the comparison between any two samples. A probability value of <0.05 
was considered statistically different ( *  and   #  ), and <0.01, statistically 
signifi cantly different ( **  and   ##  ).  
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