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ABSTRACT 

Medicine as we know it is a series of standard procedures 
(check-ups, sample collection, lab tests, drugs, and treatment) 
that are generally stand alone with little to no connectivity 
between the different “stations”.  However, these medical 
stations are starting to converge in tiny fluid drops delivered by 
microfluidic chips.  Over the years, lab-on-a-chip devices have 
demonstrated strong potential for rapid detection and point-of-
care diagnostics. These devices are capable of detection and 
manipulation at the cellular and molecular level with high 
throughput.  More recently, digital “droplet” microfluidic chips 
have shown promise to “nanomanufacture” the “magic bullet”, 
hybrid micro/nano particles that incorporate imaging, detection, 
diagnostics, and targeted delivery of drugs for advanced 
therapies.  I will introduce three active microfluidic 
“nanomedicine” platforms in my lab: DNA analysis and 
detection, protein serodiagnostics to screen antibodies, and a 
acoustically active lipospheres for ultrasound imaging and drug 
delivery. 

 
DNA HYBRIDIZATION DETECTION 

The monodispersed picoliter microfluidic droplet 
generation system developed by our group and others [0] can 
serve as a promising micro-reactor for biological and chemical 

assays. It employs pressure-driven flow to inject aqueous 
solutions into aqueous immiscible solutions and form picoliter 
microdroplets. The biological or chemical reagents are all 
encapsulated in microdroplets and each droplet is isolated by the 
immiscible liquid (e.g. mineral oil), thus greatly reducing 
sample contamination on the microchannel side walls and 
eliminating reagent dispersion problems. The system is useful 
not only for DNA sample identification, but also for quantitative 
analysis. The liquid-liquid reaction rate of DNA hybridization in 
homogeneous liquid is about 40-fold faster than the 
hybridization rate in a solid-liquid interface [0]. Hence, it is 
advantageous to improve the DNA sample/sensing probe 
hybridization rate using this technique rather than the 
conventional immobilized-probe approach. Compared to 
conventional microfluidics with continuous laminar flows, the 
microdroplet allows rapid mixing among reagents in droplet [0] . 
The microdroplet formation system that we developed is capable 
of generating over five hundred monodisperse droplets per 
second with a size deviation of less than two percent [0]. 
However, because of the fundamental differences between the 
microdroplet generation system and other conventional 
techniques, a liquid-liquid reaction based DNA sensing probe is 
needed to conduct DNA detection in microdroplets. 

 

 

Fig. 1  The merged A and B streams are broken off by side streams and form microdroplets. (a) Consecutive micrographs of droplet 
generation. The generation time is 2.66 ms/droplet. (b) DNA and MB are rapidly mixed in sawtooth edged U-shaped channel (c) Picoliter 

droplets moving in hybridization region [0]. 
 

In order to achieve rapid DNA detection in homogeneous 
liquid phase with single nucleotide mismatch sensitivities, we 
used molecular beacon (MB) as the DNA sensing probe in the 
microdroplets [0]. The target DNA and MB were all 
encapsulated in monodispersed picoliter droplet emulsions to 
reduce sample volume and to enhance the DNA detection 
efficiency. In our paper [0], we demonstrate a fast DNA sample 
and mutant detection in a few seconds, and evaluate dynamic 
MB-DNA duplex formation using Label-Free DNA Analysis in 
Microdroplet (LFDAM) system. The more stable the MB-DNA 

duplex, the stronger the MB fluorescence restored. The 
measured fluorescence intensity is directly proportional to 
sample concentration, droplet volume, droplet generation rate, 
and fluorescence acquisition time.  Figure 1 illustrates (a) the 
microfluidic droplet generation device, (b) the mixing serpentine 
channel, and (c) a snapshot of the droplets travelling in the 
microchannels.  Figure 2 illustrates the gradual increase in 
fluorescent intensity as the droplets travel in the microchannels 
and more time is lapsed so the MB-DNA duplex has a chance to 
reach equilibrium. 
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ANTIBODY SERODIAGNOSTICS ASSAYS 
A novel microfluidic actuator is designed around the use 

of trapped air bubbles in lateral cavities and the resultant 
acoustic streaming generated from an outside acoustic energy 
source [0,0]. This actuator is simple to fabricate, integrate, and 
operate in a compact portable configuration.  The orientation of 
the lateral cavities to the main microchannel is used to control 
the bulk fluid motion within the device and the first order flow 
generated by the oscillating bubble is used to develop a pumping 
platform that is capable of driving fluid within a chip. The 
device is fabricated using traditional soft lithography. [0]  One 
of the main advantages of using the LCAT platform is the 
simple fabrication needed for integration into existing chips.  
The LCATs are designed within the same layer as the main 
microchannel and only the single lithography step needed for the 
main microchannels is required to fabricate both channel 
features and the LCATs.  The device is operated by by placing it 
on top of an external acoustic energy source.  The operation of 
the device can be seen in Fig. 3 where a PZT is coated with 
ultrasound gel to enhance acoustic energy transfer through the 
bottom substrate of the chip. 

The demonstration of the pumping capabilities of the 
LCAT platform is done using cavities oriented at 15° to the 
main channel. The orientation of the cavities utilizes the first 
order oscillatory flow from the air/liquid interface to produce a 
net flow away from the cavity interface.  The design can be seen 
in Fig.4, where the trapped air bubble can be seen within the 
lateral cavity and the two cavities are oriented at a shallow angle 
(15°) to the main microchannel.   

 

 
Fig. 4  LCAT pumping design with cavities at 15° angles. 

 
This pump is integrated into a recirculation immunoassay 

device for enhanced antibody-antigen binding through fluid flow 
for convection-limited transport. The device is designed to 
continuously deliver the analyte over a binding region.  The 
recirculation assay device has the advantages of allowing high 
flow rates for increased binding efficiency while maintaining a 
low fixed volume.  In traditional microfluidic flow through 
devices, the higher flow rates lead to larger volume consumption 
during operation.  The operation of the device is performed 
using a protein spotted nitrocellulose pad that is bound with 
gold-conjugated secondary antibodies for optical confirmation 
of binding. 

To determine the effectiveness of a recirculation assay 
platform (Fig. 6a) [0], it is compared to a traditional assay where 
gold conjugated antibodies (goat anti-human IgG (H&L)) are 
delivered over a protein spotted nitrocellulose pad for 15 
minutes.  The comparison shown in Fig. 6B shows an increase 
in spot intensity using the microfluidic recirculation platform 
compared to the traditional benchtop assay where 50 µL is 
incubated within a well plate for the same amount of time.  The 
simulation and experimental results showed good agreement for 
antigen site binding.   
 

 
Fig. 5  (a) Image of colorimetric immunoassay chip.  (b) 
Comparison of standard and microfluidic 1 OD gold-conjugated 
secondary antibody delivery. 
 
MULTILAYER MICROPARTICLES FOR 
NANOMEDICINE (MMN)  

The utilization of acoustically active lipospheres (AALs) 
(Fig. 6a) capable of delivering bioactive substances at high 
concentrations in the lipid-oil complex has been reported [0,0].  
The oil layer is capable of carrying highly hydrophobic drugs 
such as the chemotherapeutic drug Paclitaxel, which is currently 
delivered to cancer patients intravenously.  Paclitaxel can be 
dissolved at high concentrations (70 mg/ml) in the lipid-oil 
complex of the AALs [0].   Such vehicles can provide an 
alternative method of delivery of therapeutic drugs that have 
poor oral bioavailability.   

The commonly used production technique of mechanical 
shaking creates a highly polydisperse microbubble population, 
with varying amounts of oil within many of the microbubble 
vehicles.  Thus, the drug dosages within each vehicle are also 

 

Fig. 2  The dynamic binding reaction of target DNA 
with MB can be observed from the fluorescence change 
of MB inside droplet. (a) The horizontal average-
multiple-line-scan method is used to measure the 
fluorescence intensity. The yellow dash line represents 
the fluorescence analysis from the top to the bottom of 
an image. (b) The measured result shows that the MB 
fluorescence gradually increases downstream in the 
LFDAM [0]. 

 
Fig. 3  Schematic of Acoustic Bubble-Array Micromixer 
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not consistent.  Microfluidic chambers provide an ideal platform 
for the controlled production of monodisperse double emulsions 
[0] and microbubble contrast agents [0] with a much smaller size 

distribution.  Our device (Fig. 6b) combines two hydrodynamic 
flow-focusing regions together and features expanding nozzle 
geometry to generate gas-filled dual-layer lipospheres. 

 

 
Fig. 6  (a) Schematic of an AAL and (b) PDMS-based microfluidic flow-focusing device 

 
Microfluidic generated lipospheres are visible in 

brightfield (Fig. 7b), and the inner blue layer confirms the 
existence of the additional triacetin oil layer (Fig. 7c).  The outer 

DSPC lipid shell stabilizes the vehicle and the inner triacetin oil 
layer can contain dissolved therapeutics.  The gas interior makes 
the vehicle acoustically active to ultrasound pulses.   

 

 
Fig. 7 (a) Production by flow-focusing and (b) generated AALs. (c) Close-up of AAL 

 
Microbubble size and production rate are highly prone to 

downstream pressure conditions.  The large viscosity difference 
between the oil and gas makes the production of dual-layer 
lipospheres particularly challenging.  Channel geometry in 
addition to the liquid and gas flow rates are the main factors 
used to control the liposphere sizes. 

Paclitaxel is a poorly water soluble drug and its large size 
prevents it from being accommodated within the phospholipid 
bilayers in liposomes.  In a dual-layer vehicle, a high volume 
fraction of the oil phase can be used and paclitaxel exhibits good 
solubility in triacetin.  The production method will enable more 
precise dosages of drug to be delivered.  Conjugating a cyclic-
RGD peptide to the shell due to over-expression of αvβ3 
integrin in the tumor blood vessel endothelium is a possibility 
for targeted delivery.   

The issue of creating long-lasting dual-layer microbubble 
lipospheres for drug delivery in microfluidic systems poses 
interesting studies concerning the impact of device geometry 
and scale, flow parameters, and the synergy between shell, 
internal components, and surrounding medium on the 
stabilization. 

With microfluidics technology, we can produce 
monodisperse dual-layer microbubbles in a suitable size range 
for oral drug delivery or direct injection into the circulation 
(10µm or less).  The composition makes them ultrasonically 
active and able to carry a large and precise drug payload to the 
target site.  On-going and immediate experiments are to 
demonstrate drug loading in the manufactured dual-layer 
vehicles, in vitro targeted delivery to cancer cells, in vivo 
biodistribution animal studies, and to demonstrate that the drug 
Paclitaxel can remain, or be slowly released over time.   

CONCLUSIONS 
Microfluidic droplet interfaces can deliver a broad range 

of nanomedicine applications, including the detection of 
biomolecules (e.g. DNA), the diagnostics of antibodies specific 
to infectious diseases, and the targeted therapy for cancer and 
other diseases with molecular markers.  The microfluidic chips 
generate monodisperse fluid volumes and controlled fluid 
motion that form integration modules for future healthcare 
solutions.   
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