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Abstract 

We present a microfluidic method to direct the self-assembly of temperature-sensitive 

liposome-hydrogel hybrid nanoparticles.  Our approach yields nanoparticles with 

structural properties and highly monodisperse size distributions precisely controlled 

across a broad range relevant to the targeted delivery and controlled release of 

encapsulated therapeutic agents.  We used microfluidic hydrodynamic focusing to control 

the convective-diffusive mixing of two miscible nanoparticle precursor solutions (a 

DPPC:Cholesterol:DCP phospholipid formulation in isopropanol, and a 

photopolymerizable N-Isopropylacrylamide mixture in aqueous buffer) to form nanoscale 

lipid vesicles with encapsulated hydrogel precursors.  These precursor nanoparticles were 

collected off-chip and were UV-irradiated in bulk to polymerize the nanoparticle interiors 

into hydrogel cores.  Multi-angle laser light scattering in conjunction with asymmetric 

flow field-flow fractionation was used to characterize nanoparticle size distributions, 

which spanned the ≈150 to ≈300 nm diameter range as controlled by microfluidic mixing 

conditions, with a polydispersity of ≈3 % to ≈5 % (relative standard deviation).  

Transmission electron microscopy was then used to confirm the spherical shape and core-

shell composition of the hybrid nanoparticles.   This method may be extended to the 



directed self-assembly of other hybrid nanoparticle systems with engineered 

size/structure-function relationships to advance the success of soft matter nanoparticles 

for practical use in healthcare and life science applications.    

 

 

Introduction 

Soft matter nanoparticles such as nanoscale lipid vesicles, hydrogel nanoparticles, 

and hybrids of the two have many important applications in healthcare and the life 

sciences1,2.  Such nanoparticles have been applied in areas of single molecule 

manipulation and metrology3, sensors4, biomedical imaging5, and chromatography6.  

Particular interest has grown in developing methods for the synthesis of soft 

nanoparticles as potential carriers for the targeted delivery and controlled release of 

therapeutic agents for diagnostic and treatment purposes7-11.  Although many types of 

these nanoparticles have been developed, few have advanced to clinical use because of a 

lack of consistent toxicology data, which in turn arises partly because nanoparticle 

preparation techniques yield erratic results across laboratories12.     

Soft nanoparticles are predominantly synthesized using bulk techniques.  

Phospholipid-based nanoparticles are typically prepared using evaporation-rehydration or 

solvent-injection methods, while polymeric nanoparticles are traditionally synthesized 

using emulsification or solvent-evaporation methods13-15.  The technical limitations 

associated with bulk methods for synthesizing soft nanoparticles constitute a significant 

impediment to the realization of many of the aforementioned applications.  These 

limitations include nanoparticle size distributions that are polydisperse, irreproducible 

from batch to batch, and strongly dependent on chemical formulation11,16.  A root cause 

of these problems is the disparity between macroscopic control over the reaction of 

nanoparticle precursor solutions and the microscopic fluid environment which determines 

the formation of nanoparticles.  These limitations often necessitate the use of post-

processing techniques such as high-frequency sonication, freeze-thaw cycling, or 

membrane-extrusion to homogenize nanoparticle size and composition, which can 

decrease yield, increase assembly time, and be incompatible with biological 

applications6.   



To address these limitations, a variety of microfluidic methods have recently been 

developed to synthesize soft matter nanoparticles with improved control over size 

distribution, as size has been determined to be a critical factor in influencing nanoparticle 

efficacy or toxicity for a particular application12,17,18.  One such method is the use of 

microfluidic hydrodynamic focusing19 to precisely control the convective-diffusive 

mixing of miscible liquids at nanometer length scales and microsecond time scales which 

determine the formation of nanoparticles.  This technique has been used to direct the self-

assembly of lipid molecules into nanoscale lipid vesicles of controlled size in a 

continuous and reproducible manner20, obviating the need for post-processing to 

homogenize nanoparticle size.  Similar microfluidic approaches have been used to 

produce polymeric nanoparticles11,21.  

Beyond these single-material lipid or polymer nanoparticle systems that have 

been synthesized using microfluidic devices, relatively few microfluidic methods for the 

precisely controlled synthesis of multiple-material hybrid nanoparticle systems have been 

demonstrated, despite the important applications thereof.  In particular, liposome-

hydrogel hybrid nanoparticles, also known as lipobeads, combine many of the 

advantageous material properties of the individual constituents for therapeutic 

applications2,6,22-25.  The hydrogel interior improves both the mechanical stability of 

hybrid liposome-hydrogel nanoparticles and the controlled release of encapsulated 

therapeutic agents, while the many useful surface properties of the exterior lipid vesicle 

are retained for both stealth capability and targeted delivery14,26-30.  This potential 

therapeutic utility motivates the development of advanced microfluidic methods to 

control the synthesis of these more structurally complex soft matter nanostructures. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

Figure 1.  Schematic depicting the on-chip microfluidic directed self assembly and off-chip polymerization 

of liposome-PNIPA hydrogel nanoparticles.  (a) A solution of lipid and lipophilic tracer DiD (red) 

dissolved in IPA was hydrodynamically focused by a solution of the hydrogel precursor in buffer.  

Microfluidic mixing was used to direct the formation of nanoscale lipid vesicles with encapsulated gel 

precursors, and the sample was collected (b) at the device outlet. (c) The extravesicular gel precursor 

material was removed by gel filtration, and the particles were resuspended in buffer.  (d) Subsequent UV 

irradiation initiated the free-radical polymerization of the liposome interior which produced liposome-

PNIPA hydrogel nanoparticles.   
 

 

In this manuscript, we present a microfluidic approach to the directed self-

assembly of monodisperse liposome-hydrogel hybrid nanoparticles of controlled size.  

(c) 

(b) 

(d) 

Gel filtration 

UV Irradiation 

(a) 



We selected poly(N-isopropylacrylamide) (PNIPA) as our model polymer, as it is one of 

the most widely studied thermo-responsive polymers for therapeutic applications and also 

because it has been used recently for the bulk formation of lipobeads31-34. As shown in 

Figure 1, our approach utilizes microfluidic hydrodynamic focusing to control the 

diffusive mixing of two miscible liquids35 that separately contain the precursors to our 

hybrid nanoparticles. One solution contains a mixture of phospholipids and cholesterol in 

isopropanol (IPA) and forms the central stream in Figure 1a. The outer sheath flow 

consists of an aqueous solution of N-isopropylacrylamide (NIPA), crosslinker, and free-

radical initiator, in phosphate-buffered saline (PBS).  

Using this approach, we can direct the assembly of liposomes at the interface 

between the two streams, and these liposomes encapsulate the contents of the aqueous 

solution; i.e., the hydrogel precursors.  Moreover, by varying the volumetric flow-rate-

ratio (VFRR) of the aqueous outer streams to the central lipid-IPA stream, the 

convective-diffusive mixing conditions at the interface are altered, and thereby the size of 

the liposomes can be controlled.  The liposomes at the outlet of the microfluidic chip are 

then collected, purified by gel filtration, and UV-irradiated off-chip to polymerize the 

encapsulated precursors into a hydrogel core.  Hybrid nanoparticles of controlled size can 

thus be prepared in the 150 nm to 300 nm diameter range with a polydispersity of <5 % 

(relative standard deviation).  This approach can be extended to the assembly of other 

hybrid nanoparticle systems of interest36.  Microfluidic assembly may offer greater 

control over nanoparticle size and compositional requirements, as well as provide a 

platform that potentially enables the systematic characterization of different nanoparticle 

formulations.  

 

 

Experimental Section37  

 

Materials. The lipid dye 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine 

perchlorate (DiD) was obtained from Molecular Probes (Eugene, OR), and 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol from Avanti Polar 

Lipids (Alabaster, AL).  Dihexadecyl phosphate (DCP), N-isopropylacrylamide (NIPA) 



(97 % purity), N,N'-methylenebis(acrylamide) (MBA) (99 % purity), 2,2-

diethoxyacetophenone (DEAP) (purum >95 % GC), and sodium azide (NaN3) were 

obtained from Sigma-Aldrich. Polydimethylsiloxane (PDMS) (Sylgard 184) was 

purchased from Dow Corning.  Hamilton gas-tight glass syringes and anotop syringe 

filters were obtained from Fisher Scientific.  D-Salt columns were purchased from Pierce 

(Rockford, IL).  
 

  
 

Figure 2.  Device schematic and optical micrograph of the microfluidic hydrodynamic focusing cross 

junction.  Microchannels were fabricated in a silicon substrate which was anodically bonded to a 

borosilicate glass cover. The microfluidic channel was (21±1) µm wide and (39±1) µm deep (mean ± 

expanded uncertainty). 
 

Microfluidic Device Fabrication. A schematic and brightfield micrograph of the 

microfluidic device is shown in Figure 2.  Microfluidic devices were constructed using 

standard photolithographic microfabrication processes.  A thin film of positive tone 

photoresist was spin-coated onto the front side of a double-side-polished silicon substrate 

wafer with a thickness of ≈290 µm.  Networks of fluidic channels with widths of (21±1) 

µm (mean ± expanded uncertainty) were patterned in the photoresist using contact 

photolithography.  Device patterns were transferred into the substrate using Bosch 

Process deep reactive ion etching to a depth of (39±1) µm (mean ± expanded 



uncertainty).  A thin film of silicon dioxide was deposited as an etch stop on the front 

side of the substrate using plasma-enhanced chemical vapor deposition.  A thin film of 

positive tone photoresist was spin-coated onto the back side of the substrate, and a second 

layer of contact photolithography was used to pattern access holes aligned to the channel 

inlets and outlets.  Access holes were then formed by deep reactive ion etching of the 

substrate through to the etch stop.  The substrate wafer was immersed in buffered 

hydrofluoric acid to remove the silicon dioxide etch stop and finally cleaned with a 

mixture of ammonium hydroxide:hydrogen peroxide:water (≈5:1:1 volume ratio) at a 

temperature of ≈80 °C.  A borosilicate glass cover wafer with a thickness of ≈170 µm 

was anodically bonded to the front side of the substrate wafer to form enclosed 

microfluidic channels.  Fluidic connectors were adhered to the backside of the substrate 

wafer to couple polyetheretherketone capillaries to the inlets and outlets of the 

microfluidic devices.  The opposing end of each inlet capillary was attached to a gastight 

glass Hamilton syringe filled with reagent.  The syringes were mounted onto syringe 

pumps (Harvard Apparatus, MA) to control continuous fluid flow into the microchannels. 

 

Epifluorescence Microscopy. An inverted optical microscope was used in 

epifluorescence mode to observe microfluidic formation of nanostructures.  Microfluidic 

flow was imaged through the cover wafer with a plan apochromat air immersion 

objective of magnification 40× and numerical aperture 0.95.   A metal halide arc lamp 

was used with a 625 nm to 655 nm band pass filter for fluorescence excitation, and 

fluorescence emission was isolated with a 660 nm dichroic mirror and refined with a 665 

nm to 715 nm band pass filter.  Videos and images were acquired with either an electron 

multiplying or color charge coupled device camera.  Following nanoparticle synthesis 

experiments, hybrid nanoparticles were suspended on a glass coverslip with a thickness 

of ≈170 µm for inspection using the same optical setup. 

 

Buffer Preparation. 0.01 mmol/L Phosphate buffered saline (PBS) (0.138 mol/L NaCl, 

2.7 mmol/L KCl, pH 7.4) was used in all experiments unless otherwise specified.  PBS 

was prepared in 18.2 MΩ filtered deionized water with the addition of 3 mmol/L NaN3 to 



prevent bacterial growth.  All PBS solutions were filtered through a 0.1 µm syringe filter 

prior to use in sample preparation. 

 

Lipid and Hydrogel Precursor Preparation. A mixture of DPPC:cholesterol:DCP 

(7:2:1 molar ratio) and 0.5 mol% DiD lipophilic tracer was used in the formation of the 

empty liposomes and liposome-hydrogel hybrid nanoparticles.   The mixture was 

dissolved in chloroform in a glass scintillation vial and was dried down under dry 

nitrogen for 45 min to produce a thin lipid film, and the dried lipid film was placed in a 

vacuum dessicator overnight to remove any residual solvent. The NIPA:MBA:DEAP 

(3.5%:0.35%:0.1% weight per volume ratio) gel precursor solution was prepared in PBS.  

An Omnicure S2000 (EXFO Life Sciences, Canada) lamp (λ = 365 nm; 40 W cm-2) was 

used to initiate free-radical polymerization of the bulk hydrogel precursor material.  The 

onset of polymerization was observed immediately upon UV irradiation, and complete 

bulk gel formation was verified after 15 min of irradiation. 

 

Precursors to Hybrid Nanoparticles by Microfluidic Flow Focusing. 

Nanoscale liposomes containing hydrogel precursors were synthesized using microfluidic 

mixing controlled by hydrodynamic focusing35.  The lipid film was redissolved in dry 0.1 

µm filtered IPA to obtain a 6.25 mmol/L solution.  The lipid solution and either the gel 

precursor (experimental) or PBS (control) solution were each loaded in a glass syringe 

and connected to the device inlets, as shown in Figure 2.  Syringe pumps were used to 

control the flow of lipid-IPA solution into the center channel and PBS or gel precursor 

solution into the side channels to hydrodynamically focus the lipid-IPA stream, shown in 

Figure 1a.  Empty liposomes were formed in PBS at VFRRs of 10:1, 15:1, 20:1, and 

25:1, while liposomes encapsulating the gel precursor were formed at VFRRs of 10:1, 

15:1, and 25:1.  The total volumetric flow rate was held constant at 9.6 µL/min in all 

cases.  Samples were collected at the device outlet for 55 min following 10 min of 

stabilization at each VFRR setting. 

 

Off-Chip Formation of Hybrid Nanoparticles. 



Liposomes encapsulating the gel precursor were passed through a D-Salt polyacrylamide 

column (6 kDa cutoff), using PBS as the elution buffer, to remove the extravesicular gel 

precursor material from the sample.  PDMS wells (1.6 cm diameter x 0.3 cm height) were 

stamped and cut from a cured PDMS sheet, and the wells were cleaned with ethanol 

followed by deionized water. They were dried with nitrogen before being placed on a 

glass microscope slide.  Added to each well were 0.5 mL aliquots of sample, which were 

also irradiated with UV light at 365 nm from the Omnicure S2000 for 15 min.     

 

Asymmetric Flow Field-Flow Fractionation and Multi-Angle Laser Light Scattering 

(AF4-MALLS). 

An Eclipse AF4-MALLS instrument was used for size fractionation and characterization 

of the liposomes and nanoparticles.  The AF4 separation channel had a 190 µm spacer, 

and a regenerated cellulose membrane with a 10 kDa cutoff was used for the cross-flow 

partition.  For the control liposomes, 10 mmol/L PBS was used as the carrier solution. 

Ten µL of the liposome solution was loaded into the AF4 injection loop, and the 

fractionation was conducted with a 1 mL/min channel flow and a 0.8 mL/min to 0.0 

mL/min linearly decreasing crossflow gradient over 70 min.  For the hybrid 

nanoparticles, a 5 mmol/L PBS carrier solution, a 50 µL sample injection, and a 0.6 

mL/min to 0.0 mL/min linearly decreasing crossflow gradient over a 35 min elution 

period were used. MALLS data were collected simultaneously at 10 scattering angles on 

the eluting sample. A coated sphere model38 was applied to the data using an estimated 

bilayer thickness of 5 nm to determine the geometric radii distributions of liposomes and 

hybrid nanoparticles. 

 

Dynamic Light Scattering (DLS). 

 A 90Plus/BI-MAS Particle Size Analyzer instrument was used for DLS 

measurements (Brookhaven Instruments).  The instrument was equipped with a 15 mW 

solid state laser with a wavelength of 659 nm, and measurements were made at 90° at a 

rate of one measurement per second.  Nanoparticle samples were centrifuged at 10000 

rpm for 4 min to remove any dust or aggregates prior to measurement.  The supernatant 

was then aspirated and diluted 1:10 in 0.02 µm filtered PBS, and the sample was added to 



a polymethylmethacrylate cuvette and placed in the measurement cell. Measurements 

were made over a series of temperatures. 

 

 

 

Transmission Electron Microscopy (TEM).   

TEM of the hybrid nanoparticles was performed on a Philips EM 400T microscope 

operating at 120 kV equipped with a Soft Imaging System CCD camera (Cantega 2K).  

TEM samples were prepared by dropping diluted solutions onto 400-mesh carbon-coated 

copper grids (from Ted Pella) and briefly air-drying the samples prior to measurements. 

 

 

Results and Discussion 

 

Empty Liposomes in PBS. 

Empty liposomes, prepared in PBS without the hydrogel precursor, were 

synthesized in the microfluidic device as a calibration to determine the size ranges 

achieved at varying volumetric flow-rate ratios (VFRRs) with our device geometry and 

lipid formulation.  Under the laminar flow conditions typical at microfluidic length-

scales, the mixing of miscible liquids flowing in parallel streams occurs predominantly 

by molecular diffusion, as influenced by convection in our system.  In both the 

hydrodynamic focusing region and in the downstream mixing channel, IPA diffused into 

the buffer and vice-versa to the point where the concentration of lipid exceeded its critical 

micelle concentration and caused the lipids to self-assemble into vesicle bilayers, thus 

shielding the hydrophobic moieties from water.  As the liposomes self-assembled, the 

vesicles encapsulated the surrounding buffer or hydrogel precursor mixture into the 

aqueous vesicle core.   

The critical mixing time over which this self-assembly process occurred was 

dependent on the extent of focusing of the center stream.35  At lower focusing, or smaller 

VFRRs, the center lipid-IPA stream was relatively wide with a low surface-to-volume 

ratio between the lipid stream and sheath flows, requiring a longer diffusive mixing time 



(a) 

 (b) 

to deplete the center stream.  The prolonged lipid solubility resulted in the self-assembly 

of larger vesicles further downstream in the diffusive mixing channel while fewer 

vesicles formed in the focusing region.  At higher focusing, or larger VFRRs, convective 

flow resulted in a relatively narrow center stream, which reduced the diffusion distance 

and enhanced diffusive mixing in the hydrodynamic focusing region.  Higher focusing 

also resulted in a higher surface-to-volume ratio and a faster depletion of the center 

stream.  This caused the self-assembly of smaller liposomes predominantly within the 

hydrodynamic focusing region as opposed to downstream in the mixing channel.   

Control of these flow conditions enabled predictable and repeatable steady-state mixing 

and the continuous production of liposome and precursor hybrid nanoparticle size 

distributions.   

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3.  (a) Size distributions measured by AF4-MALLS of empty liposome populations formed in PBS 

alone by hydrodynamic focusing at varying VFRRs. (b) The average outer vesicle radius and standard 

deviation of each population are shown.  QB and QL denote the volumetric flow rates of the buffer and 

lipid-IPA, respectively. 

 

The liposomes were formed at VFRRs of 10:1, 15:1, 20:1, and 25:1, and the 

collected samples were characterized by AF4-MALLS.  The size distribution of each 

VFRR sample is shown in Figure 3a.   Here, for a given sample, each data point 

represents a MALLS measurement of a size-fractionated component; thereby, the overall 

size distribution is a more accurate characterization of the sample compared to that 

obtained from traditional static or dynamic light scattering39.  The size distributions show 

the expected trend where an increase in VFRR results in a smaller size distribution of 

liposomes40.  For a simplified view of this trend, Figure 3b plots the average radius and 

polydispersity vs. VFRR.  In calculating these averages, the sizes were weighted by the 

number density data from Figure 3a.  The average radius and standard deviation of the 

distributions for the 10:1, 15:1, 20:1, and 25:1 samples were (65±6) nm, (49±7) nm, 

(44±6) nm, and (41±6) nm, respectively. These numbers indicate that each liposome 

population is narrowly dispersed, particularly when compared to other liposome 

preparation techniques35.  At VFRRs 20:1 and 25:1, the size varies only slightly, 

suggesting that we are approaching the lower limit of liposome size that can be produced 

for this formulation in our microfluidic device.  These results guided our selection of 

VFRR settings for the formation of the liposome-PNIPA hybrid nanoparticles. 

 

 

Liposome-PNIPA Hybrid Nanoparticles. 

Due to the incremental difference in average vesicle size from the empty liposome 

synthesis experiments between VFRRs 15:1 and 20:1, and more so between 20:1 and 

25:1, the 20:1 VFRR was omitted from the hybrid nanoparticle formation run.  

Liposomes encapsulating the NIPA:MBA:DEAP hydrogel precursor solution were 

formed in a single continuous-flow run at VFRRs of 10:1, 15:1, and 25:1.    

Compared to the formation of the liposomes in PBS alone, transient chemical 

interactions arising from phase separation of the precursor components occurred more 



frequently at the hydrodynamic interface between the lipid and hydrogel precursor 

streams, especially closer to the borosilicate glass surface of the device.  Such interfacial 

buildup occurred at all three VFRR formation settings but did not disrupt the directed 

assembly of precursor hybrid nanoparticles.  This issue was more problematic in trials 

with significantly higher hydrogel precursor concentration (data not shown), however, 

providing some insight into the limitations of our technique. 

The liposomes collected at the outlet of the microfluidic chip were purified by gel 

filtration and then UV polymerized to yield liposome-PNIPA hybrid nanoparticles 

(Figure 1). The size distributions of these nanoparticle samples were then measured by 

AF4-MALLS and are shown in Figure 4.  The liposomes containing NIPA before UV 

irradiation were also characterized, and those results (Figure 4a) indicate structures with 

low polydispersities comparable to the empty liposomes. Polymerization does not alter 

the average size appreciably, and the final liposome-PNIPA hybrid nanogels actually 

have even narrower size distributions, as shown in Figure 4b. This holds true at each of 

the applied VFRRs, spanning an overall size range of about 150 nm to 300 nm in 

diameter.  The average radius and polydispersity for each VFRR is shown is Figure 4c; 

these were (142±4) nm, (109±3) nm, and (92±5) nm for VFRRs of 10:1, 15:1, and 25:1, 

respectively.   

An interesting point is that, at a given VFRR, liposomes containing the NIPA 

precursor mixture were approximately twice the size of empty liposomes (compare 

Figures 3a and 4a).  The similarity in size distributions in Figures 4a and 4b indicates that 

this discrepancy from the empty liposomes size distributions was not caused by UV 

polymerization, but was rather a result of changes in the microfluidic chemical 

environment caused by the addition of the hydrogel precursor molecules in the aqueous 

stream, which evidently altered the conditions of the molecular self-assembly and 

encapsulation processes.   

The formation of liposome-PNIPA nanoparticles by our approach showed a 

batch-to-batch reproducibility in size to within 5 % to 15 % as measured by AF4-

MALLS.  This variability was attributed to experimental variation in convective flow 

conditions as well as the transient chemical interactions observed between the hydrogel 
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and liposome precursor streams during the continuous formation of precursor hybrid 

nanoparticle samples.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

 

 

      
      



 
Figure 4.  (a) Size distributions of lipid-NIPA liposomes; and (b) liposome-PNIPA hybrid nanoparticles 
formed by polymerizing the liposomes in (a).  (c) Average liposome-PNIPA hybrid nanoparticle size at 
varying VFRRs.  QGP and QL denote the flow rates of the gel precursor and lipid solutions, respectively.  
The small standard deviation for each population illustrates the narrow size distributions achieved by our 
microfluidic directed self-assembly method.   
 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.  TEM micrographs of liposome-PNIPA hybrid nanoparticles formed at varying VFRRs of (a) 

10:1, (b) 15:1, and (c) 25:1. The nanoparticles exhibit characteristics of solid spherical structures and show 

a trend of decreasing size with increasing VFRR. 

 

The hybrid nanoparticles were also characterized by TEM (Figure 5).  Each 

sample was air-dried on a TEM grid prior to imaging, and the micrographs in Figure 5 

therefore correspond to dehydrated nanoparticles.  The hybrid nanoparticles were 

uniformly solid and exhibited the round shape of the liposome envelope, which confirms 

the successful encapsulation and polymerization of the hydrogel precursor within the 

liposomal interior.   The particle size exhibits a decrease with an increase in VFRR, as 

earlier demonstrated by AF4-MALLS.  These sizes are much smaller than those shown in 

Figure 4, which is attributed to the dehydration of the liposome-PNIPA nanoparticles. 

 

Temperature Sensitivity of Liposome-PNIPA Nanoparticles. 

 To further validate the solid core composition of the liposome-PNIPA 

nanoparticles produced by our microfluidic synthesis strategy, we investigated the 

temperature-sensitivity of particles synthesized at a VFRR of 10:1 using DLS. It is 



known that PNIPA exhibits a lower critical solution temperature (LCST) in water, and, as 

a result, PNIPA hydrogels shrink when heated up to its LCST, which is ≈32 °C41,42. 

Therefore, we measured the size of liposome-PNIPA hydrogel nanoparticles over a range 

from 25 °C to 32 °C, and then at 37 °C, which is the physiological temperature at which 

these nanoparticles may potentially be applied. At each temperature, the sample was 

equilibrated, and three measurement runs were performed.  The average values of the 

hydrodynamic diameter Dh from DLS along with the standard deviations are plotted in 

Figure 6.  The average Dh was (260±10) nm at 25 °C, (243±7) nm at 32 °C, and at 37 °C 

was (224±7) nm.  These results show the characteristic temperature response of PNIPA, 

with the size decreasing past the LCST (32 °C). Similar results have been reported for 

liposome-PNIPA hybrid particles prepared by a bulk method34.  

 

 

 

                                 
 
Figure 6.  DLS data showing the effect of increasing temperature on the hydrodynamic diameter Dh of 

liposome-PNIPA hybrid nanoparticles prepared at a VFRR of 10:1. 

 

Another interesting phenomenon is the effect of prolonged exposure at 37 °C on 

liposome-PNIPA hydrogel nanoparticles. Corresponding size data from DLS are shown 

in Figure 6.  Each data point corresponds to the average Dh and standard variation from a 

2.5 min measurement run.  After 7.5 min exposure at 37 °C, the average Dh increased 

significantly, which is indicative of nanoparticle aggregation. Similar behavior has also 



been previously reported34 for bulk-prepared liposome-PNIPA particles. The increasing 

hydrophobicity of the PNIPA gel cores is believed to drive such aggregation.  

 

 
Figure 7.  Time-lapse DLS data showing the effect of prolonged exposure to 37 °C on the hydrodynamic 

diameter Dh of liposome-PNIPA nanoparticles (VFRR of 10:1).  

 

Stability of Liposome-PNIPA Nanoparticles. 

Liposome-PNIPA nanoparticles were monitored for stability after formation.  

Fluorescence micrographs of particles two weeks after formation (Figure 8a) confirm that 

the particles are discrete and unaggregated.  TEM measurements in Figure 8b show 

hybrid nanoparticles made at a VFRR 15:1 after two months.  The nanoparticles 

generally show the same solid, spherical structure as the initially polymerized sample 

shown in Figure 5b, further confirming their stability and robustness.  DLS measurements 

made on samples after 4 months also verified that the sizes remained consistent, which is 

likely due to the lipid bilayer coating preventing aggregation of the PNIPA nanogel cores. 

It should be noted that the DCP component of the lipid formulation has a negative charge, 

which confers electrostatic stability to the resulting liposomes as well as to the liposome-

PNIPA nanoparticles.  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Stability of the liposome-PNIPA hybrid nanoparticles: (a) Epifluorescence micrograph taken two 
weeks after sample formation shows that the nanoparticles remain unaggregated.  (b) TEM of the VFRR 
15:1 sample two months after formation shows that the particles still retain similar structure and size, 
comparable to the original sample in Figure 5b. 
 
 

Bulk preparations of lipid-hydrogel nanoparticles typically involve the use of a 

single formulation of lipid and hydrogel precursor to produce a single vesicle population 

with a particular size distribution determined by the application of several size-altering 

post-processing steps, which can decrease yield, increase preparation time, and introduce 

biological compatibility issues.  Using our microfluidic method, we synthesized relatively 

monodisperse populations of liposome-PNIPA hybrid nanoparticles from a single 

    

  

(a)   

100 nm 

(b) 



formulation without size-altering post-processing.  Through precise variation of 

microfluidic mixing conditions, our method should be able to produce nanoparticle 

populations with any intended average size within some finite range from an initial 

formulation, limited primarily by the chemical compatibility of the precursor solutions at 

the fluidic interface.  If necessary, following nanoparticle synthesis the IPA used in our 

method can be removed by dialysis to prevent potentially toxic effects.  Our approach 

could be useful in therapeutic agent delivery and cellular uptake applications, which often 

require different carrier materials and sizes to target different types of cells.   

With the many polymers and lipids commercially available and the interest in 

tailoring different types of nanoparticles for various applications43, the development of a 

more standardized and controlled formation method such as the presented model system 

would be advantageous.  We expect that this system could be adapted and optimized for 

the microfluidic-directed synthesis of hybrid nanoparticles derived from other soft matter 

precursors of present interest34. 

 

 

Conclusion  

We have demonstrated a microfluidic method to direct the assembly of liposome-

PNIPA hybrid nanoparticles.  By varying microfluidic mixing conditions, we were able 

to control the size of the liposome molds that encapsulated the gel precursor, which 

thereby determined the sizes of the resultant hybrid nanoparticles.  Using light scattering 

and TEM, we verified that our method produced narrowly dispersed populations of lipid-

hydrogel hybrid nanoparticles over a size range pertinent to targeted delivery and 

controlled release applications.  Our method can be further improved through on-chip 

integration of the off-chip formation steps; however the main objective of our work is to 

demonstrate the utility of a microfluidic-directed approach towards hybrid nanoparticles.  

We believe that this microfluidic approach may be customized for the synthesis of a wide 

variety of soft nanoparticles that are currently prepared via bulk methods. 
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