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 Rapid, High-Throughput, and Direct Molecular Beacon 
Delivery to Human Cancer Cells Using a Nanowire-
Incorporated and Pneumatic Pressure-Driven 
Microdevice 

   Kyung Hoon    Kim     ,        Jung    Kim     ,        Jong Seob    Choi     ,        Sunwoong    Bae     ,        Donguk    Kwon     ,    
    Inkyu    Park     ,   *        Do Hyun    Kim     ,       and        Tae Seok    Seo   *   

  1.     Introduction 

 Over the last decades, great advances have been made in 

biological imaging technology for better detection and char-

acterization of abnormal cells, tissues, and disease-related 

cellular behaviors. In particular, monitoring specifi c RNA 

sections in living cells is essential to understand the interpre-

tation of genetic information and its translation to proteins. 

In addition, abnormal gene expression of specifi c RNA can 

be an indicator of biological irregularity. Thus, the imaging, 

tracking, and monitoring of biomolecules such as mRNA in 

the intracellular environments are invaluable for evaluating 

chemical, spatial, and physical phenomena in cell biology, as DOI: 10.1002/smll.201502151

 Tracking and monitoring the intracellular behavior of mRNA is of paramount 
importance for understanding real-time gene expression in cell biology. To detect 
specifi c mRNA sequences, molecular beacons (MBs) have been widely employed as 
sensing probes. Although numerous strategies for MB delivery into the target cells 
have been reported, many issues such as the cytotoxicity of the carriers, dependence 
on the random probability of MB transfer, and critical cellular damage still need to 
be overcome. Herein, we have developed a nanowire-incorporated and pneumatic 
pressure-driven microdevice for rapid, high-throughput, and direct MB delivery 
to human breast cancer MCF-7 cells to monitor survivin mRNA expression. 
The proposed microdevice is composed of three layers: a pump-associated glass 
manifold layer, a monolithic polydimethylsiloxane (PDMS) membrane, and a 
ZnO nanowire-patterned microchannel layer. The MB is immobilized on the ZnO 
nanowires by disulfi de bonding, and the glass manifold and PDMS membrane serve 
as a microvalve, so that the cellular attachment and detachment on the MB-coated 
nanowire array can be manipulated. The combination of the nanowire-mediated MB 
delivery and the microvalve function enable the transfer of MB into the cells in a 
controllable way with high cell viability and to detect survivin mRNA expression 
quantitatively after docetaxel treatment. 
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well as for applications in the diagnostic and medical fi elds. 

Furthermore, quantifi cation of mRNA by fl uorescence 

imaging can provide the information on the expression level 

of target mRNA or even provide insight into the progress of 

the disease. To observe intracellular mRNA dynamics, ade-

quate probes need to be designed and delivered inside the 

cells to discriminate the target mRNA with high specifi city. 

 Among the reported methods for sensing and analyzing 

mRNA, in vivo mRNA detection by molecular beacons 

(MBs) has been extensively explored. A molecular beacon is 

a stem-and-loop structured, dual-labeled, single-stranded oli-

gonucleotide probe retaining a fl uorophore and a quencher. 

The hairpin structure causes a quenching of the fl uorophore, 

because of the close proximity between the fl uorophore and 

the quencher. In the presence of target mRNA the structure 

is opened by hybridization of the loop sequence with the 

target DNA or RNA, thus restoring the fl uorescence signal. 

The target mRNA can therefore be determined and tracked 

by the fl uorescence signal of the MB, and the expression level 

of the mRNA can be quantitatively evaluated by measuring 

the fl uorescence intensity of the MB. 

 Many strategies to deliver MBs into the cells have been 

proposed. A microinjection method was developed for direct 

MB delivery, but this requires special equipment for precise 

cell manipulation and expertise skills through prolonged 

training, and suffered from low throughput and low effi ciency 

due to the time-consuming process. [ 1–4 ]  An electroporation 

method has also been proposed in order to overcome the 

low delivery effi ciency by using an electric stimulus, [ 5–9 ]  but, 

this technique also has a theoretical limitation as it depends 

on probability-based gene delivery. Gold nanoparticles have 

been researched as novel delivery vehicles for MBs because 

of their inertness and low cytotoxicity. In comparison to the 

other methods, the use of gold nanoparticles successfully 

protected the MBs from nuclease degradation. [ 10 ]  Seferos 

et al. [ 11 ]  reported a nanofl are-type of gold nanomaterial, on 

which single and short oligonucleotides were conjugated to 

recognize target mRNA sequences. Yeh et al. [ 12 ]  linked a MB 

on the surface of the quantum dots and gold nanoparticles, 

which were utilized as intracellular delivering cargos. Lin 

et al. [ 13 ]  demonstrated the delivery of a polymer-conjugated 

MB into mammalian cells with minimized degradation of the 

MB in the cells. However, these nanomaterial-based and car-

rier-oriented delivery systems rely on endocytosis-dependent 

internalization, which requires long incubation times for the 

vehicle penetration into the cells. Moreover, these nanocar-

rier-based delivery techniques can cause cross-contamination 

and have correlated intracellular cytotoxicity issues. 

 On the other hand, nanowires have also displayed unique 

characteristics, for instance, strong mechanical properties, 

facile functionalization, and size controllability, which are 

useful for gene delivery. [ 14,15 ]  The nanowire-mediated delivery 

of gene-encapsulated nanoparticles into a mouse model and 

the quantifi cation of nanowire penetration into living cells 

have been studied. [ 16 ]  The interactions between cells and 

nanowires has been explored, as well silicon nanowires-

based gene delivery to mammalian cells. [ 17 ]  Nanowire-based 

delivery, however, has hitherto shown limitations in terms of 

the prolonged cellular penetration step, as the cell adhesion 

on the nanowire array solely depends on gravity. Moreover, 

the cell recovery from the nanowire array was executed by 

chemical treatment, such as with trypsin- ethylenediamine-

tetraacetate (EDTA), which deteriorates the cellular viability 

for downstream cell research. The lack of controllability over 

the cellular manipulation, such as attachment and detach-

ment from the nanowires, also remains a challenge to be 

overcome, which is of importance for achieving precise gene 

delivery by the nanowire method. 

 In this study, we present a nanowire-incorporated micro-

device for controlled MB delivery to cells. In addition to 

the incorporation of ZnO nanowires, the microdevice was 

equipped with a pneumatic microvalve, which could manipu-

late the cellular interaction with the nanowire array. Thus, the 

combination of the nanowire and the pneumatic microvalve 

enabled us to perform rapid and high-throughput MB delivery, 

as well as cell recovery. As a model, we employed a MB probe 

that targeted survivin mRNA and evaluated the expression 

level of the survivin mRNA in human breast-cancer MCF-7 

cells. [ 18 ]  The MBs that were delivered to the cells by the pneu-

matic microvalve function could successfully quantify survivin 

mRNA in the cells depending on the docetaxel dose.  

  2.     Result and Discussion 

  2.1.     Fabrication and Operation of the Nanowire-Incorporated 
Microdevice 

  Figure    1  A illustrates the schematics of the nanowire-incor-

porated microdevice. The top panel shows the synthetic 

process of the ZnO nanowires in the microchannel, and the 

bottom panel displays the microdevice consisting of three 

layers (left) and a close-up on the manifold layer (right). The 

microfl uidic channel in the bottom layer was fabricated on a 

glass wafer via conventional photolithography, and the ZnO 

nanowires were hydrothermally grown inside the channel. 

The microdevice was composed of three layers: from top to 

bottom: a glass manifold, a monolithic polydimethylsiloxane 

(PDMS) membrane, and the ZnO nanowire-incorporated 

glass channel layer. The top glass manifold layer was pre-

pared by wet-etching lithography, and the glass manifold 

and PDMS membrane functioned as a pneumatic micro-

valve. The manifold layer contained the solution inlet hole 

and outlet hole, through which the solution fl owed into the 

microchannel in the bottom channel layer. Another pump 

hole, which was linked to the ellipse-shaped pneumatic 

chamber, was connected to an external pump system, and air 

or vacuum was supplied in the pneumatic chamber to defl ect 

the PDMS membrane. The middle PDMS membrane (thick-

ness: 250 µm) was punched and the holes were aligned with 

the inlet and outlet hole of the manifold to introduce the cell 

solution into the bottom channel layer (width: 500 µm, length: 

3 cm, depth: 35 µm), in which the hydrothermally synthesized 

nanowires were contained.  

 Figure  1 B describes the overall processes of the gene 

delivery into the cells using the proposed microdevice. First, 

the human breast cancer MCF-7 cells (2.5 × 10 5  cells mL −1 ) 

were injected through the inlet hole with a syringe pump 

small 2015, 
DOI: 10.1002/smll.201502151



www.MaterialsViews.com

3© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

and the cells were loaded in the microchannel of the bottom 

layer. The introduced volume was approximately 0.525 µL 

and approximately 131 cells were loaded into the channel. 

The injected cell number could be controlled by tuning the 

cell concentration. Once the cells were loaded, the PDMS 

membrane was moderately bent down by supplying air 

through the pneumatic pump line in the manifold. The cells 

were squeezed down toward the ZnO 

nanowires that were coated with the 

MB probes, and penetrated. In order to 

remove the fl oating cells that had not been 

pierced onto the nanowires, a cell culture 

media solution was injected to the channel 

to wash them away. The pierced cells were 

incubated for a while to deliver the MB 

on the nanowires into the cells. After MB 

delivery, a vacuum was applied through 

the pump line to make the PDMS mem-

brane bend upwards, so the reverse-direc-

tional pressure induced a detaching of the 

pierced cells from the nanowires. Then, the 

MB-delivered cells were collected from 

the outlet by injecting a media solution in 

the inlet line for further cell cultivation. 

 Figure  1 C shows scanning electron 

microscopy (SEM) images of the synthe-

sized nanowires in the channel layer. From 

left to right, images for the top view of 

the channel, an enlarged nanowire view, 

and a side view of the nanowires are dis-

played. The hydrothermal growth of the 

ZnO nanowires was performed using four 

steps: 1) crystalline seed formation on the 

glass substrate, 2) seed growth by aggrega-

tion of zinc ions, 3) surface stabilization 

by hexamethylenetetramine (HMTA), 

and 4) one-dimensional growth of nanow-

ires. [ 15 ]  To produce nanowires with high 

aspect ratios, HMTA served as a capping 

agent to suppress the lateral growth of the 

nanowires. [ 19 ]  The diameter and angle of 

the nanowires could be controlled by the 

seed preparation. [ 14,20 ]  Herein, we chose a 

sputtering method to reduce the diameter 

of the nanowires, because a small diam-

eter (average diameter: 36.8 nm) of the 

nano wires minimizes the cellular damage 

during MB delivery. Most of the nanow-

ires were grown almost vertically with 

an average angle of 79.1° ± 7.0°, which 

was enough to penetrate the cell mem-

brane. The length of the nanowires was 

tunable depending on the synthesis time. 

Figure  1 C shows the resulting nanowires 

in the microchannel, whose average length 

was about 529.5 nm. This nanowire length 

was long enough to pierce the cell mem-

brane during the pressurization process 

without breaking the nanowires.  

  2.2.     Conjugation of the Molecular Beacon Probes 
on the Nanowires 

 For the MB delivery to the cells, the MB probe needs to 

be conjugated on the surface of the nanowires.  Figure    2  A 
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 Figure 1.    A) Fabrication of the nanowire-incorporated microdevice (top). The dismantled 
microdevice consisting of a manifold, a monolithic PDMS membrane, and a nanowire-
incorporated channel layer (bottom left). Schematics of the manifold (bottom right). B) The 
overall process for the MB delivery from the nanowires into the cells through the pneumatic 
pump operation. C) SEM images of: from left to right: the top view of the nanowire-patterned 
microchannel, the nanowires, and a side view of the nanowires. Scale bars are 200 µm, 
500 µm, and 200 µm, respectively.
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describes the functionalization process to immobilize the MB 

on the nanowires. [ 21,22 ]  The ZnO nanowires were fi rst treated 

and coated with 3-(2-pyridyldithio)propanoic acid (PDPA) 

by covalent bonding. [ 22 ]  As the PDPA contains a disulfi de 

bond with a pyridyl leaving group, the PDPA moiety can 

react with a thiol functional group of MB through a disulfi de 

exchange reaction. Thus, the MB was designed to include a 

thiol group in the stem part, so that the MB was immobi-

lized on the nanowire by the disulfi de bond. To confi rm the 

fi xation of the MB on the nanowires, we utilized a single-

stranded complementary DNA whose sequence was matched 

with the loop part of the MB. Once the complementary DNA 

was hybridized with the MB on the wire, the fl uorescence 

signal was revealed, which could be verifi ed by a confocal 

microscope.  

 Figure  2 B shows the MB-coated nanowires in the micro-

channel. As the MB initially forms a stem–loop structure 

in absence of target DNA, which causes a close spatial 

proximity of the fl uorophore and the quencher, the emis-

sion of the fl uorescent signal was strongly prohibited. How-

ever, when the target DNA was added to the MB-modifi ed 

nanowire, target hybridization occurred, producing a green 

fl uorescence signal in the channel due to the open structure 

of the molecular beacon (Figure  2 C). These results imply that 

the MB was successfully linked on the ZnO nanowire and its 

functionality was retained.  

  2.3.     Cleavage of the Molecular Beacon Probes from Nanowires 

  Scheme    1   shows the MB delivery mechanism from the 

nanowires to the human breast cancer MCF-7 cells. When 

the cells are penetrated by the MB-functionalized nano-

wires with the assistance of a pneumatic pump system, the 

MB on the nanowires are positioned inside of the cells. 

Due to the highly reducing environment of the cytosol, the 

disulfi de chemical bonds between the molecular beacons and 

the nanowires are cleaved during incubation. [ 23 ]  Then, the 

released MB encounters the target survivin mRNA in the 

cytosol. Although the cell membrane is slightly damaged due 

to the nanowire penetration the nanowire-induced pore is 

relatively small compared to the whole cell size. As the force 

that holds the stem–loop structure of MB is weaker than that 

of the double-stranded helix formed between the MB and 

the target mRNA, the MB turns into its linear form, which 

results in the spatial separation between the fl uorophore and 

the quencher, causing the emission of the green fl uorescent 

signal.   

  2.4.     Cell Viability with Pressure Variation 

 During the penetration of the nanowires into the cells, it is 

essential to control the pressure to minimize the cell damage. 

 Figure    3  A,B shows the cellular morphological change with 

varying pressure. Five different pressure conditions (0 mbar, 

4.4 mbar, 13 mbar, 40 mbar, 124 mbar) were applied to the 

manifold, and the bending degree of the PDMS membrane 

was amplifi ed in proportion to the exerted pressure. To be 

able to visualize the cellular morphology, the cell membrane 

was stained with a red color using 1,1′-dioctadecyl-3,3,3′,3′ 
-tetramethylindocarbocyanine perchlorate (Dil). [ 24 ]  Under 

each pressure condition, we examined the cell membrane 

status and carried out a cell viability assay. No signifi cant 

morphological changes were observed between 0 mbar (con-

trol) and 4.4 mbar pressure. In reality, a pressure of 4.4 mbar 

was too weak to hold the cells in place, so the majority of the 

cells was removed during the washing step. The cell viability 

at 4.4 mbar was 92.3% on average. At a pressure of 13 mbar, 

the cellular size was noticeably enlarged, and throughout the 

process the cells were penetrated by the nanowires. The cell 

viability at 13 mbar was 83% on average. On the other hand, 
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 Figure 2.    A) MB immobilization on the nanowires and MB hybridization with the target mRNA. B) Images of the MB modifi ed nanowires in the 
microchannel. C) Microscopic images of the MB modifi ed nanowires after hybridization with the complementary DNA. From left to right, a merged 
image, a fl uorescence image, and a bright-fi eld image.
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pressures of 40 mbar and 124 mbar enforced the cells to be 

held tightly with signifi cant morphological changes. How-

ever, these conditions were detrimental to the cells, revealing 

a lower viability and higher mortality as shown in Figure  3 C. 

These experimental results uphold the necessity for deter-

mining optimal pressure conditions to avoid cell membrane 

rupture. Considering the cellular fi xation and the viability, 

we decided that 13 mbar was suitable for the MB delivery 

step.  

 However, the delivered number of MBs still needed to be 

checked. We therefore performed tests to determine the MB-

delivery effi ciency depending on the degree of pneumatic 

pressure with the same MB-functionalized nanowire array to 

evaluate the relationship between the applied pressure and 

the delivery effi ciency of MB into the cells. Because 0 mbar 

and 4.4 mbar were too weak to hold the cells, we only used 

the controlled pressure variations of 13 mbar, 40 mbar, and 

124 mbar. As the applied pressure was increased, the fl uo-

rescent intensity of the cells augmented, implying that the 

delivery effi ciency of the MB is proportional to the applied 

pressure (Figure  3 D and 3E). The MB delivery effi ciency 

at 40 mbar and 124 mbar was higher than that at 13 mbar 

by about 5.89-fold and 9.19-fold, respectively. However, as 

shown in Figure  3 C, the cell viability percentage was signifi -

cantly reduced at 40 and 124 mbar, so 13 mbar was deemed 

adequate as a certain number of MBs was still transferred to 

the cytosol to monitor the mRNA.  

  2.5.     Comparison of Cell Cultivation 

 After the MB was delivered to the cells at 13 mbar pressure, 

the cells were collected and cultured.  Figure    4   shows the pro-

liferation rate of cells that underwent MB delivery under 

13 mbar and 0 mbar (a control sample). The time-lapse cell-

culture images show that the cell proliferation rate at which 

the MB was delivered to the cells at 13 mbar was slower than 

that of the control probably due to the nanowire-induced 

damages. However, the cell culture was maintained and the 

coverage area was 70–80% of that of the control sample after 

2 days. As the cultivation time was prolonged, the MB-deliv-

ered cells kept growing to 70% yield of the control. These 

results suggest that the MB can be injected into the human 

breast cancer MCF-7 cells at moderate pressure, and the 

nanowire-induced physical damage is not signifi cant for cell 

viability.   

  2.6.     Imaging and Quantifi cation of Survivin mRNA 
Expression Level 

 Although the time for disulfi de bond cleavage inside cells 

has been previously reported, [ 21 ]  the toxicity and mechanical 

damage induced by the ZnO nanowires cannot be neglected 

in this process. Thus, we measured the fl uorescence intensity 

of the pressurized cells over time to fi nd the optimal injection 
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 Scheme 1.    Schematics of the molecular beacon delivery from the nanowires into the cells and the molecular beacon hybridization with the target 
gene in the cytosol.
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time.  Figure    5  A shows that the fl uorescence signal remained 

low for the fi rst 20 min. After 20 min, the fl uorescence inten-

sity of the cells slightly increased, and between 30 and 35 min 

the fl uorescence signal had notably augmented. Finally the 

signal was saturated after 40 min. Therefore, we selected 

35 min as an incubation time to cleave the MB quantitatively 

and to reduce the possible toxicity and membrane damage by 

the nanowires.  

 To evaluate whether the delivered MB can perform the 

quantitative analysis of the target survivin mRNA, we treated 

the MCF-7 cells with docetaxel, which leads to up-regulation 

of the survivin gene expression. [ 25,26 ]  Cells were incubated in 

Dulbecco’s modifi ed eagle’s medium (DMEM) containing 

docetaxel for 10 h, and the concentration of docetaxel was 

controlled at 0 nM, 1 nM, 10 nM, and 50 nM. Then, MB 

delivery was carried out via the same procedure as before 
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 Figure 3.    A) Morphological change of Dil-stained MCF-7 cells under 5 different pressures (0 mbar, 4.4 mbar, 13 mbar, 40 mbar, 124 mbar). Scale 
bar: 20 µm. B) Plot of the variation in cell size depending on the applied pressure. C) Cell viability percentage in relation to the applied pressure. 
D) Fluorescence images of the MB-delivered cells depending on the applied pressure. E) Quantitative analysis of the relative fl uorescence intensity 
of the cells versus the applied pressure.
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using the nanowire-incorporated microdevice. The MB-deliv-

ered cells were recovered and their fl uorescence was meas-

ured by calculating the average intensity per unit area (µm 2 ). 

The fl uorescence intensity level was gradually enhanced in 

proportion to the increased concentration of docetaxel due to 

the augmented survivin gene expression (Figure  5 B). These 

results confi rm that the relative amount of survivin mRNA 

could be quantifi ed by the delivered MBs. Figure  5 C displays 

green fl uorescence images of MB-delivered cells according to 

the docetaxel concentration. As the concentration increased, 

the fl uorescence intensity of the cells also became higher. 

 To examine the selectivity for detecting survivin mRNA, 

we also performed an identical experiment with a normal 

cell and one with a smooth muscle cell (SMC) as a model. 

Due to the high expression level of survivin mRNA in the 

tumor cells, the MCF-7 cells showed a much higher fl uores-

cence intensity than the SMC by about 3.09-fold (Figure S1, 

Supporting Information). These results imply that we could 

monitor any target mRNA in the cells by designing the MB 

sequence such that it is specifi c to the target mRNA.  

  2.7.     Verifi cation of the Nanowire-based MB 
Delivery 

 According to a report of Perrier-Cornet, 

the cell-membrane permeability can be 

enhanced by the applied pressure on the 

cells. [ 27 ]  Thus, we hypothesized that fl oating 

MBs, which might be released from the 

nanowires, could be undesirably deliv-

ered to the cells by the pressurization. To 

prove this hypothesis of pressure-induced 

delivery, we compared the fl uorescent 

intensity of the cells after MB delivery 

on the nanowire-fabricated microchannel 

with that of the microchannel without 

nanowires (as a negative control). The MB 

was immobilized on the ZnO nanowires 

or on the glass surface through the PDPA 

linker, and the unconjugated MBs were 

washed away. Under identical conditions, 

the same number of cells was loaded and 

MB delivery was actuated by applying 

13 mbar. The cells were recovered and 

their fl uorescence intensity was measured 

as shown in  Figure    6  . The nanowire-medi-

ated MB-delivered cells revealed a 3-fold 

higher fl uorescence intensity than the cells 

into which the MBs were delivered solely 

by pressure. These results imply that the 

intracellular MB delivery by the nanowire-

incorporated and pneumatic pressure-

driven microdevice was accomplished 

mainly by the nanowire punctuation into 

the cells. Furthermore, we evaluated the 

relative delivery effi ciency of MB into the 

cells by comparing the fl uorescence inten-

sity in the nanowire channel before and 

after MB delivery to the cells. After the 

cell attachment on the MB-coated nano wires under 13 mbar 

for 35 min, the cells were removed by applying the reverse-

directional pressure. Then, we added complementary single-

stranded DNA to induce hybridization with the remaining 

MBs in the channel, so that we could compare the fl uores-

cence intensity of the channel background with that of the 

cell attached position. As described in Figure S2 (Supporting 

Information), the cell attached position could be recognized 

by the circular black dots. The fl uorescence intensity of the 

black dots was 38.58 a.u., whereas that of the channel back-

ground was 94.33 a.u., revealing that the MB-delivery effi -

ciency was 59.1% on average.    

  3.     Conclusion 

 We developed a rapid and direct MB-delivery microdevice. 

The combination of the ZnO nanowire arrays with the pneu-

matic pump system enabled high-throughput MB delivery 

as well as cellular manipulation. The degree of the cellular 
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 Figure 4.    A) Time-lapse images of the cultured cells. The top panels are images of a control 
sample and the bottom panels are images of the experimental sample (13 mbar). Scale bar: 
50 µm. B) Comparison of cell coverage areas of a control sample and an experimental sample 
(13 mbar) up to a cultivation time of 60 h.



full papers
www.MaterialsViews.com

8 www.small-journal.com © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2015, 
DOI: 10.1002/smll.201502151

penetration into the nanowires could be tuned by changing 

the applied pressure in the manifold, and the MB-delivered 

cells could be detached from the nanowires and recovered 

by supplying a vacuum to the manifold. As opposed to pre-

vious reports, which utilized trypsin-EDTA for cellular 

detachment, we used a pneumatic pumping system that can 

physically separate the cells from the nanowire array with 

minimal cellular damage. Thus, the recovered cells showed 

a relatively high cellular viability and could be further cul-

tured. We further demonstrated that the delivered MB in the 

human breast cancer MCF-7 cells could quantitatively ana-

lyze the target survivin mRNA. We expect that the proposed 

nanowire-incorporated microdevice can expand into the bio-

logical application arena, such as for diverse gene and drug 

delivery and cellular transformation by genetic engineering.  

  4.     Experimental Section 

  Materials : Amorphous silicon (a-Si) deposited glass wafers 
were purchased from Seyang Electronics (Korea). A PDMS mem-
brane with a thickness of 250 µm was obtained from Rogers 
Corporation (USA). The positive photoresist (S1818) was pur-
chased from Dow (USA). 49% Hydrofl uoric acid was obtained 
from Avantor Performance Materials (USA). Acetone was pur-
chased from Samchun Chemicals (Korea). Potassium hydroxide 
(KOH) was obtained from JUNSEI (Japan). Deionized (DI) water, 
DMEM, tissue culture-grade Dulbecco’s phosphate-buffered 
saline (DPBS), fetal bovine serum (FBS), penicillin streptomycin, 
and trypsin-EDTA were obtained from Gibco or Invitrogen (USA). 
The survivin mRNA target molecular beacon and complementary 
DNA were synthesized from Bioneer (Korea). Human breast cancer 
MCF-7 cells were purchased from the Korean Cell Line Bank 
(Korea). PDPA was purchased from Toronto Research Chemicals 
(Canada). 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate) (Dil), dithiothreitol (DTT), docetaxel, zinc nitrate hex-
ahydrate (Zn(NO 3 ) 2 ·6H 2 O, 98%), hexamethylenetetramine (HMTA, 
C 6 H 12 N 4 , 99+%), polyethyleneimine (PEI, (C 2 H 5 N)  n   ,  low molecular 
weight) were purchased from Sigma-Aldrich (USA). A PD-10 sepa-
ration column was purchased from GE Healthcare (USA) and an 
8-well culture plate was obtained from ibidi (Germany). A Live/

 Figure 6.    Plot of the cellular fl uorescence intensity. The left column 
shows the pressure-induced MB delivery (negative control), and the 
right column shows the nanowire-mediated MB delivery.

 Figure 5.    A) Fluorescence intensity of the cells according to the incubation time. B) Fluorescence intensities of the cells depending on the treated 
docetaxel concentration (0 nM, 1 nM, 10 nM, 50 nM). C) Confocal microscopy images of the docetaxel-treated cells. From top to bottom: 0 nM, 
1 nM, 10 nM, 50 nM. Scale bar: 50 µm.
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Dead cell viability assay kit was purchased from Molecular Probe 
of Invitrogen (USA). 

  Fabrication of the Microdevice : The proposed microdevice con-
sisted of a glass manifold, a PDMS membrane (250 µm thickness), 
a glass channel wafer. For fabrication of a glass channel wafer 
and a glass manifold, a 200-nm amorphous silicon (a-Si) depos-
ited glass wafer (1.1 mm thickness) was prepared. The design of 
the microchannel and manifold was patterned using a positive 
photoresist on a-Si deposited glass wafer using a conventional 
photolithography process, and a reactive ion etching (RIE) (VSRIE-
400A, Vacuum Science, Korea) using SF 6  plasma was followed. The 
exposed glass area was wet-etched with 49% hydrofl uoric acid 
at a depth of 100 µm (manifold) and 35 µm (microchannel). The 
residual photoresist was washed away with acetone and the amor-
phous silicon was removed with a 6  m  potassium hydroxide solu-
tion. A computer numerical control (CNC) mill (SHERLINE, USA) was 
used to drill the holes in the manifold. To enable the injection and 
withdrawal of the cell solution, the PDMS membrane was punched 
at the same position of the inlet and outlet hole of the mani-
fold. Before assembling the manifold, the PDMS membrane, the 
manifold, and the channel layer were treated with an O 2  plasma 
(PDC-32G, Harrick, USA) for 1 min, and then the three layers were 
aligned and bonded together. 

  Fabrication of ZnO Nanowires : ZnO nanowires were fabricated 
in the microchannel by a hydrothermal synthetic method. [ 15 ]  A 
ZnO nanowire precursor solution was synthesized by mixing zinc 
nitrate hexahydrate, hexamethylenetetramine (HMTA) and PEI in 
deionized water. To form the thin ZnO seed layer on the channel, 
we used an RF sputtering method (150W, 3 min) with the sur-
face masked except for the channel part. The sputtering method 
produced a seed layer of about 10 nm on the channel, and then 
the seed substrate was immersed in the precursor solution. The 
immersed substrate was heated at 95 °C for 2.5 h. The average 
diameter of the nanowires was about 36.8 nm and the average 
height was about 529.5 nm. The density of the ZnO nanowires 
could be controlled by tuning the sputtering time of the seed mate-
rials as shown in Figure S3 in the Supporting Information. 

  Operation of the Microdevice : The inlet and outlet holes of the 
manifold were connected with a syringe pump and the pump hole 
was linked with a pneumatic pump. Then, the assembled microde-
vice was positioned on the confocal microscope (Nikon, D-Eclipse, 
C1si). After the cells were injected into the microdevice from the 
inlet hole, a pneumatic pressure was applied through the manifold 
for pressure-induced penetration of the cells by the ZnO nano-
wires. The non-penetrated cells were washed away with DMEM. 
Five pressures (0 mbar, 4.4 mbar, 13 mbar, 40 mbar, 124 mbar) 
were investigated for penetration and 13 mbar was determined to 
be the optimal pressure. After penetration, an incubation time of 
35 min was required to deliver the MBs into the cells. Finally, a 
reverse directional pneumatic pressure was applied to the mani-
fold and the cells were detached and recovered from the nano-
wires. By injecting the media solution, the MB-delivered cells were 
collected from the outlet hole. Collected cells were cultured in a 
microwell plate. 

  Modifi cation of the Nanowires : A PDPA solution was pre-
pared with a concentration of 0.2 mM and the nanowire channel 
was treated with this PDPA solution for 2 h. The sequence of the 
MB was designed for targeting survivin mRNA and a thiol group 
was incorporated in the stem part for functionalization of the 

nano wires. As the thiol group was initially protected, 0.5 mM of 
a DTT solution was used for eliminating the protecting group 
from the thiol group in the MB. The DTT solution was mixed with 
the MB solution and incubated for 2 h. To purify the unprotected 
MB from the mixture, a PD-10 separation column was used. The 
purifi ed unprotected MB was obtained and was incubated in the 
PDPA-treated nanowire channel for 2 h. To verify the successful 
conjugation of the MB on the nanowires, single-stranded DNA with 
a complementary base sequence to the loop sequence of MB was 
used as shown in  Table    1  .  

  Cell Preparation : Human breast cancer MCF-7 cells were 
used in this study and the concentration of the cell solution was 
2.5 × 10 5  cell mL −1 . The cells were cultured with DMEM containing 
10% FBS and 1% penicillin streptomycin and grown in a humidi-
fi ed 5% CO 2  incubator at 37 °C. The cells were collected by trypsin-
EDTA treatment, concentrated by centrifugation, and resuspended 
in DMEM to be able to adjust the cell concentration. 

  Morphological Change and Cell Viability Assay : To observe the 
morphological change of the cell membrane under pressure varia-
tion, we stained the cell membrane of MCF-7 cell with 0.5% (v/v) 
Dil in DMEM by incubating for 10 min. To evaluate the viability of 
the cells, a Live/Dead cell viability assay kit, which contains ace-
tomethoxy calcein (calcein AM) and ethidium homodimer-1, was 
used. After collecting the cells from the microdevice, the cells 
were treated by calcein AM and ethidium homodimer-1 solution 
with 1% concentration (v/v) for 30 min, and then the fl uorescence 
images were taken by a confocal microscope to measure the cel-
lular viability. 

  Docetaxel Treatment : Docetaxel was used as a drug to increase 
the survivin mRNA expression. The MCF-7 cells were treated with 
0, 1, 10, and 50 nM of docetaxel for 10 h, and the fl uorescence 
image and intensities after MB delivery were observed with a con-
focal microscope.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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  Table 1.    Sequence information of molecular beacon and 
complementary DNA. 

Molecules Sequences

Molecular Beacon 5′ – FAM- CTGAGA AAGGGCTGCCAG TCT*CAG -BHQ1 – 3′

Complementary ssDNA 5′ – CTGAGACTGGCAGCCCTTTCTCAG – 3′

   *Thymine is modifi ed with a thiol group.   
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