
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

공학박사학위논문 

 

 

Directed Self-Assembly of  

Polyelectrolytes & Charged Block Copolymer Micelles 

in Aqueous Media 
 

 

수용액상의 고분자전해질 및 전하를 띤 블록공중합체 미셀의 

유도조립에 관한 연구 

 

 

 

 

2013년 8월 

 

 

 

 

서울대학교대학원 

화학생물공학부 

이미숙 



 

i 

 

Abstract 
 
 

Directed Self-Assembly of  

Polyelectrolytes & Charged Block Copolymer Micelles 

in Aqueous Media 
 
 

Misook Lee 

School of Chemical and Biological Engineering 

The Graduate School  

Seoul National University 
 

 

Polyelectrolyte complexes (PECs) have received a growing interest since the early sixties. 

PECs have been used for large-scale industrial applications and have demonstrated enormous 

potentials in various fields such as coatings, binders and flocculants. Using the Layer-by-

layer (LbL) deposition technique, an ultrathin polyelectrolyte multilayer (PEMs) coating was 

first built in 1990 and soon both theoretical and practical interest in these coatings were 

growing exponentially. 

In the first chapter of this dissertation, we demonstrate that polyelectrolyte (PE) multilayer 

thin films deposited on patterned posts with incredibly large numbers of bilayers, which 

would not be possible with the conventional LbL deposition methods, can be obtained in 

short process time using alternating polyelectrolyte droplets generated in a microfluidic 

channel, representing a significant advantage over the conventional processes based on the 

polyelectrolyte deposition followed by the separation of such substrates (typically colloidal 

particles) with centrifugation and sonication. Positively- and negatively-charged 
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polyelectrolyte droplets were alternatively generated in a microfluidic channel by controlling 

the capillary number (Ca) as well as the fraction of dispersed phase over the continuous phase. 

Patterned posts, serving as the substrates for the PE deposition, were created with photo-

curable polymers using the optofluidic maskless lithography. The impact of these PE droplets 

onto the patterned posts allowed the alternative adsorption of PEs, similar to the conventional 

LbL deposition methods. It was shown that the intensity of fluorescence dye tagged onto (+)-

charged PEs adsorbed on the post(s), taken with confocal laser scanning microscopy, 

increases with deposition time and varies around the post(s). The effect of post shape and 

interval between the two posts for the droplet-based LbL deposition was also experimentally 

investigated and analyzed, in connection with the numerical simulations, to elucidate the 

underlying principles of relevant two-phase flows. 

In the second chapter, we demonstrated block copolymer micelle (BCM) / BCM multilayer 

films with a large number of bilayers onto microposts using alternating droplets in cross-

shaped microfluidic channels. Alternating aqueous droplets containing oppositely charged 

BCMs were employed for sequential adsorption onto microposts in a specific range of 

capillary numbers (Ca), resulting in the production of BCM multilayer films with thicknesses 

of hundreds of nanometers requiring a small amount of the BCM solution in a short process 

time. To date, it has not been possible to deposit a large amount of BCMs onto colloidal 

substrates without a multi-step process involving steps such as centrifugation and 

redispersion by sonication to proceed to next deposition step. In addition, cross-shaped 

microfluidic channels with BCMs deposited onto posts were utilized for the visualization of 

selective and continuous destruction of the BCM multilayer films using two different laminar 

streams, basic distilled water as a release solvent and oleic acid as a non-reactive medium, 

since the ionization of cationic segments is negligible above a pH of 5.5. As a result, the 
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BCM multilayer films were selectively removed from the posts by contact with the aqueous 

release solvent. In the case of BCMs touched with the non-reactive medium, the decrease of 

the fluorescence intensity on the BCMs, which is only modulated by the shear rate, was 

negligible at the same processing time. 

In the third chapter, we demonstrated the complexes of oppositely charged polystyrene-

block-poly(acrylic acid) (PS-b-PAA) micelles and polystyrene-block-poly(4-vinyl pyridine) 

(PS-b-P4VP) micelles. In generally, complexation of soft colloids can induce novel 

morphologies unlike packing problem of hard particles since deformable interface of soft 

colloids can be easily tuned by inter-corona repulsion or packing parameters. In the present 

study, complex morphology of charged BCMs was controlled by pH of aqueous solvent as 

well as solvent quality. To determine the effective pH range for the inter-corona combination 

of PAA and P4VP blocks in aqueous media, we studied the dissociation behavior of both 

coronas using Fourier Transform Infrared Spectroscopy. Lower pH region (3.6 < pH < 5.0) in 

aqueous medium offers stronger interactions between oppositely charged corona blocks, 

resulting in polymeric hexagonal prism complexes. In the higher pH region (5.5 < pH < 6.5), 

they first self-assembled into hierarchical bumpy spheres induced by the simple adsorption of 

small PS-b-PAA BCMs on the surfaces of PS-b-P4VP large compound micelles since the 

degree of ionization of P4VP blocks is relatively low. However, the crew-cut BCM complex 

morphology with high aggregation number does not allow the hexagonal prism structure to 

be formed without rearranging strongly aggregated core blocks. We note that the crew-cut 

BCM complexation in higher DMF content of a mixed solvent (1 % < DMF < 20 % in water) 

induces inter-corona association leading to the hexagonal prism structure due to the decrease 

in selectivity of water for PS blocks. 

In the last chapter, we demonstrate the hierarchical structures of block copolymer blend, 
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mixture of PS-b-PAA and PS-b-P4VP, in various solvent qualities. P4VP & PAA 

homopolymers mixed in aqueous solution can be preferentially dissociated at specific 

solution pH region. That is, solution pH is approached to 1, P4VP can be preferentially 

charged. However, solution pH increase to 14, PAA can be preferentially dissociated. In 

addition, P4VP segments are soluble at solution pH < 5.5 since P4VP segments can be 

positively charged in the pH region. Based on this study, morphologies of PS-b-PAA and PS-

b-P4VP blends were controlled by initial pH and solvent quality. As a result, when they are 

mixed together in co-solvent dominant environment, their phase can be separated similar in 

bulk. However, they are mixed in water-dominant solvent, their blend morphology are only 

vesicles at extremely high or low pH because their coronas are very sensitive to solution pH. 
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CHAPTER I 

 

Multilayer Deposition on Patterned Posts  

Using Alternating Polyelectrolyte Droplets in Microfluidic Devices 

 

1.1. Introduction 

 

The Layer-by-Layer (LbL) deposition, first introduced by Decher (1) in 1997, has been 

regarded as a simple and robust processing method to obtain various multilayered films 

typically on flat substrates. Based on the LbL deposition method, it has been well-

documented that the functions and physical properties of the LbL films could be easily 

tailored (2-7). Multilayer thin films have recently attracted numerous interests owing to their 

wide applications as sensors, integrated optics, polymer electronic devices, drug delivery 

systems, or biocompatible scaffolds, which could be easily deposited and tailored on the 

substrates of different shape (8-15). 

Over the past years, the LbL deposition technique, which has originally been based on the 

diffusive adsorption of polyelectrolytes (PEs) on a substrate without external convective 

driving forces, have evolved into alternative deposition methods such as the spin-assisted 

LbL deposition (3, 16), as well as the spray-based LbL deposition (17, 18). However, these 

conventional LbL deposition methods require four typical sequential steps: the adsorption of 

(+) PE followed by washing off with water (or solvent) and the adsorption of (-) PE followed 

by second wash-off for one full cycle, which typically takes long process time. In particular, 

the LbL film deposition on colloids (19, 20) is severely limited by the fact that it requires the 
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PE adsorption on colloids, centrifugation to remove unadsorbed PEs, and the sonication to 

redisperse the colloids so that the stability of colloids is not guaranteed after more than 10 

repeated depositions of PE resulting from theseparation of colloids. 

Since the advent of microfluidics about two decades ago, we have witnessed the explosive 

increase in the interest and development for fluid flows at the microscale, which could offer a 

lot of useful capabilities, which have not been possible before: the ability to use a very small 

quantity of samples and reagents, and to expand on existing unit operations such as 

separation, mixing, detection, chemical reaction and bioassay with high precision and 

sensitivity (21-23). Microfluidic systems are generally characterized by the low Reynolds 

number flow regime to create novel micro-environments (24-26), dictating that all fluid flows 

are essentially laminar. Droplet-based microfluidics, however, has the ability to perform a 

large number of reactions without increasing device size or complexity. These droplet-based 

microfluidic systems, coupled with the control capability and reproducibility of droplet 

generations, directly synthesize micro/nano-particles for applications such as drug delivery 

systems and microreactors ranging from nano to femtoliter range (27-34). 

A few research groups have previously reported on the microfluidic multilayer preparation 

based on the laminar flow to alleviate the process time compared with the conventional 

deposition methods (35, 36). In the dynamic LbL deposition system suggested by Kim et al., 

PE and washing streams had to be separately introduced into the channel for the sequential 

adsorption of PEs, similar to the spin-assisted LbL deposition. In the microfluidic channels 

designed by Caruso et al., the channel geometry for the deposition of a single bilayer had tobe 

increased in proportion to the number of bilayers, which severely limits the applicability of 

this deposition method. Since the previous microfluidics-based LbL depositions were 

basically based on the single-phase system, we strongly believe that there would be 
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significant improvements in the LbL deposition, in terms of process time, the amount of 

adsorbents (such as PEs) consumed, design flexibility, and saving energy, using microfluidics 

if a droplet-based two-phase microfluidic system is employed. 

Here, we demonstrate the droplet-based LbL deposition with which PE multilayers deposited 

on patterned post(s) with incredibly large numbers of bilayers, which cannot be possibly 

obtained with the conventional deposition methods, could be obtained in short process time 

using a simple two-phase microfluidic channel. In addition, the impaction of droplets onto 

small targets has recently been investigated (37-40) and simulated (41, 42), which were quite 

different from the impact of a small droplet onto a large object (43). Since the target substrate 

can be generated by the optofluidic maskless lithography (OFML) technique (44, 45) at a 

specified position with any geometric shape within the microfluidic channel, the experiments 

demonstrated in the present study could serve as a model system to study the droplet 

dynamics for impacting of small droplets on various obstacle patterns in addition to totally 

new microfluidics-based LbL deposition. From the perspective of adsorption kinetics, the 

microfluidic device introduced here could also provide a studying tool for the contact time in 

millisecond scale, which would not be accessible in earlier experimental techniques. 
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1.2. Experimental Section 

 

Fabrication of a Cross-shaped Microfluidic Channel and Materials Used 

The microfluidic channel used for the present study was fabricated using the standard soft 

lithography method (46, 47). PDMS molds were fabricated by curing PDMS pre-polymer 

(Sylgard 184 Silicon elastomer, Dow Corning) and sealed with a slide glass using O2 plasma 

treatment for 45 sec (60 W, PDC-32G, Harrick Scientific). The main flow channel is 200 μm 

wide, 40 μm deep, and 2 cm long.  

PAH (poly(allylamine hydrochloride), Mw = 15,000) and PSS (poly(sodium 4-

styrenesulfonate), Mw = 70,000) used for two different aqueous polyelectrolyte (PE) streams, 

were purchased from Sigma Aldrich. All the polyelectrolyte aqueous solutions were used 

without pH adjustment as well as the addition of ionic salt in this study. FITC (fluorescein 

isothiocyanate)-labeled PAH (PAH-FITC) was synthesized by following the modified 

procedure from the previous work (46): 1 g of PAH was dissolved in 20 mL water with pH 

adjusted to 9. The solution was mixed with 150 mL of methanol and the solution temperature 

was maintained between 0 and 4 °C under vigorous stirring. 1 mL of concentrated FITC 

solution (41 mg in 1 mL DMF, which is 1/100 equivalent to the PAH repeat unit 

concentration) was prepared and added dropwise to the mixture. The mixture was shielded 

from sunlight by wrapping the flask with aluminum foil and allowed to react at 4 °C 

overnight. The labeled polymer (PAH-FITC) was then purified by repeated precipitation with 

DMF followed by dialysis until no fluorescence was detectable in the washing solution. The 

dialyzed polymer solution was freeze-dried. The yield of the labeling reaction or the labeling 

ratio was determined by UV-Vis. spectroscopy (Perkin Elmer Lamda 35). Absorption and 
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emission peaks of FITC-labeled PAH were almost the same as the peaks for a dilute FITC 

solution, implying that there is virtually negligible interactions among dyes attached along 

the PAH chain.  

We controlled the volumetric flow rate through each inlet channel using a syringe pump. PEs 

and oleic acid (Sigma Aldrich), used as a continuous phase in the present study, were pumped 

using 500 μL (1700 series, Needle type) and 2.5 mL (1000 series, Needle type) Hamilton 

Gastight syringes, respectively. The syringes were connected to the microfluidic channel with 

Tygon Teflon tubings (30 gauge). Syringe pumps from Harvard Apparatus (PHD 22/2000 

Infusion/withdraw pumps) were employed in the infusion mode to feed both aqueous 

solutions and oil continuous phase into the channel inlets. 

The viscosity of the carrying fluid (oleic acid) is 27.64 mPa s measured by a Strain 

Controlled Rheometer (ARES, TA instrument). Also, the interfacial tension between the 

aqueous dispersed phase and the continuous phase is 15.6 g s-2, as measured by a Surface 

Tensiomat 21 (Fisher Scientific). Based on these measured values, we calculated the flow rate 

of the continuous phase in the designated Ca region. Aqueous PE droplets generated from the 

inlet channels were observed at 8000 fps by a high-speed video camera (FASTCAM ultim 

512, Photron, Japan). 

Formation of Patterned Posts Using OptofluidicMaskless Lithography 

We used poly(ethylene glycol) diacrylate (PEG-DA, Sigma-Aldrich, Mn = 258) with 5 wt% 

of photoinitiator (2,2-dimethoxy-2-phenylacetophenone) to create patterned posts inside the 

microfluidic channel. Patterned posts, used as substrates for the LbL assembly with PE 

droplets, were formed by the crosslinking of PEG-DA with UV light based on the 

optofluidicmaskless lithography (44). An oligomeric solution containing PEG-DA and 
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photoinitiator was first injected into the microfluidic channel. The UV light pattern generated 

by optofluidicmaskless lithography system (OFML) was shined on the microfluidic channel 

filled with the oligomeric solution. The area in the oligomeric solution, under which UV light 

was illuminated, was polymerized within 0.4 ~ 0.5 sec. By controlling the shape and location 

of UV light pattern with the aid of PC Program control (Labview), we were able to prepare 

polymeric posts with two different shapes at desired positions in the microfluidic channel. 

The PEGDA posts of 100 μm in diameter were also accurately attached at the bottom of the 

channel such that the centerlines of droplets are well aligned with the centerline of the posts. 

Measurement of Fluorescence Intensity of LbL Multilayer Films Deposited on the Posts 

Fluorescent micrographs of the LbL films deposited on the posts were taken with an Olympus 

IX71 optical microscope with a wide-excitation green filter set (11007v2). The angle-

averaged fluorescence intensity as well as the surface intensity plots was obtained from these 

fluorescent microscopic images using an image analysis program (Image Pro). 
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1.3. Results and Discussion 

 

To demonstrate the continuous generation of alternating droplets, a cross-shaped microfluidic 

geometry with three inlets and one outlet was prepared, as shown in Figure 1(a). Two 

different polyelectrolytes (PEs), of which the chemical structures are shown in Figure 1(b), 

for the multilayer deposition are dissolved within alternating droplets through the two 

capillary inlets connected to the main channel. Two different PE droplets are then carried by a 

continuous carrier fluid (i.e., oleic acid in the present study) to allow those droplets to pass 

around the patterned micro-post(s). 

The patterned post, serving as a substrate for the PE deposition, is generated with a photo-

curable polymer, PEGDA (poly(ethylene glycol) diacrylate), in the microfluidic channel 

based on the optofluidicmaskless lithography (44). Isolated micro-posts of any size and shape 

can be generated by this patterning method and fixed to the bottom centerline for the precise 

contact with PE droplets. 

To monitor the multilayer deposition, we chose a layer-by-layer (LbL) multilayer assembly 

pair based on the Coulombic interaction between positively-charged PAH (poly(allylamine 

hydrochloride)) labeled with FITC (fluorescein isothiocyanate) and negatively-charged PSS 

(poly(sodium 4-styrenesulfonate)) (Figure 1(b)). The green fluorescence dye, FITC, has the 

absorption maximum at 494 nm and the emission maximum at 521 nm in aqueous solution. 

To realize the microfluidic LbL deposition, we mainly focused on two parameters to generate 

alternating dropletsand to control the droplet generation frequency: capillary number (Ca) 

and flow rate fraction (Rf). The capillary number, Ca, represents a measure of the viscous 

stress relative to the interfacial tension stress46, Ca = μU γ-1, where U (m s-1) is the flow 
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velocity, μ (kg m-1 s-1) is the dynamic viscosity, and γ (kg s-2) is the interfacial tension 

between the dispersed PE phase and the continuous oil phase. It has been reported that the 

capillary number (Ca) is the key parameter to control the size and generation frequency of 

alternating droplets. Since the droplet size is mainly controlled by the width at the pinch 

junction while Ca only slightly affects the size, a minor change in Ca would not significantly 

alter the droplet size in the present study. Several research groups have shown that the 

optimal Ca range for the successful alternating droplet generation, without neighboring 

droplets touching each other, lies in 0.001 < Ca < 0.15 (48-50). The lower limit of the Ca 

range (0.001 < Ca < 0.051) is particularly interesting in the present case for the droplet-based 

LbL deposition since the droplets generated in this regime are plugs, with the droplet 

diameter larger than the cross-sectional dimension of a mircofluidic channel, capable of full 

contacts with a patterned post. With the known viscosity for each phase (water droplet or oil 

phase) and the interfacial tension between the oil and PE phases, we were able to generate the 

plug-shaped droplets by simply controlling the flow rate of a continuous phase ranging from 

0.2 ~ 13.8 μL min-1. 

The flow rate fraction (Rf) is defined as the ratio between the flow rate (μL min-1) of PE 

droplets to the sum of flow rates (μL min-1) of both oil and PE phase. It has been 

demonstrated that Rf is the key parameter to control the spacing between droplets, alternating 

droplet ratio, and droplet size at a fixed Ca. For example, the spacing between droplets 

decreases and the droplet size increases with the increase in Rf (50-52). In addition, by 

varying the relative flow rate in the two different PE inlet channels, the mircofluidic device 

allows the generation of alternating droplets with different droplet ratio (48). The lower limit  
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Fig.1 (a) A schematic on the microfluidic device for the layer-by-layer (LbL) deposition on a 

pattered post coupled with optofluidicmaskless lithography; (b) polyelectrolytes used for the 

LbL droplet deposition in this study. 
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in Rf value (< 0.4) is particularly useful in the present case to secure enough spacing between 

droplets (48, 50-52). Since the positively- and negatively-charged PE droplets can easily 

aggregate together when those two droplets touch each other owing to the attractive 

electrostatic interaction. For this reason, we fixed the value of Rf at 0.2.With these 

experimental conditions worked out, we obtained fluorescence microscopic images in Figure 

2(a), showing alternating droplets at different time frames with two PE streams: a colorless 

PE droplet (PSS) and a green fluorescent PE droplet (FITC-PAH). In good agreement with 

the previous observations, a FITC-PAH droplet is growing at the double T-junction and 

finally pinched off at the corner easily (48-50). The changes in drop pair (PSS and FITC-PAH 

droplets) frequency (ωd in pairs per second (pps)) and contact time of a single droplet (in 

milliseconds (ms)) as a function of Ca are shown in Figure 2(b). We note that the droplet pair 

frequency increases from 5 to 102 pps while the contact time of a single droplet, estimated by 

the measured number of frames obtained from the droplet movement captured by a high 

speed camera, decreases from 55 to 2.5 ms with increasing Ca. We also note that the 

measured contact time of a single droplet passing the post is in good agreement with the 

simple estimation of the droplet contact time based on the volume of a single droplet at a 

given Ca number. It is important to note at this stage that one complete cycle for a bilayer 

deposition on a patterned post consists of four different steps: consecutive flows with a 

positively charged polyelectrolyte droplet (i.e., adsorption of positively charged PE on the 

patterned post), continuous medium (i.e., washing off physically adsorbed PE chains), a 

negatively charged polyelectrolyte droplet (i.e., adsorption of negatively charged PE), and 

continuous medium (i.e., washing off physically adsorbed PE chains). For the multilayer 

deposition, this complete cycle can be repeated as many as desirable. In order to confirm the  
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Fig.2 (a) A schematic illustration of the experimental setup for generating alternating droplets 

(upper) and the fluorescence microscopy images showing the formation of alternating 

droplets (lower); (b) the droplet pair generation frequency (ωd) and the contact time of a 

single droplet plotted against the capillary number (Ca). 
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effect of capillary number (Ca), we chose two different values of Ca: 0.007 and 0.022. Figure 

3(a) shows that the droplet pair frequency with Ca = 0.022 is found to be five times higher 

than the value with Ca = 0.007. We also notice that the droplet volume (~ 1 nL) generated 

with Ca = 0.022 is smaller than the droplet volume (~ 1.67 nL) createdwith Ca = 0.007 but 

with the droplet size still larger than the cross-sectional dimension of the fluidic channel, thus 

generating plug-shaped droplets. We also confirm that the droplets generated with both Ca 

values do not touch each other, staying as separate droplets during the movement in the 

microfluidic channel. 

In order to assess the Ca effect on the PE deposition on a patterned post, we obtained the 

angle-averaged fluorescence intensity as a function of droplet pair number for two different 

Ca values, as represented in Figure 3(b). The number of droplet pairs that collide on the 

patterned post for the LbL deposition is estimated by the multiplication of the droplet 

generation frequency with deposition time. Figure 3(b) shows the almost linear relationship 

between the fluorescence intensity, which is, in turn, related to the amount of FITC-PAH 

adsorbed onto the patterned post, and the droplet pair number in the range tested in the 

present study for two different Ca values. It is interesting to note that the adsorbed amount, as 

inferred from the fluorescence intensity, is much higher with a lower Ca value at a given 

droplet pair number. This is due to the fact that the average contact time of a droplet pair on 

the post for PE adsorption is much longer with smaller Ca value. As noted by Kim and 

coworkers, the LbL deposition at the bottom surface of a fluidic channel based on the laminar 

flow could safely neglect the possible desorption of PEs with typically large adsorption 

constants and thus the larger adsorbed amount of PEs with the current case of droplet-based 

LbL deposition could be achieved in comparison with the conventional LbL deposition 

methods. They also mentioned that the contact time, not the flow rate, actually affects the 
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bilayer thickness in the two regimes: equilibrium and nonequilibrium conditions, which are 

proven to be applicable in the current case of droplet-based LbL deposition.(35) In our 

present case, we could even extend the LbL adsorption analysis down to the millisecond 

contact time with nanoliter volume of PE droplets. To conform this, we varied the contact 

time per droplet pair by changing the value of Ca as shown in Figure 3(b). It is shown that the 

fluorescence intensity of PEs adsorbed with a lower Ca and, at the same time, longer contact 

time is higher than the intensity at a higher Ca with shorter contact time. Consequently, we 

obtained the fluorescence contour plot around a patterned post adsorbed with 60k droplet 

pairs for two different Ca values, shown in Figure 3(c). In addition, we note that when we 

have used 50 μL of PE solution in each PE phase, which translates into the fact that 30k 

droplets are allowed to deposit with Ca= 0.007 while 50k droplets are allowed to pass the 

post for adsorption with Ca = 0.022, we found that the fluorescence intensity of PEs adsorbed 

with both Ca values is about the same, implying that the flow rate itself does not affect the 

adsorbed amount of PEs even in the millisecond contact time. 

It is also worthwhile to note that the fluorescence data presented on the left side of a plot in 

Figure 3(b) is not easily experimentally accessible, implying that weak fluorescence intensity, 

just detectable from zero intensity, is obtained with mere 200 μL of dilute PE solutions (10 

mM) for 200 min of droplet impacts on the patterned post in the current microfluidic device. 

On the contrary, we found that the thickness of a PE film deposited with 60k droplets on the 

post was above 1 μm, as confirmed by both SEM and CLSM images (Fig. 4). The average 

estimate of bilayer thickness in the present case with the LbL deposition in a microfluidic 

channel is about 0.5 Å (1 μm / 60k droplets). We believe that such a low estimate of the  
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Fig.3 Monitoring of LbL film growth based on the increase in fluorescence intensity of (+)-

charged PAH tagged with FITC dye deposited on a patterned post: (a) optical microscopic 

images show the droplets, captured by a high-speed video camera, at two different Ca’s; (b) 

the angle-averaged fluorescence intensity plotted against the PE droplet pair  number at two 

different Ca’s; (c) plan-view fluorescence intensities (upper) and the surface plots of 

fluorescence intensity (lower) of 60k PE droplet pairs bumped on the post at two different 

Ca’s (flow passes from left to right). 
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Fig.4. (a) A SEM image showing a cylindrical post, detached from the microfluidic substrate, 

containing PEs deposited by the droplet LbL assembly; (b) the CLSM images, taken from the 

bottom to the top of a patterned post in 10 slices, of PEs deposited onto the cylindrical post 

for 200 min at Ca = 0.007. (θ indicates the angular position in the post where the SEM picture 

was taken). 

  



 

１６ 

 

bilayer thickness in the current case is mainly due to the incomplete coverage of PEs on an 

isolated object during such a short contact time (10 ~ 55 ms). From flow visualization 

experiments, a single droplet (of volume 1 ~ 1.67 nL) covers the whole isolated object but the 

PE adsorption is not enough during such a short contact time. 

This simple experiment leads us to the following four different perspectives in the present 

study: first, the bilayer film thicknesses achieved by spin-assisted LbL and dip-based LbL 

depositions with the same PE pair have been known to be around 24 and 4 Å, respectively, 

when the same molar concentrations of PEs were used.(3) Therefore, for the same process 

time, 200 min in the present case, both spin LbL, which usually takes ~ 3 min per bilayer 

deposition, and dip LbL, taking approximately 40 min per bilayer formation, yield much 

thinner bilayer thicknesses (i.e., ~ 160 nm and ~ 2 nm, respectively) in comparison with 

about 1 μm of film thickness achieved from the current droplet-based LbL deposition. 

Secondly, the amount of PE solutions consumed for the deposition of ~ 1 μm of PE film 

thickness was about 200 μL in the microfluidic device (i.e., 0.5 μL min-1 for 200 min with 

two kinds of PEs), which is much less than the volume required for the spin LbL (~ 1 

mL/bilayer required) and the dip LbL (~ 20 mL/bilayer required) to achieve the same PE film 

thickness on a substrate. Thirdly, the droplet-based LbL in a microfluidic device can serve as 

an important experimental tool to study the effect of adsorption kinetics on the LbL 

deposition. Finally, the droplet deformation dynamics occurring from the impact of a droplet 

on a patterned micro-post can be experimentally investigated in this microfluidic device, as 

demonstrated in Figure 5 & 6. 

Flow pattern around a patterned obstacle, in general, depends on the shape of the obstacle and 

overall flow conditions.(53) Particularly, the drop impact and spreading onto a curved 
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substrate are strongly influenced by the geometry of the obstacle whose radius of curvature is 

smaller than the PEs dissolved in droplets in our microfluidic device, we prepared two 

different patterned posts, as shown in Figure 5& 6. The conical post is slightly modified from 

the cylindrical post in the back region of a cylinder to make it more suitable for a streamlined 

flow. 

We experimentally observed the droplet flows around patterned posts after the impact on a 

cylindrical or a cone-shaped micro-post, captured by a high speed camera, with Ca = 0.007 in 

Figures 6(a) and 6(d), respectively. A PE droplet is initially divided into two equal parts due 

to the presence of a center-positioned post. It is also noted that the divided droplet portions 

are not merged together in the rear region of the post. In the case of the conical post, PE 

droplets almost entirely contact the whole post including the back region, unlike the droplet 

flow around a cylindrical post. Experimental results are presented in the form of the 

distribution of adsorbed PEs (i.e., fluorescence intensity from adsorbed FITC-PAH) around 

the post taken at different time frames after the impact of droplet on the post (Figures 6(c) 

and 6(f)).  

To justify the experimental measurements, we also present simulation results on the single 

phase flow near an obstacle (Fig. 5). Figures 6(b) and 6(e) show the streamlines and pressure 

contours near a cylinder and a conical obstacle, respectively. The pressure in the figure is 

normalized with μU/(0.5ω), where ω is the channel width. These simulation results would be 

able to help us understand the spatial variation of contact area of a droplet around a 

post,obtained from the experiment on the droplet flow around a patterned post. In other words, 

the PE droplets are carried by the continuous flow and the spatial variation of PEs adsorbed  
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Fig5. Simulation results on the droplet movement around a post at Ca = 0.05 with 

dimensionless droplet length (αd) = 1.3 (the dimensionless drop length (αd) is defined as the 

ratio between the lateral drop length to the channel width), the viscosity ratio between droplet 

and medium = 1/30, mesh size ( xmax / w) is 0.05: (a) cylindrical post; (b) conical post. 
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Fig.6 The comparison of experimental data (a, c, d, and f) with simulation results (b and e) 

for two different shapes of patterned posts: (a) ~ (c) for a cylindrical post and (d) ~ (f) for a 

conical post. For the experimental data, droplet motions, captured by a high speed camera, 

around each post are shown in (a) and (d), respectively; the plan-view fluorescence intensity 

as well as the surface intensity plot (image rotated at - 40o) is shown in (c) and (f)) at different 

deposition times (50, 100, 150 and 200 min). For the simulation results, streamlines and 

pressure distributions are shown in (b) and (e) for two different shapes of patterned posts (All 

the scale bars shown in the figures are 100 μm). 
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onto the post is assumed to arise from the contact of such PE droplets, which are, in turn, 

carried by the continuous phase. We note that the streamlines around the conical post, shown 

in Figure 6(e), are uniformly formed closer to the boundary of the post, particularly at the east 

pole.  

We also try to gain insight on the droplet flow dynamics by identifying the distribution of PEs, 

initially dissolved in droplets, adsorbed onto a patterned post. The angle-resolved 

fluorescence intensity from the adsorbed PE (FITC-PAH) increases with droplet deposition 

time or the number of droplet pairs impacting on the post. Note that these fluorescent 

microscope images shown in Figures 6(c) and 6(f) were obtained with keeping the contrast 

and brightness fixed. In the case of a cylindrical post, the fluorescence intensity of PEs 

adsorbed in the back region of the post is much lower than the intensity from the rest of the 

post during the entire deposition time (Figure 6(c)). However, in the case of a conical post, 

fluorescently labeled PEs are more or less uniformly adsorbed around the post including the 

back region (Figure 6(f)). Consequently, the experimental results on the variation of PEs 

adsorbed onto patterned posts reveal important relationship between the dynamics of droplets 

impacting on a post and the shape of the post. 

We have also investigated the effect of the spacing between neighboring posts on the 

deposition of PEs from droplets passing around the posts. To this end, we prepared 

microchannels containing two cylinder post (with a diameter of 100 μm) arrays with two 

different spacings between the two cylindrical posts. The two cylindrical posts are 200 and 

150 μm apart in the center-to-center distance oriented in the flow direction, as depicted in 

Figure 7. 

To verify the droplet flow around dual posts, we also conducted numerical simulations on the 
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Newtonian flow around dual posts showing the velocity field as well as the streamlines 

around the dual posts, shown in Figures 7(a) and 7(e) for two different spacings between the 

posts. The streamlines around the dual posts with a spacing of 200 μm are shown in Figure 

7(a), suggesting that an incoming droplet would be able to penetrate deep enough into the 

centerline between the two posts in the case of li ~ ω, where li is the distance between the 

centers of two posts and ω is the channel width. In contrast, the streamlines are not fully 

developed in the interval between the dual posts in the case of li = 0.75 ω with a spacing of 

150 μm between the two posts. In other words, the lowest velocity region, color-coded with 

blue in Figure 7(e), in the case of li = 0.75 ω, is much thicker in comparison with the velocity 

field derived from li ~ ω. 

In order to compare with the simulation results involving the flows around dual posts, we 

allowed PE droplets to pass around the dual posts as shown in figure 7(b), (f) and obtained 

fluorescent microscopy images on fluorescently labeled PE adsorbed onto both posts as 

shown in Figures 7(c) and 7(g). Based on these images, we analyzed the PE adsorption site 

on each post in the dual posts based on the angle-resolved intensity plot, shown in Figures 

7(d) and 7(h). These angle-resolved intensity plots show good qualitative agreement with the 

simulation data based on the streamlines and velocity field. In the case of li ~ ω (with a larger 

spacing between the two posts shown in Figures 7(c) and 7(d)), the angle-resolved intensity 

patterns for both posts are nearly identical to the intensity distribution on a single post. The 

fluorescence intensity of PEs adsorbed near the east pole of the post (corresponding to θ = 0) 

shows the lowest value. This implies that the spacing between the two posts, equivalent to the 

channel width, is sufficient enough to behave like the droplet flow around an isolated post. 

However, when the spacing between the two posts is close enough as shown in Figure 

7(g),the adsorption of PE in the head region of the second post (i.e., the west pole, θ = 180) is 
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hindered as well as the back regions of both posts. The distribution of PEs adsorbed onto both 

posts is also shown in the angle-resolved intensity plot shown in Figure 7(h), which is again 

in good agreement with the simulation results. We can thus conclude that the minimum 

spacing between the centers of two posts to realize the droplet-based LbL deposition of PEs 

on a single post would be equivalent to the channel width at low Ca in the current 

experimental condition. Since all the numerical simulations conducted in the present study 

were based on the dimensionless variables such as the post size (1/2; fixed) and the distance 

(li ~ either 1 or 0.75) between the two posts normalized by channel width (ω), the 

experimental results presented here would also be valid in other scaled dimension as far as 

the PE droplet shape remains as plugs, as mentioned earlier. 
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Fig.7 The comparison of simulation results (a and e) with experimental data (b, c, d, f, g, and 

h) for the LbL droplet deposition on two aligned cylindrical posts as a function of the 

distance (li) between the centers of the two posts: (a) ~ (d) for li = 1.0 ω and (e) ~ (h) for li = 

0.75 ω where ω is the channel width. The velocity field and streamlines around the dual 

aligned posts are shown in the simulation results (a and e). The angular fluorescence intensity 

plot (d and h) were obtained from the fluorescence images (c and g) of PEs deposited with 

20k droplet pairs passing around the dual posts (b and f: images captured with high speed 

camera) at Ca = 0.007. 
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1.4. Conclusion 

 

We demonstrated that polyelectrolyte (PE) multilayer thin films deposited on patterned posts 

flowing with numerous alternating PE ((+)- and (–)- charged) droplets can be achieved in 

short process time in a microfluidic channel with 3 inlets and 1 outlet. All the experimental 

parameters, such as Capillary number (Ca) and flow rate fraction (Rf), to realize the 

alternating PE droplets as well as to control the droplet frequency and the spacing between 

the two different PE droplets have been worked out. The flow of alternating PE droplets 

around patterned posts enabled the alternating adsorption of PEs, similar to the layer-by-layer 

(LbL) deposition in bulk solution. The droplet-based LbL deposition shows the almost linear 

relationship between the amount of FITC-PAH adsorbed on the patterned post and the droplet 

pair number, showing a trend similar to the bulk LbL deposition but with much higher 

efficiency. We also investigated the effect of post shape, showing that the conical post is 

better for the uniform PE deposition compared with the cylindrical post. When the PE droplet 

flow around dual posts was examined, the minimum spacing between the centers of two posts 

to realize the droplet-based LbL deposition of PEs on a single post would be equivalent to the 

channel width, which is in good agreement with the numerical simulations and can also be 

readily scaled to other dimensions. 

The droplet-based LbL deposition in a microfluidic channel could be extended to further 

applications. For example, the LbL deposition with alternating droplets on isolated objects, 

which could be patterned and locked is followed by the release and sorting of the PEG 

hydrogels with (functional) multilayers on the surface in the downstream of a microfluidic 

channel for additional applications. The lock-and-release of isolated patterned objects could 

be possible with the several methods suggested in the literature: one is the lock-release 
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lithography(54) and the other would be the lock-and-release with techniques such as optical 

tweezers or under magnetic field.(55)We believe that the recognition of isolated objects with 

different shape and charge would self-assemble into a supra structure for further applications. 
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CHAPTER II 

 

Janus-Type Multilayer Films with Block Copolymer Micelles 

in Microfluidic Reactors 

 

2.1. Introduction 

 

The applications of polymer-based drug delivery vehicles such as polymer particles, polymer-

based micelles, polymer-drug conjugates, polymer capsules, and polymersomes have been 

investigated due to their great potential for the encapsulation and target delivery of water-

insoluble biological materials (1-8). In recent years, Layer-by-Layer (LbL) assembly 

techniques have attracted considerable attention as accumulation methods for these drug 

delivery vehicles to satisfy requirements including compatibility with the targets, controlling 

the release profile of loaded materials, and increasing the loading amount of therapeutics (9-

12). LbL assembly methods are known as simple and robust processing techniques for the 

sequential buildup of many kinds of desired nanomaterials into multilayered thin films (13-

20). Since the introduction of dip-assisted diffusive adsorption of polyelectrolytes (PEs) by 

Decher in 1997 (21), alternative LbL deposition techniques have evolved deposition methods 

such as spin-assisted LbL deposition (22, 23), spray-based LbL deposition (24, 25), and 

microfluidic-based LbL deposition (26-28).  

Over the past few years, block copolymer micelles (BCMs) have been used as novel nano-

carriers for drug delivery systems. Their inner core region embedded with corona blocks can 

incorporate functional materials such as drugs, proteins, DNA, and personal care products 
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and the corona region can be modulated to exterior environments or stimuli (29, 30). 

Particularly, the corona region of BCMs can have a greater impact on their distribution in the 

body than the active material in the core (31, 32). In this respect, we can readily determine 

the distribution, targeting, and degradation of BCMs to address the requirements of practical 

drug carriers by controlling their surface properties.  

Therefore, BCMs as nanoscale delivery vehicles with a unique interior-exterior structure 

accumulated within the multilayered thin films can be highly advantageous (9, 10, 33-36). 

However, multilayer films deposited on three-dimensional substrates using conventional 

deposition methods involving time-consuming processes such as centrifugation as well as 

redispersion cannot be extended to further delivery systems since the stability of colloids is 

not guaranteed after more than 10 repeated depositions of PE as a result of the separation of 

colloids (37, 38). In addition, conventional LbL deposition is not feasible for the 

accumulation of costly and limited-quantity biological reagents because the required amount 

of reagents consumed in conventional methods such as spin LbL and dip LbL is more than 

tens of milliliter per bilayer.  

Therefore, in the present study, we demonstrate BCM/BCM multilayer thin films with a large 

number of bilayers by utilizing a nanoliter scale droplet-based deposition method in 

microfluidic channels. The BCM droplets alternately impact the patterned posts to induce the 

deposition of oppositely charged BCMs in a specific range of capillary numbers (Ca) of the 

continuous phase, resulting in BCM multilayer films with thicknesses of hundreds of 

nanometers requiring a small amount of BCM solution in a short process time. To date, the 

ability to deposit a large amount of BCMs onto colloidal substrates without a multi-step 

process involving steps such as centrifugation and redispersion by sonication has not been 
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possible.  

Additionally, microfluidic channels including BCM-deposited posts can be utilized as an 

investigation tool for the in situ visualization of release behavior and optimization of shear-

induced release conditions.  

In conventional batch release systems, since materials released from substrates cannot be 

continuously removed, the total concentration in the closed system should be increased. 

Moreover, the release mechanism of the conventional system is only dependent on the 

diffusion of the medium being released into the multilayered films. Therefore, it is difficult to 

mimic the dynamic, three-dimensional microenvironment which is found in vivo. 

Conventional methods using a batch release system have been carried out which do not 

reflect in vivo dynamic conditions such as the shear stress caused by flowing blood. Both the 

three-dimensional environment and dynamic mechanical changes with realistic physiological 

setups are very important factors for the functioning of BCMs in drug release applications. As 

a result, it is beneficial to design microfluidic devices in a laboratory setup to allow 

researchers to consider these factors and control the relevant parameters.  

In the present study, we first suggest a laminar flow system where it is possible to degrade the 

multilayer film deposited on microposts by providing a continuous and pristine release fluid. 

This approach offers great possibilities to closely mimic the physiological shear conditions in 

a fluidic setup for the systematic study of vascular cell biology in laboratories (body-on-a-

chip system) (39-41). This microfluidic technology also permits precise control of the 

continuous degradation behavior of BCM multilayer films as functions of the exposure time 

and flow rate, leading to more comprehensive insight into drug delivery in vascular science. 

In addition, the volumetric ratio between two different releasing solvents in a microfluidic 
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channel can determine the contact areas of the BCM film to each releasing solvent, allowing 

their Janus degradation with a precise spatial resolution. Therefore, we can describe and 

observe a dual release system in a single channel, simultaneously investigating two different 

release kinetics and mechanisms induced by various external stimuli such as pH and shear, 

which are not accessible utilizing earlier experimental techniques. 
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2.2. Experimental Section  

 

Fabrication of a cross-shaped microfluidic channel including a patterned post and 

preparation of the block copolymer micelles (BCMs) 

 

The microfluidic channel used for the present study was fabricated using the standard soft 

lithography method (47, 48). The microfluidic channels were fabricated by curing 

polydimethylsiloxane (PDMS) pre-polymer (Sylgard 184 Silicon elastomer, Dow Corning) 

and sealed with a slide glass using O2 plasma treatment for 45 s (60 W, PDC-32G, Harrick 

Scientific). The main flow channel is 200 μm wide, 40 μm deep, and 2 cm long.  

A micropost was formed by an optofluidicmaskless lithography system with poly(ethylene 

glycol) diacrylate (Sigma-Aldrich, Mn = 258), as we previously reported (26). 

PS-b-P4VP (polystyrene-block-poly(4-vinylpyridine), Mw(PS) = 17,000, Mw(P4VP) = 

49,000, PDI = 1.15) and PS-b-PAA (polystyrene-block-poly(acrylic acid), Mw(PS) = 16,000, 

Mw(PAA) = 4,000, PDI = 1.15) used for two different aqueous BCM streams were purchased 

from Polymer Source. The fluorescent dyes, Nile red (λex = 550 nm, λem = 610 nm ) (10), 

pyrene (λex = 340 nm, λem = 396 nm) (10), and fluorescein isothiocyanate (FITC) (λex = 

495 nm, λem = 521 nm) (26), were purchased from Sigma Aldrich and used for verification 

of the deposition and release of the BCMs.  

For the preparation of protonated PS-b-P4VP micelles incorporating fluorescent dyes in 

water, 25 mg of PS-b-P4VP block copolymer and fluorescent dyes were first dissolved in 2 

mL of N,N-dimethylformamide (DMF). Then, the mixture of the polymer, dye, and DMF 

was added into 25 mL of water (pH 3.0), gently stirred using a syringe pump (infusion speed 

of 5 μL/min, Picoplus, Harvard Apparatus), resulting in spherical micelles composed of a 
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hydrophobic PS core and a protonated P4VP corona shell. Similarly, PS-b-PAA block 

copolymer (25 mg) and fluorescent dye in 2 mL DMF were dissolved in 25 mL of water at a 

pH of 9.0 for the preparation of anionic PS-b-PAA BCMs integrating dyes. These charged 

BCMs were then purified by dialysis until no fluorescence was detectable in the buffer 

solution. The hydrodynamic radius of the spherical BCMs was observed by an 

Electrophoretic Laser Scattering Spectrophotometer (ELS-8000, OTSUKA ELECTRONICS) 

and the spherical morphology of the BCMs was observed by a field-emission scanning 

electron microscope (FE-SEM, JEOL 7401F).  

 

Microfluidic manipulations for the generation of alternating BCM droplets and 

introduction of release solvents 

 

We controlled the volumetric flow rate through each inlet channel using a syringe pump. The 

BCMs and oleic acid (Sigma Aldrich) used as a continuous phase in the present study were 

pumped using 500 mL (1700 series, needle type) and 2.5 mL (1000 series, needle type) 

Hamilton Gastight syringes, respectively. The syringes were connected to the microfluidic 

channel with Tygon Teflon tubing (30 gauge). Syringe pumps from Harvard Apparatus (PHD 

22/2000 Infusion/withdraw pumps and Picoplus) were employed in the infusion mode to 

introduce both aqueous solutions and an oil continuous phase into the channel inlets. 

Distilled water (pH 9.0) used as a release solvent in the present study was pumped using 500 

mL (1700 series, Needle type) Hamilton Gastight syringes. 

Aqueous BCM droplets generated from the inlet channels were observed at 8,000 fps by a 

high-speed video camera (FASTCAM ultim 512, Photron, Japan). 
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Measurement of the fluorescence intensity of LbL multilayer films formed on the posts 

 

The fluorescent micrographs of the LbL films deposited on the posts were taken using an 

Olympus IX71 optical microscope with wide-excitation green (11007v2), red (11007v0), and 

blue (11007v1) filter sets. The surface intensity plots were obtained from these fluorescent 

microscopic images using an image analysis program (Image Pro).  
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2.3. Results and Discussion 

 

Oppositely charged BCMs were prepared by using block copolymers with the chemical 

structures shown in Figure 1A and 1D. The polystyrene (PS) segment can be the core block 

while poly(acrylic acid) (PAA) and poly(4-vinylpyridine) (P4VP) segments can be the corona 

block when these block copolymers are dissolved in good solvents only for corona blocks. As 

we previously demonstrated (35), the degree of ionization (DOI) of PAA and P4VP segments 

can be easily tuned by adjusting the pH of the aqueous solution (35, 37). That is, a specific 

pH range of 3.0 < pH < 5.5 can allow the two different coronas, PAA and P4VP, to be 

oppositely charged and to be assembled into multilayer films with PS-b-PAA and PS-b-P4VP 

micelles. In the case of a solution pH > 5.5, PAA segments can be fully charged. However, 

the DOI of the P4VP segments can be negligible. Based on this previous result, when the pH 

of the aqueous solution is adjusted to 9.0, multilayer films including PS-b-PAA and PS-b-

P4VP micelles can be destructed. 

The spherical morphologies of the BCMs used in the present study are shown in Figure 1D 

and 1E and the average hydrodynamic diameters of the PS-b-P4VP BCMs dissolved in an 

aqueous solution at a pH of 3 and PS-b-PAA BCMs dissolved in an aqueous solution at a pH 

of 6 are about 70 and 25 nm, respectively, as shown in Figure 1C and 1F.  

Based on this concept, we performed multilayer deposition using alternating droplets with a 

charged BCM pair, PS-b-PAA (pH 6) and PS-b-P4VP (pH 4), onto a patterned post fixed in a 

cross-shaped microfluidic channel (Figure 2A). We also evaluated the continuous 

degradation of BCM multilayer films deposited onto the post modulated by the pH and shear 

stress of the release solvents (Figure 2B). 
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Figure 1. BCMs used for the LbL deposition and release in this study: (A-C) for PS-b-P4VP 

and (D-F) for PS-b-PAA. The chemical structures are shown in (A) and (D): field emission 

scanning electron microscopy (FE-SEM) images of BCMs in aqueous solution (1 mg / mL) 

@ pH 4 and pH 6 are shown in (B) and (E) (All scale bars shown the figures are 100 μm): 

hydrodynamic diameter distributions of BCMs measured by a electrophoretic laser scattering 

spectrophotometer (ELS) are shown in (C) and (F). 
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Figure 2. A schematic on the microfluidic device for LbL deposition (A) and for Janus 

degradation (B) of BCM multilayer films onto a patterned post 
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We utilized experimental flow conditions for alternating adsorption based on a previous study 

where the optimal range of the capillary number (Ca) of the continuous phase for successful 

alternating droplet generation (44) lies in the range of 0.001 < Ca < 0.051 since the droplets 

generated in this regime form plugs, with a droplet diameter larger than the cross-sectional 

dimension of a microfluidic channel, capable of full contact with a patterned post. In the 

present study, Ca was fixed at 0.007 in all droplet-based LbL deposition experiments. The 

flow rate fraction (Rf) of the dispersed phase over the continuous phase was also fixed at the 

minimum value of 0.2, implying a maximum distance between neighboring droplets since the 

positively- and negatively-charged BCM droplets can easily aggregate together due to their 

attractive electrostatic interaction (45). 

 The patterned post, serving as a substrate for the BCM deposition, was generated using a 

photo-curable polymer, PEGDA (poly(ethylene glycol) diacrylate), in the microfluidic 

channel based on optofluidic maskless lithography46 where arbitrary shapes and sizes of 

microposts can be generated using this patterning method. 

In Figure 3A, the BCM droplet flows around the patterned posts after the impact on a cone-

shaped micro-post captured by a high speed camera are shown. In the case of this conical 

post, BCM droplets almost entirely contact the whole post including the back region. Based 

on the dynamics of droplets impacting a patterned post, we prepared PS-b-PAA BCMs 

incorporating FITC and PS-b-P4VP BCMs incorporating pyrene dyes to observe the 

distribution of adsorbed BCMs on a post. As shown in Figure 3B, the fluorescently labeled 

BCMs are uniformly adsorbed around the post including the back region. That is, two 

different fluorescent images emitted from the BCM multilayer films onto a single post were 

taken using filter sets for green or blue emission. In addition, the thickness of the BCM  
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Figure 3. (A) BCM droplet motions, captured by a high speed camera, around a patterned 

post; (B) plan-view fluorescent images taken with filter sets only for green or blue emission 

and their surface intensity plot of BCMs deposited onto a single patterned post using a pair of 

PS-b-P4VP micelles incorporating Pyrene dyes and PS-b-PAA micelles incorporating FITC 

dyes; (C) top-view (left) and tilted (right) FE-SEM images of BCM multilayer films as 

depicted in figure 3(B). 
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multilayer films depicted in Figure 3B is approximately 300-400 nm, as shown in the top-

view FE-SEM image in Figure 3C. We also observed nanometer scale lumpy topology of the 

BCMs in the tilted FE-SEM images. That is, for the same process time, 150 min in this case, 

conventional dip LbL, which usually takes approximately 40 min per bilayer formation, 

yielded a much lower thickness (~4 bilayers with a thickness of ~20 nm (35)) in comparison 

to the film thickness of about 300 nm achieved in the current droplet-based LbL deposition 

method. In addition, the amount of BCM solution consumed for the deposition of a ~300 nm 

thick BCM film was about 150 μL in the microfluidic device (i.e., 0.5 μL min-1 for 150 min 

with two kinds of BCMs), which is much less than the volume required for the dip LbL (~20 

mL/bilayer required) to achieve the same BCM film thickness on a substrate. 

In order to confirm the effect of the solution pH as well as shear rate on the degradation of 

BCM films deposited onto the post, we converted the experimental system from two-phase 

flow (droplet system) to one-phase flow (laminar flow system). 

As observed by Lvov et al. (47), the laminar flow system was utilized for the formation of 

anisotropic micropatterns using electrostatic interactions between PE streams and spherical 

substrates. In one inlet channel, a PE solution was introduced, while the other inlet channels 

were filled with distilled water to realize selective deposition of PE molecules on half of the 

spherical microparticles fixed in the center of the microreactor channel. However, in these 

deposition systems driven by electrostatic interactions, although PE molecules are 

continuously provided, the adsorbed amount of PEs is limited until reversal of the surface 

charge, unless other PE streams with opposite charges are introduced.  

In the present study, we first suggest a laminar flow system in which it is possible to degrade 

the multilayer film deposited on microposts by providing a continuous and pristine release 
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fluid. To precisely demonstrate the effect of solution pH on the destruction of the BCM 

multilayer films, two different streams were simultaneously introduced: a basic aqueous 

solution (pH 9), which allows combining the effects of adjusting the solution pH as well as 

shear rate, in addition to oleic acid modulated by only the shear rate. Moreover, the 

volumetric ratio between the two streams can control the spatial contact area with the 

micropost resulting in varying degradation regions of the BCM multilayer films. In the 

present experiment, the volumetric ratio of the aqueous solution was fixed at 0.3. Based on 

this condition, we experimentally investigated the in situ degradation behavior of the BCM 

films deposited on a single post as a function of the contact time with release solvents, as 

inferred from the decreasing fluorescent intensity of the dyes incorporated into the BCMs.  

As shown in Figure 4A, the BCM multilayer films deposited onto a cylindrical post were 

assembled using oppositely charged PS-b-P4VP BCMs incorporating Nile red dyes and PS-b-

PAA BCMs under the same experimental conditions as those in Figure 3. To compare the 

effect on the degradation of the red fluorescent BCM multilayer films, two different flows, a 

basic aqueous solution and oleic acid, were introduced in this channel, as shown in Figure 4B. 

The red fluorescent intensity of the area of the BCM multilayer films touched with the basic 

aqueous solvent was gradually decreased as the reaction time increased and the intensity of 

the area was finally negligible after 160 min. However, the fluorescent intensity of the area of 

the BCMs touched with the oleic acid medium was slightly decreased (Figure 4C-4F)). That 

is, multilayer films tightened with electrostatic attractions could be fully destructed by 

elimination of the attractive interaction during a similar modulation time as that employed for 

the multilayer deposition.  

  



 

４５ 

 

 

 

Figure 4. (A) A fluorescent image and (B) optical image of BCMs deposited using a pair of 

PS-b-P4VP micelles incorporating Nile red dyes and PS-b-PAA micelles for 150 min (capital 

A and capital B indicate basic aqueous solution and oleic acid, respectively); (C-F) 

fluorescent images taken at different release time (75, 120, 130, 160 min). (All scale bars 

shown in the figures are 100 μm.) 
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We also investigated the Janus destruction of BCM multilayer films deposited onto dual posts. 

In our previous works26, 48, the minimum distance between the centers of two posts to 

induce the droplet-based LbL deposition of linear polyelectrolytes on a single post was 

experimentally and numerically confirmed to be equivalent to the channel width (200 μm) in 

the same experimental environment employed currently. This suggests that an incoming fluid 

would be able to penetrate deep enough into the centerline between the two posts over the 

200 μm center-to-center distance.  

Based on the previous studies, we prepared two cylindrical posts with a center-to-center 

distance of 500 μm oriented in the flow direction, as depicted in Figure 5. We allowed 

droplets with oppositely charged PS-b-P4VP BCMs incorporating Nile red dyes and PS-b-

PAA BCMs to pass around the dual posts and obtained fluorescent microscopy images of the 

red fluorescent-probed BCMs adsorbed onto both posts, as shown in Figure 5A. The 

degradation of the BCMs deposited onto the two posts was also observed as functions of the 

contact times with basic aqueous solvents (pH 9) and oleic acid, as shown in Figure 5B and C, 

respectively, where the trends are similar to those of the single post system shown in Figure 4. 

The red fluorescent intensity of the area of the BCM multilayer films contacting the basic 

aqueous solvent gradually decreased as the reaction time increased, where the intensity of the 

area was finally negligible after 160 min. However, the fluorescent intensity of the area of the 

BCMs contacting oleic acid was slightly decreased. That is, the minimum distance between 

two neighboring posts for the Janus BCM multilayer films decorated onto microposts is the 

same as the minimum distance for the droplet-based LbL deposition since the distance for 

those laminar flows is sufficient to behave like the droplet flow around an isolated post. 
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Figure 5. (A) A fluorescent image and optical image of BCMs deposited onto dual posts 

using a pair of PS-b-P4VP micelles incorporating Nile red dyes and PS-b-PAA micelles for 

150 min (capital A and B indicate basic aqueous solution and oleic acid, respectively); (B, C) 

fluorescent images taken at different release time (60, 160 min) (All scale bars shown in the 

figures are 100 μm.). 
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It is interesting to note that all of the fluorescent microscopic images shown in Figure 4 and 5 

were obtained while the contrast and brightness were fixed, respectively. This implies that the 

deposition as well as destruction of the BCM multilayer films were attained in a single 

microfluidic channel at the identical modulation time (150 min) and flow rate (2 μL/min) 

because the driving forces for both deposition and degradation, the electrostatic interactions 

and shear rate, were identical. Therefore, from the perspective of adsorption kinetics, the 

microfluidic technique introduced here can provide a tool to study the two driving forces of 

shear rate and electrostatic interaction at the same time, which is a not possible using earlier 

experimental technique.  
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2.4. Conclusion 

 

A simple cross-shaped microfluidic channel was employed for the preparation of alternating 

aqueous droplets containing oppositely charged block copolymer micelles (BCMs). The 

BCM droplets alternately impacted the patterned posts to induce the deposition of the 

oppositely charged BCMs (a pair of PS-b-PAA BCMs @ pH 6 and PS-b-P4VP BCMs @ pH 

4) in a specific range of the capillary number (Ca) of the continuous phase, resulting in BCM 

multilayer films with thicknesses of hundreds of nanometers with a small amount of BCM 

solutions in a short process time. In addition, the cross-shaped microfluidic channels with 

BCMs deposited onto posts was utilized for the visualization of selective and continuous 

destruction of BCM multilayer films using two different laminar streams, basic distilled 

water as a release solvent (pH 9) and oleic acid as a non-reactive medium, since the degree of 

ionization of P4VP segments is negligible above a pH of 5.5. That is, BCM multilayer films 

deposited for 150 min with a thickness of 300 nm were selectively removed from the posts, 

being contacted with the aqueous release solvent with a pH of 9, until an exposure time of 

160 min, which is similar to the deposition time. However, the decrease of the fluorescent 

intensity on the BCM films contacting the stream of the non-reactive medium, to induce 

destruction only by the shear rate, was negligible after an exposure time of 160 min. 

Therefore, in the present work, we demonstrated both the deposition as well as destruction of 

BCM multilayer films in a single microfludic channel by identical driving forces, 

electrostatic interaction and shear rate, at an identical modulation time and flow rate. 
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CHAPTER III 

 

Inter-Corona Complexation Induced by Subsequent Mixing of  

Oppositely Charged Block Copolymer Micelles 

 

3.1. Introduction to Polyelectrolyte Complexes 

 

In general, mixing solutions of a polyanion and a polycation leads to spontaneous aggregation 

with the release of the counterions, polyelectrolyte complexes (PECs) (1-23). In the early 

1930’s, Bungenberg de Jong et al found that mixing aqueous solutions of oppositely charged natural 

polyelectrolytes (e.g. gelatin and gum arabic), under certain conditions, a phase separation and 

formation of liquid coacervates took place (3,4). 

One of soft colloids, block copolymer micelle (BCM) has been intensively studied because 

polymeric micelle composition and shape can be simply designed through monomer selection, 

chain architecture design, and variation of solution conditions (e.g., solvent mixtures, pH 

manipulation, salt concentration and temperature) (24-30).  

From now on, many researchers have reported about polyelectrolyte (PE) complexes using 

poly(acrylic acid) (PAA) and poly(4-vinyl pyridine) (P4VP) as a model system since they can 

be interacted with hydrogen bonding or electrostatic interaction in solution. As Eisenberg and 

coworkers reported, mixture of PS-b-PAA and PS-b-P4VP block copolymers can be self-

assembled into various morphologies in aqueous media by varying block length ratios 

between PAA and P4VP or solution condition such as initial pH. However, it is difficult to 

demonstrate PAA and P4VP complexation in a whole range of pH using this conventional 
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experimental protocol since they can be oppositely charged in specific pH region resulting in 

aggregation or precipitation.  

Therefore, we suggest subsequent mixing of BCMs to be interacted between oppositely 

charged coronas as a new assembling pathway. This mixing protocol can provide both of the 

corona-corona complexation and the interfacial rearrangement. Those complex morphologies 

of polymeric nanoparticles assembled in the present system can be obtained from their 

structural flexibility which would not be accessible in earlier experimental conditions using 

hard spheres. 
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3.2. Experimental Section 

 

Preparation of individual BCMs 

 

PS-b-P4VP (polystyrene-block-poly(4-vinylpyridine), Mw(PS) = 57,500, Mw(P4VP) = 

18,500, PDI = 1.15) and PS-b-PAA (polystyrene-block-poly(acrylic acid), Mw(PS) = 15,000, 

Mw(PAA) = 4,300, PDI = 1.15) were purchased from Polymer Source. For the preparation of 

protonated PS-b-P4VP micelles incorporating fluorescent dyes in water, 25 mg of PS-b-P4VP 

block copolymer and fluorescent dyes were first dissolved in 2 mL of N,N-

dimethylformamide (DMF). Then, the mixture of the polymer, dye, and DMF was added into 

25 mL of water (pH 3.0), gently stirred using a syringe pump (infusion speed of 5 μL/min, 

Picoplus, Harvard Apparatus), resulting in spherical micelles composed of a hydrophobic PS 

core and a protonated P4VP corona shell. Similarly, PS-b-PAA block copolymer (25 mg) and 

fluorescent dye in 2 mL DMF were dissolved in 25 mL of water at a pH of 9.0 for the 

preparation of anionic PS-b-PAA BCMs. These charged BCMs were then purified by dialysis 

until no fluorescence was detectable in the buffer solution. The hydrodynamic radius of the 

spherical BCMs was observed by an Electrophoretic Laser Scattering Spectrophotometer 

(ELS-8000, OTSUKA ELECTRONICS) and the spherical morphology of the BCMs was 

observed by a field-emission scanning electron microscope (FE-SEM, JEOL 7401F).  

 

Subsequent mixing of BCMs 

 

The ratio of PAA from PS-b-PAA to P4VP from PS-b-P4VP blocks was fixed as 1:1. The 

total polymer concentration was fixed to 1 %.   
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3.3. Results and Discussion 

 

Materials used in the present study are PS-b-P4VP BCMs as cationic nanoparticles (NPs) and 

PS-b-PAA BCMs, carboxylated polystyrene particles (PS-COOH), carboxylated quantum 

dots (QD-COOH), and PAA homopolymers as anionic NPs as shown in Table 1. 

 

Effect of solution pH 

In previous study of our group (31-33), PS-b-PAA and PS-b-P4VP BCMs was first 

introduced as nanometer scale carriers for functional multilayer films. The charge densities of 

the corona blocks (either PAA or P4VP blocks) dispersed in water were quite sensitive to 

solution pH. In general, the morphology of BCMs can be determined by intra-molecular 

repulsion within a micelle (34, 35). Therefore, morphology of BCM complexes induced by 

combination of those PAA or P4VP coronas can be also varied by solution pH. 

To determine the effective pH range for the inter-corona combination of PAA and P4VP 

dissolved together in aqueous media, we studied interaction forces between two coronas 

using Fourier Transfer Infrared Spectroscopy (FT-IR) as shown in Fig. 1(a) (36). It shows that 

dominant binding mechanism between PAA and P4VP is electrostatic interaction (1640 ~ 

1650, 1500 cm-1) as well as hydrogen bonding force (1400 ~ 1450) at pH 4 (37, 38). When 

the solution pH decreases up to 1.0, uncharged carboxylic acid (-COOH) absorption band at 

about 1700 cm-1 appears. In addition, charged carboxylic acid (-COO-) absorption band seen 

at solution pH 14.0 has much higher peak intensity than that of peak seen at 1640 cm-1. 

Although mixing ratio of repeat units of two homopolymers is identical, degree of actual  
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Table 1.Materials used in the present study. The compositions of blocks are indicated by x-b-y, 

where x is the number of styrene units and y is the number of 4-vinylprydine or acrylic acid 

units in the chain. The hydrodynamic diameter of these nanoparticles (NPs) was measured by 

a electrophoretic laser scattering spectrophotometer (ELS). 
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complexation can be controlled by solution pH. That is, when the two blocks, P4VP and 

PAA,are stoichiometrically mixed in an aqueous solution, one of those blocks can be 

preferentially ionized, PAA at pH 14, P4VP at pH 1. However, they can be entirely interacted 

each other at pH 4.  

Each of PS144-PAA60 BCMs and PS552-P4VP176 BCMs morphologies were spherical as shown 

in Fig. 1(b). Their complex Morphology mixed at pH 4 was shown in Fig. 1(c)-(e) as a 

function of stirring time. When they are mixed together for 12 hrs, they formed bigger 

spherical BCMs and hexagonal rod-like BCMs. The diameter as well as length of the rod was 

getting bigger and they are formed hexagonal prism-like structures of hundreds of nanometer 

scale.  

To understand this complexation, morphologies of individual BCMs at various solution pH 

were needed to be examined. In a pH region of 3.5 < pH < 5.0, PS552-b-P4VP176 and PS144-b-

PAA60 block copolymers were self-assembled into spherical BCMs with hydrodynamic 

diameters of about 75 nm and 25 nm, respectively. However, in the higher pH region (5.5 < 

pH < 9), PS552-b-P4VP176 block copolymers were transformed into large compound micelles 

(LCMs) with hydrodynamic diameters over 300 nm. In general, the ionization of P4VP 

blocks is negligible at pH > 5.5 so that solubility in water sharply decreased. The PS144-b-

PAA60 BCMs were remained their morphology and their size is slightly enlarged due to 

repulsion among their fully charged coronas. In a same manner, in a lower pH region (pH < 

2.0), the PS144-b-PAA60 was formed to LCMs with hydrodynamic diameter of 200 nm due to 

corona’s ionization decrease and PS552-b-P4VP176 BCMs is a little enlarged due to repulsion 

among their fully charged P4VP segments.  
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Fig. 1 (a) Investigation of interaction between PAA and P4VP homopolymers at various 

solution pH by Fourier Transfer Infrared Spectroscopy (FT-IR); (b) Each PS-b-PAA & PS-b-

P4VP BCMs were observed by a field-emission scanning electron microscope (FE-SEM) 

images in prior to mixing together; (c)-(e) FE-SEM images of BCM complexes as a function 

of stirring time, 12 hrs, 2 days, and 5 days. 
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Fig. 2 Morphology of BCM complexes by varying solution pH 
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Based on the FT-IR result and morphology of individual BCMs, complex morphology of PS-

b-P4VP BCMs and PS-b-PAA BCMs was investigated using FE-SEM at various solution pH 

as represented in Fig. 2. The complex morphology of the BCMs in a range of 3.5 < pH < 5.0 

was observed to hexagonal prism-like structures. When the solution pH increases to 6.5, these 

two BCMs are self-assembled into hierarchical bumpy spheres induced by mere mixing of 

small PS-b-PAA BCMs and PS-b-P4VP LCMs. In addition, those morphologies are 

reversibly obtained by switching solution pH from 3.0 to 6.5 or vice versa. That is, if corona-

corona interaction is relatively strong within effective pH region, combination of oppositely 

charged BCMs provides inter-corona complexation as well as rearrangement of interfacial 

curvature resulting in hexagonal prism structures. However, if corona-corona interaction is 

relatively weak within effective pH region, only inter-corona complexation occurs. 

When the solution pH increases over the effective pH range or decreases below the 

effectivepH range, surface charge of BCM complexes was measured to fully negative or 

positive value unlike neutral surface at the effective pH region. That is, when the solution pH 

is changed beyond the effective solution pH region for BCM & BCM complexation, one of 

the two coronas is preferentially segregated into coronas. 

Combination effect of Mw ratio & DMF content  

In general, name of crew-cut suggests that length of the corona-forming block is very short 

compared to that of the core-forming block (39, 40). In order to reconfirm the pH-tunable 

morphologies of the crew-cut BCM complexes, we prepared PS230-b-P4VP18 / PS144-b-PAA60 

BCMs. As shown in Fig. 3 (b), the crew-cut BCM complex morphology was not hexagonal 

crystals but hierarchical bumpy spheres even though the pH of the aqueous solvent lies in  
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Fig. 3. Morphology of complexes with crew-cut or hairy PS-b-P4VP BCMs: (a) each 

morphologies of crew-cut PS-b-P4VP and PS-b-PAA BCMs; (b) & (c) complexes with crew-

cut PS-b-P4VP BCMs dissolved in solvent mixture involving various DMF content, 0 % and 

1 %; (d) ) complexes with hairy PS-b-P4VP BCMs dissolved in solvent mixture involving 

DMF content, 0 %; (e) phase diagram of BCM complex morphology as a function of PS 

fraction and DMF content. 
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proper pH region (3.5 < pH < 5.0). These bumpy structures were induced by mere adsorption 

of small PS-b-PAA BCMs onto the surface of PS-b-P4VP LCMs with their original 

morphology remaining. That is, inter-corona complexation does not allow hexagonal prism 

structures without rearrangement of strongly aggregated core blocks. However, crew-cut 

BCM complexation in higher DMF content (1.0 % < DMF < 20 %) induces inter-corona 

combination resulting in hexagonal prism structures (fig. 3 (c)) because higher DMF ratio can 

lead to increase in solubility of all block segments.  

In a same manner, name of hairy suggest that length of the core-forming block is very short 

compared to that of the corona-forming block (39, 40). To confirm the complex morphology 

including hairy micelles, PS230-b-P4VP542 / PS144-b-PAA60 BCMs were prepared. As shown 

in Fig. 3 (d), the hairy BCM complex morphology was not hexagonal crystals but disk-like 

structures even though the pH of the aqueous solvent lies in proper pH region (3.5 < pH < 

5.0). In addition, those complexes were changed their morphologies to massive aggregates in 

solution with higher DMF content.  

To summarize this complexation behavior, BCM complexes are induced by combination 

effect of polystyrene DP (degree of polymerization) ratio and DMF content. (Fig. 3(e)) That 

is, there are two steps for hexagonal complexation: The first step is neutralization of P4VP 

coronas with PAA coronas. This step can be varied by solution pH and mixing ratio of P4VP 

and PAA units. The next step is secondary aggregation of the neutralized BCMs into rod-like 

structures. Content of co-solvent can be important to induce the interfacial rearrangement.  

To justify the effect of micelle structures, crew-cur or hairy, various fraction of PS segments 

(fPS, 0.2 ~ 0.95) were scanned. The fraction value of PS segments is approaching to 0.9, the  
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Fig. 4. FE-SEM & TEM images of BCM complexes in an early state (a)-(c) and possible 

mechanism of formation of hexagonal prism-like structures (d). 
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micelle structures can be named to crew-cut and the fraction of PS is approaching to 0.2, the 

micelle structures can be named to hairy. As shown in Fig. 3, the hexagonal prism structure 

can be obtained in the case of fPS > 0.6 and at a specific DMF content. In addition, the DMF 

content to be needed to form the hexagonal prism structures is getting higher when the fPS is 

approaching to 0.9. 

Based on those results, we can suggest the mechanism for morphological transition from 

spherical BCMs to hexagonal prism-like structures. As shown in Fig 4, early state of BCM 

complexes can indicate assembly pathways. The spherical complexes with neutralized 

coronas (Fig. 4(a)) can be easily aggregated into rod-like structures with flatten interfaces 

between core and coronas (Fig. 4(b)). Those rod-like structures can be self-assembled into 

hexagonal prism structures (Fig. 4(c)) by long-range interactions between P4VP and PAA 

coronas. 

Pochan&Wooley Group has used polystyrene-block-poly(acrylic acid) (PS-b-PAA) and 

divalent organic counter ions including long hydrophobic parts to drive the organization of 

the block copolymers into disk-like structures. In those complexes, repulsion between 

charged inter-coronas is screened by counter ions and the hydrophobic parts of diamine can 

be penetrated into PS core region. That is, interfacial curvature between core (PS) and corona 

(PAA) of the complexes was getting lower by reducing the inter-corona repulsion resulting in 

disk-like micelles with flatten interfaces between core and coronas (41).  

Complexation of various counter ions (PAA homopolymers, QDs-COOH, PS Latexes-

COOH) 

To reconfirm this mechanism, various NPs was prepared PAA28, QD-COOH (7 nm), and PS- 
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Fig. 5 (a)-(d) Complexes of PS552-b-P4VP162 BCMswith various anionic NPs such as PS144-b-

PAA60, PS-COOH, QD-COOH, and PAA28 
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COOH (20 nm) as a counter part of PS552-b-P4VP162 BCMs. As shown in Fig. 5, all 

morphologies of the BCM complexes are not spherical but hexagonal prism-like structures @ 

pH 4. 
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3.4. Conclusion 

 

The morphology of charged BCM complexes, consisting of polystyrene-block-poly(acrylic 

acid) (PS-b-PAA) and polystyrene-block-poly(4-vinyl pyridine) (PS-b-P4VP) micelles, was 

controlled by pH of aqueous solvent as well as solvent quality. To determine the effective pH 

range for the inter-corona combination of PAA and P4VP blocks in aqueous media, we 

studied the dissociation behavior of both coronas using Fourier Transform Infrared 

Spectroscopy. Lower pH region (3.6 < pH < 5.0) in aqueous medium offers stronger 

interactions between oppositely charged corona blocks, resulting in polymeric hexagonal 

prism complexes. In the higher pH region (5.5 < pH < 6.5), they first self-assembled into 

hierarchical bumpy spheres induced by the simple adsorption of small PS-b-PAA BCMs on 

the surfaces of PS-b-P4VP large compound micelles since the degree of ionization of P4VP 

blocks is relatively low. However, the crew-cut BCM complex morphology with high 

aggregation number does not allow the hexagonal prism structure to be formed without 

rearranging strongly aggregated core blocks. We note that the crew-cut BCM complexation 

in higher DMF content of a mixed solvent (1 % < DMF < 20 % in water) induces inter-

corona association leading to the hexagonal prism structure due to the decrease in selectivity 

of water for PS blocks. 
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CHAPTER IV 

 

Hierarchical Self-Assembly of Diblock Copolymer Blends  

with pH-Sensitive Coronas 

 

4.1. Introduction 

 

Block copolymers, which consist of chemically distinct polymer blocks, exhibit a variety of 

self-assembled ordered nano-phases such as spheres, cylinders, and lamellae depending on 

their compositions, volume fractions, and molecular weights (1). These block copolymer self-

assemblies have great potential as templates for fabricating functional devices with 

nanoscopic periodicities (2). In particular, recent studies have demonstrated that block 

copolymers confined in two- and three-dimensional geometries self-assemble into ordered 

phase-separated domains that are observed in the bulk or anomalous microscopic phases such 

as helices and tori with improved directional order (3–14), which is based on pioneering 

works on block copolymer self-assembly in one-dimensional confined geometries (15–19). 

These previous studies have focused mainly on the commensurability between the 

characteristic length of the confining geometry and the block copolymer domain spacing. 

However, because methods for modifying the surfaces of such confining geometries have not 

been well-developed, many studies have not considered wall effects (20–22). This is 

especially true of confining geometries with a mobile interfacial boundary, in which the 

dynamics of the interface may affect the shape of the confining geometry as well as the 

internal phase morphology. Yang and coworkers explored the interface-driven morphological 
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evolution of a symmetric diblock copolymer of polystyrene-block-polybutadiene (PS-b-PB) 

confined in oil-in-water emulsion droplets. To control the surface preferences of the 

constituent PS and PB blocks at the emulsion interface, a mixture of two designed 

amphiphilic diblock copolymers, polystyrene-block-poly(ethylene oxide) (PS-b-PEO) and 

polybutadiene-block-poly(ethylene oxide) (PB-b-PEO), was used as a surfactant.  

Here, we demonstrated a block copolymer mixture prepared by blending PS-b-PAA and PS-

b-P4VP block copolymers at specific pH ranges without surfactant in a single phase system. 

Eisenberg and coworkers studied about pH-triggered inversion of vesicles from PAA-b-PS-b-

P4VP and they confirmed the solution pH for preferential segregation into corona because of 

their relatively strong intra-corona repulsion: PAA at pH 14 and P4VP at pH 1, respectively. 

To extend this feature for further complexation of PS-b-PAA and PS-b-P4VP block 

copolymers, we suggest morphological phase separation of multi-components at extremely 

basic or acidic pH conditions.  

In generally, morphological phase separation of block copolymers can be determined by 

volume fraction of each block segments, and the volume fraction can be varied by polymer 

solubility (mixing ratio of good and selective solvents), molecular weight ratios, and content 

of additives (e.g., homopolymers or counter ions). (Fig. 1) However, when two different 

block copolymer are mixed together, the morphology of the mixture has to be relatively 

compared their chemical properties. 

In addition, the complexes with deformable internal morphologies were solidified by 

evaporating the solvent, yielding blend particles of PS-b-PAA and PS-b-P4VP with unique 

external shapes and internal morphologies. These colloidal particles with nanoscopic internal 

structures are potentially applicable to various particle-based technologies such as photonic 
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band gap materials (23,24), conductive particles for anisotropic conductive films based on 

block copolymer/metal nanoparticle composites (25,26), porous particles (27), optical 

actuation in microfluidic chips (28), optochemical sensing devices (29), and catalytic 

supports (22,30). 
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Fig 1.General parameters for self-assembly of block copolymer micelles 
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4.2. Experimental Section 

 

A mixture of PS-b-PAA/PS-b-P4VP was dissolved in DMF (polymer weight: 0.49/0.81%, 

w/w; molar ratio: 2/3). The pH value was adjusted to 3 (or 9) using HCl (NaOH) to protonate 

the vinyl pyridine units (to deprotonate PAA) in order to avoid formation of complexes 

between PAA and P4VP. To induce micellization, water was added at a rate of 0.1% per 

minute to the solution until a water content of 25 %, 75 %, 99 % was reached. As controls, 

the micellization of PS-b-PAA and PS-b-P4VP was also preformed under the same 

conditions and following the same procedure.  

Transmission electron microscopy was performed on a JEOL microscope with a CCD camera 

operating at an acceleration voltage of 80 kV. Copper TEM grids were precoated with a thin 

film of Formvar and then coated with carbon. A drop of solution containing 0.05 wt% of 

polymer was deposited on the resulting grids. Samples were dried in air overnight. 
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4.3. Results and Discussion 

 

To determine the effective pH range for the inter-corona combination of PAA and P4VP 

dissolved together in aqueous media, we studied interaction forces between two coronas 

using Fourier Transfer Infrared Spectroscopy (FT-IR) as shown in Fig. 1(a) (13). It shows that 

dominant binding mechanism between PAA and P4VP is electrostatic interaction (1640 ~ 

1650, 1500 cm-1) as well as hydrogen bonding force (1400 ~ 1450) at pH 4 (14, 15). When 

the solution pH decreases up to 1.0, uncharged carboxylic acid (-COOH) absorption band at 

about 1700 cm-1 appears. In addition, charged carboxylic acid (-COO-) absorption band seen 

at solution pH 14.0 has much higher peak intensity than that of peak seen at 1640 cm-1. 

Although mixing ratio of repeat units of two homopolymers is identical, degree of actual 

complexation can be controlled by solution pH. That is, when the two blocks, P4VP and PAA, 

In the present study, there are two compositional parameters: solution pH to control the 

surface preference and DMF content to control the particle size. When we control the 

solution pH over 9, PAA segments can be segregated into coronas of the complexes and 

P4VP is not soluble in a range of pH > 5. Therefore, PS-b-P4VP block copolymers can be 

localized by PS-b-PAA block copolymers. As shown in Fig 2, the surface properties of the 

polymer particles are negative at solution pH 9. However, the complex size is not uniform by 

varying DMF content. In addition, even if the size of polymer particles dissolved in water 99 % 

and 25% is similar, the internal structure is not same. The P4VP morphology inside polymer 

particle dissolved in water of 99 % was spherical. However, that in water of 25 % is similar 

as cylindrical structures. When content of DMF is getting larger, the complex size is also 
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getting larger and the P4VP structures inside the particle were self-assembled into hexagonal 

packed cylinder structures, similar as that in bulk.  

In addition, when the molecular weight of PS-b-P4VP blocks is changed for the formation of 

spherical structures in bulk, the complexes hierarchically self-assembled with spherical 

internal structures as shown in Fig. 3. In a same manner, the P4VP morphology inside 

polymer particle dissolved in water of 99 % was also spherical. That is, the morphology of 

block copolymer blends can be self-assembled into spherical structures in water-dominant 

environments, which is independent on molecular weights. However, the polymer particle 

can be aggregated into bulk morphologies in DMF-dominant environments, which is strongly 

dependent on molecular weights of PS-b-P4VP. 

To reconfirm the pH-dependent segregation, the block copolymer blend is prepared at pH 3 

as shown in Fig. 4. Although the Mw of block copolymers are varied, the morphology of 

polymer blend particles was observed only vesicles.  That is, the morphology of block 

copolymer blends can be dependent on solution pH since PAA segments are also soluble 

under pH 4 unlike P4VP segments. Therefore, the size of the complexes is uniform even if 

the DMF content increases. In addition, inter-corona repulsion among P4VP segments would 

be very large as a result of the complex morphology of vesicles.   
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Fig. 2 Complex morphologies of PS-b-P4VP and PS-b-PAA blends prepared at pH 9 in a 

mixture of DMF and water 
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Fig. 3 Complex morphologies of PS-b-P4VP and PS-b-PAA blends prepared at pH 9 in a 

mixture of DMF and water 
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Fig. 4 Complex morphologies of PS-b-P4VP and PS-b-PAA blends prepared at pH 3 in a 

mixture of DMF and water 
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4.4. Conclusion 

 

In the present study, there are two compositional parameters: solution pH to control the 

surface preference and DMF content to control the particle size. When we control the 

solution pH over 9, PAA segments can be segregated into coronas of the complexes and 

P4VP is not soluble in a range of pH > 5. Therefore, PS-b-P4VP block copolymers can be 

localized by PS-b-PAA block copolymers. The surface properties of the polymer particles are 

negative at solution pH 9. However, the complex size is not uniform by varying DMF content. 

In addition, even if the size of polymer particles dissolved in water 99 % and 25% is similar, 

the internal structure is not same. The P4VP morphology inside polymer particle dissolved in 

water of 99 % was spherical. However, that in water of 25 % is similar as cylindrical 

structures. When content of DMF is getting larger, the complex size is also getting larger and 

the P4VP structures inside the particle were self-assembled into hexagonal packed cylinder 

structures, similar as that in bulk.  

In addition, when the molecular weight of PS-b-P4VP blocks is changed for the formation of 

spherical structures in bulk, the complexes hierarchically self-assembled with spherical 

internal structures. In a same manner, the P4VP morphology inside polymer particle 

dissolved in water of 99 % was also spherical. That is, the morphology of block copolymer 

blends can be self-assembled into spherical structures in water-dominant environments, 

which is independent on molecular weights. However, the polymer particle can be aggregated 

into bulk morphologies in DMF-dominant environments, which is strongly dependent on 

molecular weights of PS-b-P4VP. 
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국문초록 

본 연구에서는 고분자 전해질을 이용하여 구현할 수 있는 대표적인 두 시스템인, 

고분자 복합체 (polyelectrolyte complex)와 고분자 다층박막(polyelectrolyte 

multilayer thin film)에 대하여 다루었다. 고분자 복합체는 반대의 전하를 갖는 

두 고분자 전해질을 수용액 상에서 자유롭게 반응시켜 구현할 수 있고, 이러한 

고분자 복합체 시스템 중에서 특히, 두 고분자 전해질을 순차적으로 기판 위에 

정렬시켜 박막의 형태로 구현한 것을 고분자 다층박막이라고 할 수 있는데, 본 

연구에서는 아래의 네 가지 부분으로 나누어 정리하였다. 

첫째, 다층박막을 구현하는 기존의 방법과는 다른, 미세유체소자를 이용한 창의적

인 방법을 제안하였다. 즉, 반대의 전하를 갖는 두 고분자 전해질 용액을 액적

(alternating droplets)의 형태로 만들어 교대로 발생시킴으로써, 다층박막을 쌓

고자 하는 기판인 마이크로 입자와 충돌시켜 다층박막을 구현할 수 있었다. 기존

의 방법으로는 마이크로 입자 위에 쌓을 수 있는 두께에 한계가 있었고, (< 10 

bilayers) 사용되는 시약의 양이나 박막을 구현하는데 필요한 시간의 제약이 있

었던 것이 사실이었다. 즉, 본 연구는 훨씬 적은 양의 시약으로 빠른 시간 내에 

쉽게, 기존의 방법으로는 할 수 없었던 마이크로 단위의 두꺼운 다층박막을 마이

크로 입자 위에 구현해 낼 수 있었다. 

둘째, 앞서 제시한 미세유체소자를 이용하여 쌓은 다층박막을 층류(laminar flow)

를 이용하여 선택적으로 해리시켜 야누스(janus) 모양의 다층박막을 구현하는 연

구를 수행하였다. 다층박막 간에 존재하는 결합을 분해시킬 수 있는 용매를 미세

유체 소자 내의 층류의 형태로 다층박막과 접촉시킴으로써 지속적인 해리반응을 
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유도하여, 기존의 방법으로는 구현할 수 없는 독창적인 방법을 구현하였고, 이를 

통해 야누스 모양의 다층박막을 제안할 수 있었다. 이러한 연구는 우리 몸의 모

세혈관의 환경을 모사할 수 있는데, 즉, 전단응력이 존재하고 마이크로 크기의 너

비를 갖는 실험 환경을 제시함으로써, 본 연구는 생체 내의 실험을 구현할 수 있

는 모델 시스템으로써 제안할 수 있다. 

셋째, 반대의 전하를 갖는 두 블록공중합체 미셀(block copolymer micelle)을 

이용하여 수용액상에서 코로나 간의 정전기적 상호작용을 이용하여 미셀 복합체

를 구현하는 연구를 제안하였다. 이러한 블록공중합체 미셀은 코로나를 구성하는 

고분자 간의 반발력이 감소되면 미셀 구조가 쉽게 변화된다고 알려져 있다. 따라

서 본 연구에서는 용액의 pH에 따라 이온화도가 쉽게 조절되는 고분자를 코로나

로 사용하여 실험을 진행하였다. 즉, 반대의 전하를 갖는 코로나 간의 복합체를 

유도하여 구형의 미셀 코로나를 중성화시킴으로써, 미셀 자체의 구조의 변화를 

유도하여 기존에 보고된 바 없는 복합체 구조를 구현하였다. 또한 코로나 간의 

반발력은 용액의 pH에 따라 조절하여 고분자 미셀 복합체의 구조를 미세하게 변

화시킬 수 있었다. 

넷째, 용액의 pH에 따라 경쟁적으로 이온화되려는 경향성을 갖는 두 고분자를 

각 블록의 코로나로 지정하여 계층적인 구조를 갖는 미셀 복합체를 구현하였다. 

즉, 두 고분자가 함께 녹아있는 경우, 특정 pH에서 두 고분자 중 하나가 우선적

으로 코로나가 되려는 경향성이 있어, 이러한 특성을 바탕으로 복합체에서의 각 

블록의 위치를 pH에 의해서 쉽게 조절할 수 있었다. 또한 코어부분에 위치한 블

록공중합체의 경우에는 용매의 조건에 따라 벌크에서와 같이 분자량 비율에 따른 

미세 상분리 구조를 유도할 수 있었다.  
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즉, 미세유체소자를 이용하여 다층박막을 구현할 수 있는 방법을 제안하였고, 구

조가 쉽게 변할 수 있는 블록공중합체 미셀의 표면특성을 조절함으로써 독특한 

미셀 복합체 구조를 제안할 수 있었다. 이처럼 본 연구는 누구도 진행한 바 없는 

창의적인 연구로서, 전 세계의 관련 연구와 비교했을 때 그 차별성과 독창성이 

인정된다. 

주요어: 다층박막, 복합체, 고분자전해질, 블록공중합체 미셀, 정전기적 인력 
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