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Abstract 28 

 The conventional bulk mixing method to prepare amorphous drug-polysaccharide nanoparticle complex (or 29 

drug nanoplex in short) has a major drawback in the lack of size control for the nanoplex produced, hence limiting 30 

its potential applications as a supersaturating drug delivery system for bioavailability enhancement of poorly soluble 31 

drugs. For this reason, we developed a continuous millifluidic synthesis platform of the drug nanoplex exhibiting 32 

high size tunability using curcumin (CUR) and chitosan (CHI) as the models for drug and polysaccharides, 33 

respectively. The nanoplex size tunability was achieved by controlling the residence time of the CUR and CHI 34 

solutions in the millifluidic reactor, where their slow diffusive mixing at the liquid-liquid interface resulted in a 35 

well-regulated nanoplex growth as a function of the residence time. The effects of the preparation pH, molecular 36 

weight of CHI, millifluidic tube diameter, and flowrate on the nanoplex size tunability were investigated from which 37 

the optimal preparation condition was determined. At the optimal condition, the CUR nanoplex was roughly ≈115 38 

nm in size with zeta potential of ≈15 mV and ≈72% (w/w) CUR payload. The millifluidic synthesis also maintained 39 

the high CUR utilization rate (≈80%) exhibited by the bulk mixing method. Most importantly, the ability to produce 40 

significantly smaller nanoplex (six-fold smaller) via millifluidics led to the generation of higher (≈8.5× of CUR 41 

saturation solubility) and prolonged (≈8 h) supersaturation level. These results bode well for the bioavailability 42 

enhancement potential of the drug nanoplex.  43 
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List of abbreviations 50 

AA   acetic acid 51 

AUC   area under the curve 52 

CFD   computational fluid dynamics 53 

CHI   chitosan 54 

CUR   curcumin 55 

FESEM  field emission scanning electron microscope 56 

FTIR  Fourier transform infrared spectroscopy 57 

HMW  high molecular weight 58 

HPLC  high performance liquid chromatography 59 

HPMC  hydroxypropylmethylcellulose 60 

ID   internal diameter 61 

LMW  low molecular weight 62 

MMW   medium molecular weight 63 

OD   outer diameter 64 

PBS   phosphate buffered saline 65 

PCS   photon correlation spectroscopy 66 

PDI   polydispersity index 67 

 68 

Nomenclatures 69 

CSupersat  supersaturated concentration (mg/mL)  70 

CSat   saturation solubility (mg/mL) 71 

d   inner diameter of the millifluidic tube (mm) 72 

D   molecular diffusion coefficient (cm
2
/s) 73 

F   flow rate (mL/min) 74 

h   mixing length scale in the radial direction (mm) 75 

L   axial distance from the Y-junction (cm) 76 

RCHI/CUR  charge ratio of CHI to CUR 77 



Re   Reynolds number 78 

tMix   diffusive mixing time for diffusing half of the tube diameter (s) 79 

tRes   residence time (s) 80 

μ   dynamic viscosity (cp) 81 

ν           kinematic viscosity (cm
2
/s) 82 

U   fluid velocity (cm/s)  83 



1. Introduction 84 

Nanoscale amorphous drugs have been demonstrated in several studies to be a superior supersaturating drug 85 

delivery system for poorly soluble drugs, in comparison to the conventional approach of microscale amorphous solid 86 

dispersions [1-4]. Their superior supersaturation generation is attributed to the faster dissolution rate afforded by the 87 

nanoscale that shortened the time window for solution-mediated crystallization of the remaining solid phase by 88 

Ostwald ripening [5]. Amorphous drug-polysaccharide nanoparticle complex (or drug nanoplex in short) represents 89 

a new class of nanoscale amorphous drugs that possess a number of attractive characteristics, i.e. (a) high drug 90 

payload [6, 7], (b) simple yet highly efficient preparation [8], and (c) prolonged supersaturation generation and 91 

better amorphous state stability compared to the conventional formulation of nanoscale amorphous drugs [9].  92 

The drug nanoplex is formed by electrostatically driven self-assembly complexation between the drug and 93 

oppositely charged polysaccharides, where their strong attractive interactions prevent the drug molecules from 94 

assembling themselves into ordered crystalline structures upon precipitation of the complex, resulting in the 95 

formation of an amorphous state [9]. Thus far, the amorphous drug-polysaccharide nanoplex has been prepared in a 96 

batch process in which the drug solution is added in bulk to the polysaccharide solution at room temperature under 97 

constant stirring. While the bulk mixing method is simple, control over the resultant nanoplex size is lacking. 98 

Varying the batch mixing time was found to be ineffective due to the rapid nature of the nanoplex formation [8]. 99 

Furthermore, varying the key variables in drug-polysaccharide complexation (i.e. pH and charge ratio of 100 

polysaccharide to drug) was found not to have statistically significant influence on the nanoplex size [6, 7].  101 

Not unlike any other particulate drug products, the size of the drug nanoplex can have significant influences not 102 

only its physicochemical characteristics (e.g. dissolution rate, colloidal stability), but also on the subsequent process 103 

of preparing its solid dosage forms (e.g. drying, granulation). Therefore, the ability to control the nanoplex size is 104 

crucial at its stage of development. In this regard, a continuous microfluidic platform has been found effective in 105 

producing highly monodisperse nanoparticles with a tunable size for a wide range of materials. The size 106 

monodispersity is resulted from the homogeneous reaction environment created by the rapid mixing in the 107 

microchannel [10-12]. For nanoparticle formation by electrostatically driven complexation with polysaccharides, a 108 

precise control of the nanoparticle size has been successfully demonstrated in microfluidics by means of controlling 109 

the residence time of the fluids undergoing complexation [13, 14].  110 



A millifluidic synthesis platform has recently emerged as an alternative to microfluidics for production of 111 

nanoparticles, particularly for inorganic nanoparticles (e.g. gold, silver, copper) [15-17]. This was attributed to (1) 112 

the less susceptibility of millifluidics to fouling as a result of its larger channel dimension, (2) its cost effectiveness 113 

attributed to the ease of fabrication and simple operation, and (3) its higher throughput that makes nanoparticle 114 

production in the manufacturing scale closer to realization [17]. Importantly, the millifluidic platform exhibits these 115 

attractive features while also possesses the ability of microfluidics to produce nanoparticles having precisely tunable 116 

sizes [15-17]. Recently, the application of millifluidics in the production of organic nanoparticles (i.e. cellulase) has 117 

been demonstrated [18] denoting the increased interests in the millifluidic synthesis platform beyond production of 118 

inorganic metal nanoparticles.  119 

Herein we demonstrated the application of millifluidics in the synthesis of amorphous drug nanoplex with 120 

tunable size using curcumin as the model drug. Curcumin (CUR) is a natural polyphenolic compound isolated from 121 

turmeric well known for its wide-ranging therapeutic activities [19]. Oral bioavailability of CUR, however, is poor 122 

due to its rapid metabolism and low aqueous solubility [20]. Previously, we synthesized CUR nanoplex as a new 123 

bioavailability enhancement strategy of CUR by means of complexation with chitosan (CHI) using the bulk mixing 124 

method [6]. The sizes of the CUR nanoplex prepared at different pH and charge ratios of CHI to CUR (twelve runs 125 

in total) were fairly constant at around 250-300 nm denoting the lack of tunable size in the bulk mixing method [6].  126 

The objective of the present work was to investigate the feasibility of employing a simple millifluidic reactor to 127 

produce CUR nanoplex with a tunable size by means of residence time variations. The residence time was varied by 128 

collecting the nanoplex at different axial distance from the inlet, hence essentially varying the reactor length. The 129 

present work also examined the impacts of the preparation pH, CHI’s molecular weight, tube diameter, and flowrate 130 

on the tunability of the nanoplex size by the residence time variations. The CUR nanoplex prepared at the optimal 131 

condition was characterized and compared with the nanoplex prepared by the bulk mixing method in terms of their 132 

physical characteristics (i.e. size, polydispersity index, zeta potential, payload, supersaturation generation, and 133 

amorphous state) and preparation efficiency (i.e. CUR utilization rate, overall yield).  134 

2. Materials and Methods 135 

2.1. Materials 136 



Materials for millifluidics setup: High-density polyethylene Y-junction connector (orifice ID 0.794 mm) and 137 

Tygon
®
 microbore tubing of two different sizes, i.e. ID 0.762 mm (OD 2.286 mm) and 1.588 mm (OD 3.175 mm) 138 

were purchased from Cole-Parmer (USA). Materials for nanoplex preparation: CUR (98%) was purchased from 139 

Alfa Aesar (Singapore) and CHI of three different molecular weights (MW), i.e. low (LMW, μ = 20-300 cp), 140 

medium (MMW, 200-800 cp), and high (HMW, 800-2000 cp), with 75-85% deacetylation were purchased from 141 

Sigma-Aldrich (Singapore). Ethanol (absolute) and phosphate buffered saline (PBS, pH 7.4) were purchased from 142 

Merck Millipore (Singapore) and 1
st
 Base (Singapore), respectively. Potassium hydroxide (KOH), glacial acetic acid 143 

(AA), and hydroxypropyl methylcellulose (HPMC) were purchased from Sigma-Aldrich (Singapore). 144 

2.2. Methods 145 

2.2.1.  Millifluidic preparation of CUR nanoplex 146 

The schematic of the millifluidic synthesis platform consisting of two syringe pumps and horizontal milliscale 147 

tubes as the reactor (i.e. ID 0.762 or 1.588 mm) was shown in Fig. 1. Y-junction connector was used to promote the 148 

mixing between the CUR and CHI solutions required for the nanoplex formation. As illustrated in Fig. S1 of the 149 

Supplementary Materials, slight bends downstream of the Y-junction were present aimed at promoting further 150 

mixing between the two solutions. The CUR nanoplex was prepared at a constant charge ratio of CHI to CUR 151 

(RCHI/CUR = 0.8), which was determined to be optimal in our earlier work [6]. This RCHI/CUR value translated to CUR 152 

and CHI concentrations of 5 and 6 mg/mL, respectively. 153 

Briefly, aqueous solution of anionic CUR in 0.1 M KOH (pH 13) and aqueous solution of cationic CHI in AA 154 

were injected by the syringe pumps (Legato 200, KD Scientific, USA) at equal flow rates (i.e. 0.10, 0.25, 0.50, and 155 

0.75 mL/min) to the Y-junction. Their electrostatic interactions led to the formation of soluble CUR-CHI complex 156 

that subsequently formed clusters owed to the adsorption of more ions onto the growing CUR-CHI complex. 157 

Afterwards, the clusters precipitated to form the CUR nanoplex upon reaching a critical mass (Fig. 1). The CUR 158 

nanoplex suspension produced was collected in a microcentrifuge tube and centrifuged for 25 min at 14,000×g, 159 

followed by its washing and redispersion in deionized water for characterizations. The CUR nanoplex was collected 160 

from three stages (i.e. Stages 1, 2, and 3) to study the effect of residence time (tRes) on its size (Fig. 1).  161 

In this regard, Stage 2 was defined as the axial distance from the Y-junction at which particulate products 162 

began to be visible to the naked eyes suggesting significant nanoplex formation had taken place, where the visible 163 



products were likely in the form of agglomerates of the nanoplex. Stage 3 was a distance downstream of Stage 2 at 164 

which diffusive mixing of the CUR and CHI solutions across the width of the millifluidic tube was visually 165 

observed to have taken place. The advanced mixing at Stage 3, which was also marked by an increased presence of 166 

visible products in the tube, was reflected by the gradual color change of the CUR solution from dark red in 0.1 M 167 

KOH (alkaline pH) near the Y-junction to yellow as it slowly mixed with the CHI solution in AA (acidic pH). Stage 168 

1 was defined as a distance upstream of Stage 2 at which the gradual color change of the CUR solution had begun, 169 

but particulate products were not yet visible.  170 

The exact axial distances of Stages 1, 2, and 3 varied depending on the pH, flowrate, tube diameter, and CHI’s 171 

MW used, hence so did tRes. Sample calculations of tRes at the different stage were provided in the Supplementary 172 

Materials. In addition, Computational Fluid Dynamics (CFD) simulation using COMSOL Multiphysics
®
 version 5.0 173 

software was carried out to help in understanding the effects of different millifluidic operating conditions on the 174 

diffusive mixing of the CUR and CHI solutions inside the millifluidic channel, which in turn affected the resultant 175 

nanoplex size. For the bulk mixing method used as the control experiment, the details were presented in our earlier 176 

work [6], hence they were not repeated here for brevity.  177 

2.2.2.  Physical characterizations of CUR nanoplex  178 

The size, polydispersity index (PDI), and zeta potential of the CUR nanoplex were determined by photon 179 

correlation spectroscopy (PCS) using Brookhaven 90 Plus Nanoparticle Size Analyzer (Brookhaven Instruments 180 

Corporation, USA). The size of the CUR nanoplex prepared at the optimal millifluidic condition was verified by 181 

image analysis of its Field Emission Scanning Electron Microscope (FESEM) image (JSM-6700F, JEOL, USA) 182 

using ImageJ software (NIH, USA) with minimum particle counts of 200. Freeze-dried nanoplex powders sputter 183 

coated with platinum were used for the FESEM.  184 

The CUR payload, which was defined as the amount of CUR present per unit mass of the nanoplex, was 185 

determined by dissolving a known mass of freeze-dried nanoplex powders in 80% (v/v) aqueous ethanol solution 186 

after which the amount of CUR was quantified by UV-Vis spectrophotometer (UV Mini 1240, Shimadzu, Japan) at 187 

absorbance wavelength of 423 nm. The reported size, PDI, zeta potential, and CUR payload were based on a 188 

minimum of three replicates.  189 



The presence of CUR in the nanoplex prepared by millifluidics was verified by Fourier Transform Infrared 190 

Spectroscopy (FTIR) (Spectrum One, Perkin–Elmer, USA) performed between 450 and 4000 cm
-1

 at 1 cm
-1

 spectral 191 

resolution. The FTIR was also performed for the native CUR, native CHI, and CUR nanoplex prepared by the bulk 192 

mixing method. The amorphous state of the CUR nanoplex prepared by millifluidics was examined by Powder X-193 

ray Diffraction (PXRD) analysis between 10° and 70° (2θ) with a step size of 0.02°/s using D8 Advance X-ray 194 

Diffractometer (Bruker, Germany). The PXRD analysis was also performed for the native CUR and CUR nanoplex 195 

prepared by the bulk mixing method.  196 

2.2.3.  Preparation efficiency  197 

The efficiencies of the nanoplex preparation by millifluidics and the bulk mixing method were characterized in 198 

triplicates by the CUR utilization rate and the overall yield defined in Eq. 1 and 2, respectively. For the CUR 199 

utilization rate, the mass of CUR that formed the nanoplex was determined from the difference between the initial 200 

mass of CUR added and the mass of CUR recovered in the supernatant after centrifugation of the nanoplex 201 

suspension. The amount of CUR in the supernatant was quantified by UV-Vis spectroscopy at 423 nm after 100× 202 

dilution in 80% (v/v) aqueous ethanol solution. For the overall yield, the mass of CUR nanoplex produced was 203 

determined by 24-h freeze drying of the CUR nanoplex suspension after washing.  204 

CUR utilization rate (%) =
Mass of CUR that formed nanoplex

Initial mass of CUR added
× 100         (1) 205 

Overall yield (%) =  
Mass of CUR nanoplex produced

Initial mass of CUR and CHI added
× 100          (2) 206 

2.2.4.  Supersaturation generation 207 

The supersaturation generations of the CUR nanoplex prepared by millifluidics and the bulk mixing method 208 

were characterized in triplicates by adding excess nanoplex at 15× of CUR’s saturation solubility (CSat = 4.15 209 

μg/mL) to 8.5 mL PBS in a shaking incubator maintained at 37°C. At specific time points over an 8-h period, 400 210 

µL aliquot was withdrawn and syringe filtered (0.2-μm pores). The filtered aliquot was immediately diluted five 211 

times with fresh PBS to prevent CUR precipitation from the supersaturated solution. Subsequently, the amount of 212 

CUR in the aliquot was determined by High Performance Liquid Chromatography (HPLC) (Agilent 1100, Agilent 213 

Technologies, USA) at detection wavelength of 423 nm using ZORBAX Eclipse Plus C18 column (250 x 4.6 mm, 5 214 

µm particle size). Aqueous ethanol solution 80% (v/v) was used as the mobile phase at 1.0 mL/min, resulting in 215 



CUR retention time of 2.5 min. The supersaturation generation was characterized with or without the presence of a 216 

crystallization inhibitor (i.e. hydroxypropylmethylcellulose, HPMC at 2 mg/mL) in the dissolution medium.  217 

3. Results and discussion 218 

3.1. Mixing of CUR and CHI solutions in the millifluidic reactor 219 

For the range of operating conditions investigated, the flow in the millifluidic reactor fell into the laminar flow 220 

regime with Reynolds number (Re) smaller than 30 denoting the significant role of molecular diffusion over 221 

convective motion on the mixing of CUR and CHI solutions [21]. For the basic condition (i.e. tube ID = 0.762 mm, 222 

flowrate = 0.25 mL/min), the diffusive mixing time (tMix) for diffusion over half of the tube diameter was calculated 223 

to be equal to 145 s, which translated to a reactor length (L) of approximately 1.3 m. Sample calculations for Re, tMix, 224 

and L were provided in the Supplementary Materials.  225 

These calculations showed that the mixing of the CUR and CHI solutions in the millifluidic reactor occurred 226 

slowly by design, where the millifluidic reactor was purposely not equipped with passive mixers or hydrodynamic 227 

flow focusing tools that were widely employed in microfluidics, because we aimed to maintain a simple, cost-228 

effective, hence highly scalable, millifluidic reactor design. The slow mixing was verified by the CFD simulation 229 

that showed two segregated streams flowing side by side near the Y-junction outlet, where mixing only occurred at 230 

the interface, and the streams remained segregated at 30 cm downstream of the Y-junction (Fig. S2 of the 231 

Supplementary Materials).  232 

More importantly, the slow mixing of the CUR and CHI solutions was favored in the nanoplex formation 233 

because a rapid mixing would cause the CUR anions in the KOH solution to quickly lose their charge due to the 234 

rapid pH drop upon mixing with the CHI solution in AA. The loss of charge would lead to fewer charged CUR 235 

molecules available for complexation with CHI, resulting in lower CUR utilization rates. The slow mixing, on the 236 

other hand, enabled both the CUR and CHI solutions to maintain their opposite charges as they flowed side by side 237 

forming a liquid-liquid interface between them. The attractive interactions between the CUR anions and CHI cations 238 

at the interface resulted in the formation of CUR-CHI complex, where consecutive adsorptions of the CUR anions 239 

and CHI cations to the CUR-CHI complex led to its size growth as the residence time was increased. This well-240 

controlled nanoplex formation mechanism at the liquid-liquid interface enabled us to tune the size of the nanoplex 241 

produced by simply controlling the residence time of the CUR and CHI solutions.  242 



3.2. Size control of the CUR nanoplex via residence time variations 243 

3.2.1.  Effect of preparation pH  244 

The effects of the preparation pH on the CUR nanoplex size tunability were investigated for the basic condition 245 

by varying the AA concentration used to dissolve CHI, while keeping a constant pH for the CUR solution at pH 13 246 

as the solubility of CUR (pKa 8.4, 9.9, and 10.5) was found to greatly diminish at a lower pH [22]. LMW CHI was 247 

used in this study. The AA concentration was investigated in the range of 0.4% and 1.2% (v/v) (i.e. 2.95 ≤ pH ≤ 248 

2.71) in which CHI (pKa 6.5) was fully protonated [23]. Under this condition, the preparation pH investigated was 249 

in the range of 12.30 and 4.62 achieved upon a complete mixing of the CHI and CUR solutions.  250 

For all the preparation pH, the results in Fig. 2A showed that the nanoplex experienced an increase in size with 251 

increasing residence time (tRes) as the collection stage of the millifluidics was moved downstream from Stage 1 to 252 

Stage 3. Hence, the results were in agreement with our hypothesis that the nanoplex size could be controlled by tRes 253 

variations. The values of tRes corresponding to Stages 1-3 of the different runs and sample calculations for tRes were 254 

presented in Table 1 and Supplementary Materials, respectively. The size dependence on pH was evident in terms of 255 

the absolute size of the nanoplex produced at each stage. Specifically, at AA = 0.4% (pH 12.30), large nanoplex 256 

(646 ± 188 nm) was produced in Stage 1 where the size increased further to 1321 ± 30 nm in Stage 3. This result 257 

was in agreement with our previous finding from the bulk mixing method [6], where large particulate products were 258 

produced at alkaline preparation pH, which was caused by agglomeration of individual nanoplex due to the lack of 259 

CHI charge available to stabilize the nanoplex at pH high above its pKa.  260 

The pH range in which there was a clear demarcation in the nanoplex sizes obtained from Stages 1-3 was 261 

observed at AA = 0.6% and 0.8% corresponding to the mixed solution pH of 5.43 and 4.98, respectively (Fig. 2A). 262 

Specifically, at AA = 0.6%, the nanoplex size gradually increased from 115 ± 7 nm in Stage 1 to 209 ± 35 nm in 263 

Stage 2 and 311 ± 12 nm in Stage 3. Likewise, at AA = 0.8%, the nanoplex size gradually increased from 145 ± 20 264 

nm in Stage 1 to 277 ± 18 nm in Stage 2 and 433 ± 63 nm in Stage 3. The clear demarcation in the nanoplex sizes 265 

obtained from Stages 1-3 signified the high tunability of the nanoplex size in this pH range. For this reason, the 266 

CUR nanoplex was prepared in the subsequent studies at AA = 0.6% at which the smallest nanoplex size was 267 

produced.   268 



The pH dependence of the nanoplex size tunability could be explained from the effect of pH on the mixing 269 

between the CUR and CHI solutions. As shown in Table 1, the values of tRes corresponding to Stages 1-3 were found 270 

to decrease with increasing AA concentration (lower pH) from ≈33-71 s at AA = 0.6-0.8% to ≈10-39 s at AA = 1.0-271 

1.2%. On this note, the significantly longer tRes at AA = 0.4% (≈38-133 s), where large particles (> 1 um) were 272 

produced, was visually observed to be caused by fouling of the millifluidic tube due to the large particle formation, 273 

resulting in the severely diminished mixing. The shorter tRes at lower pH signified faster mixing that in turn led to 274 

smaller variations in the nanoplex sizes obtained from Stages 1-3 as the nanoplex formation was likely completed 275 

sooner. The faster mixing at lower pH was postulated to be caused by the higher enthalpy of neutralization generated 276 

when increasingly acidic CHI solution was mixed with the basic CUR solution. This led to a higher solution 277 

temperature, which in turn enhanced mass diffusivity of the solutes resulting in the faster mixing. 278 

3.2.2.  Effect of MW of CHI 279 

The high tunability of the CUR nanoplex size observed when LMW CHI was used at AA = 0.6%, however, was 280 

no longer evident for CHI of larger MWs (Fig. 2B). Specifically, a clear demarcation in the nanoplex size did not 281 

exist between Stages 2 and 3 for MMW CHI and between Stages 1 and 2 for HMW CHI. The values of tRes 282 

corresponding to Stages 1-3 were found to increase with increasing MW of CHI (Table 1), hence denoting slower 283 

mixing between the CUR and CHI solutions, which was not unexpected as solutes of larger molecular sizes were 284 

known to possess smaller mass diffusion coefficients [21]. This trend was in contrast to the earlier trend in the AA 285 

variation, where slower mixing led to better size demarcation between stages.  286 

However, unlike the effect of AA variation in which the slower diffusion occurred in both liquid phases, the 287 

slower mixing here was dictated by the smaller mass diffusivity of the longer CHI chains. It was postulated that the 288 

slower diffusive motion of CHI disrupted the consecutive adsorption pattern of the oppositely charged ions at the 289 

interface, resulting in less controlled nanoplex formation. The results also indicated that a shorter tRes was needed to 290 

produce a given nanoplex size when CHI of higher MW was used. For example, to produce ≈300 nm nanoplex, the 291 

values of tRes required were equal to 71, 50, and 44 s for the LMW, MMW, and HMW CHI, respectively. This was 292 

not unexpected as the longer CHI chains meant more sites were available for CUR adsorption, resulting in the 293 

formation of larger nanoplex for a given tRes. Nevertheless, LMW CHI was used in the subsequent studies owing to 294 

the better size tunability of the nanoplex produced. 295 



3.2.3.  Effect of tube diameter 296 

The effect of tube diameter on the size of the nanoplex produced and its tunability were investigated by 297 

increasing the tube diameter more than two fold to 1.588 mm at a constant flowrate of 0.25 mL/min. The use of a 298 

larger tube diameter increased tMix to 630 s, hence an even longer reactor length (> 5.7 m) was needed to achieve a 299 

complete radial mixing of the CUR and CHI solutions. As a result, the values of tRes corresponding to Stages 1-3 300 

were shown in Table 1 to increase significantly from 33-71 s for the 0.762-mm tube to 150-400 s for the 1.588-mm 301 

tube. The slower diffusive mixing in the larger tube was verified by the CFD simulation as presented in Fig. S3 of 302 

the Supplementary Materials.  303 

In comparison to the results of the 0.762-mm tube, the results in Fig. 3A showed that slightly larger nanoplex 304 

was produced at each stage in the 1.588-mm tube (i.e. 115 ± 7, 209 ± 35, and 311 ± 12 nm for the 0.762-mm tube 305 

versus 244 ± 31, 335 ± 22, and 339 ± 17 nm for the 1.588-mm tube in Stages 1, 2, and 3, respectively). The 306 

demarcation in the nanoplex size between stages, however, diminished in the larger tube, particularly between 307 

Stages 2 and 3. These results reaffirmed the previous finding that slower diffusive mixing did not necessarily lead to 308 

better nanoplex size tunability.  309 

3.2.4.  Effect of flow rate  310 

Next, the effects of increasing flowrate on the nanoplex size tunability were investigated with the aim of 311 

increasing the nanoplex production throughput of the millifluidic reactor. For the basic condition, the production 312 

throughput was currently at approximately 0.52 mg/min or 0.03 g/h. The effects of tRes variations on the nanoplex 313 

size tunability were re-examined at different flowrates (i.e. 0.10, 0.25, 0.50, and 0.75 mL/min) using the 0.762-mm 314 

tube. Increasing the flowrate at a constant tube diameter resulted in faster axial convective motions of the CUR and 315 

CHI solutions, which for a given reactor length essentially meant that a shorter time window for the diffusive mixing 316 

to take place. As a result, the values of tRes corresponding to Stages 1-3 were shown in Table 1 to increase with 317 

increasing flowrate because longer axial distances were needed for the diffusive mixing, and consequently the 318 

nanoplex formation, to take place. The delayed diffusive mixing observed at higher flowrates was confirmed by the 319 

CFD simulation as presented in Fig. S4 of the Supplementary Materials.  320 

The results showed that the demarcation in the nanoplex size between Stages 1-3 diminished at flowrates 321 

above 0.25 mL/min (Fig. 3B), hence denoting the adverse effect of the faster convective motion on the nanoplex size 322 



tunability. In addition, the nanoplex size prepared at the highest flowrate (i.e. 0.75 mL/min) exhibited greater 323 

experimental uncertainties compared to the lower flowrates, further denoting the diminished size control at higher 324 

flowrates. The clear size demarcation observed at 0.10 mL/min reaffirmed the importance of operating at low 325 

flowrates in achieving size tunability of the nanoplex produced.  326 

These results suggested that increased production throughput could not be achieved by simply increasing the 327 

flowrate, as it would lead to poorer control of the nanoplex size. Hence, a trade-off existed between the nanoplex 328 

size tunability and production throughput. The future research direction will be to increase the nanoplex production 329 

throughput to gram-scale production by simultaneously increasing the tube diameter and flowrate in order to 330 

maintain the same tRes, followed by scaling out the nanoplex production by running multiple reactors in parallel. Our 331 

back-of-the-envelope calculation showed that if the production throughput from a single reactor could be doubled, 332 

the gram-scale production could be achieved by running a reasonable number of sixteen reactors in parallel.  333 

The size range of the nanoplex produced, nevertheless, did not vary significantly with the change in the 334 

flowrate. For the flowrates at which the nanoplex size tunability was evident (i.e. 0.10 and 0.25 mL/min), smaller 335 

nanoplex was consistently produced at 0.25 mL/min compared to at 0.10 mL/min (Fig. 3B). This was despite the 336 

fact that they exhibited the same tRes values for Stages 1-3, hence denoting similar diffusive mixing at 0.10 and 0.25 337 

mL/min (Table 1). Thus, the variations in the nanoplex size were not caused by the difference in tRes. The slower 338 

convective motion at 0.10 mL/min was postulated to cause the CUR-CHI complex at the interface to flocculate with 339 

each other due to the lower shear force generated by the fluid motion in the vicinity of the complex, resulting in the 340 

formation of larger nanoplex.  341 

3.3. Physical characteristics and preparation efficiency 342 

The optimal preparation condition for the CUR nanoplex with tunable size was determined to be at AA = 0.6% 343 

and 0.25 mL/min using LMW CHI in the 0.762-mm tube. Herein the physical characteristics of the CUR nanoplex 344 

having the smallest size (i.e. 115 ± 12 nm obtained from Stage 1 of the optimal preparation condition) were 345 

presented. The size measurement by PCS was first verified by size analysis of the FESEM image of the CUR 346 

nanoplex. The CUR nanoplex collected from Stage 2 was used as the representative sample for FESEM owed to its 347 

abundant production compared to Stage 1. The FESEM image in Fig. 4A showed non-spherical nanoplex with an 348 



average size of 185 ± 44 nm, which was only slightly lower than 209 ± 35 nm measured by PCS. Thus, the 349 

tunability of the CUR nanoplex size derived from the PCS measurements was successfully verified.  350 

The nanoplex size exhibited PDI of 0.352 ± 0.034 suggesting a degree of polydispersity that was not 351 

unexpected in a slow mixing process due to the generation of inhomogeneous reactive environment. Note: PDI > 0.7 352 

characterized a broad particle size distribution [24]. Not unexpectedly, similar values of PDIs at around 0.35-0.45 353 

were observed for the nanoplexes prepared at various conditions (Figs. S5 and S6 of the Supplementary Materials). 354 

The nanoplex possessed a positive zeta potential of 15.7 ± 1.5 mV denoting the presence of CHI on the nanoplex 355 

surface and a high CUR payload of 72.3 ± 2.7% (w/w).  356 

For comparison, the CUR nanoplex prepared by the bulk mixing method at the same condition was significantly 357 

larger at 603 ± 141 nm, where the larger standard deviation between batches was not unexpected from a bulk 358 

mixing process (Table 2). In this regard, the smaller CUR nanoplex (≈250-300 nm) reported in our earlier study 359 

using the bulk mixing method [6] was attributed to the sonication step that was not carried out here. Other than the 360 

size, both methods resulted in the production of nanoplexes having highly comparable physical characteristics in 361 

terms of their PDI, zeta potential, and payload. 362 

The presence of CUR in the nanoplex prepared by millifluidics was verified by FTIR analysis, which showed 363 

the characteristics bands of CUR at 1626, 1508, and 1272 cm
-1

 in the FTIR spectrum of the CUR nanoplex (Fig. 364 

4B). These bands also appeared in the FTIR spectra of the native CUR and the nanoplex prepared by the bulk 365 

mixing method, but not in the spectrum of the native CHI. These band corresponded to the stretching vibrations of 366 

the C=C-Cring, C=O, and enol C-O bonds of CUR, respectively [25].  367 

The millifluidic synthesis platform exhibited a high CUR utilization rate of 80.6 ± 1.6% (w/w) even in Stage 1, 368 

which was only slightly lower than 88.9 ± 4.0% observed for the bulk mixing method at the same condition (Table 369 

2). A higher CUR utilization rate at nearly 100% was observed in Stage 3 (data not shown). Despite the high CUR 370 

utilization rate, the overall yield of the millifluidic synthesis platform was relatively low at 35.4 ± 1.3% (w/w) 371 

suggesting that a significant amount of CHI in the feed did not transform into nanoplex. A similarly low yield of 372 

42.4 ± 1.7% was observed for the bulk mixing method at the same condition. Reducing the amount of CHI in the 373 

feed (i.e. lower RCHI/CUR), however, was shown in our earlier study to adversely affect the colloidal stability of the 374 

resultant nanoplex, hence it was not pursued here [6].  375 



3.4. Supersaturation generation 376 

In the absence of HPMC, the CUR nanoplex prepared at the optimal condition was capable of generating a 377 

high degree of supersaturation that reached 9.0 ± 0.7 ×CSat at the maximum, followed by its rapid drop to 3.7 ± 0.9 378 

×CSat after 30 min before gradually settling back to CSat after 3 h (Fig. 5A). Hence, the CUR nanoplex exhibited the 379 

characteristic “spring and parachute” supersaturation profile of amorphous drug formulations [26]. In this regard, the 380 

amorphous state of the CUR nanoplex prepared by millifluidics was verified by the PXRD analysis, which showed 381 

broad amorphous halos in contrast to the sharp crystalline peaks observed for the native CUR (Fig. 5B).  382 

Despite their significant difference in size, the supersaturation generation of the nanoplexes prepared by the 383 

millifluidic (≈100 nm) and bulk mixing (≈600 nm) methods could hardly be distinguished in the absence of HPMC 384 

due to rapid crystallization of the dissolved CUR from the highly supersaturated solution. For this reason, the 385 

supersaturation generation was re-evaluated in the presence of HPMC, where the roles of HPMC were twofold, i.e. 386 

to prevent the solution-mediated crystallization of CUR and to suppress the Ostwald-ripening crystallization of the 387 

amorphous solid phase undergoing dissolution [5].  388 

In the presence HPMC, the nanoplex prepared by millifluidics was capable of generating a maximum 389 

supersaturation level at 11.3 ± 1.0×CSat that was maintained for 1.5 h, followed by its gradual decrease to 8.5 ± 390 

0.1×CSat after 8 h (Fig. 5A). For comparison, the nanoplex prepared by bulk mixing exhibited a lower maximum 391 

achievable supersaturation level at 9.4 ± 0.4×CSat and a lower supersaturation level after 8 h at 6.2 ± 0.7×CSat due to 392 

its significantly larger size. As a result, the nanoplex prepared by millifluidics exhibited a larger area-under-the-393 

curve (AUC) in the time versus concentration plot, which could translate to a higher bioavailability in vivo. These 394 

results signified the importance of the nanoplex size in determining its bioavailability enhancement capability.  395 

4. Conclusions 396 

The present work successfully demonstrated size control of amorphous CUR nanoplex in a continuous 397 

millifluidic platform, which was not achievable in the conventional bulk mixing method. The nanoplex size 398 

tunability was achieved by controlling the residence time of the CUR and CHI solutions undergoing electrostatically 399 

driven complexation in a millifluidic reactor operated under diffusion-dominated flow regime. The size tunability 400 

was found to be influenced by the preparation pH, MW of CHI used, tube diameter, and flowrate through their 401 

impacts on the rate of diffusive mixing in the millifluidics, which was verified by CFD simulation. Not unlike the 402 



bulk mixing method, the millifluidic synthesis was found to favor acidic preparation pH, while the use of higher 403 

MW CHI and increasing tube diameter and flowrate from the basic condition (i.e. 0.762 mm tube ID and 0.25 404 

ml/min) had adverse effects on the CUR nanoplex size tunability.  405 

The optimal millifluidic preparation condition at which there was a clear demarcation in the nanoplex size as a 406 

function of the residence time was determined to be at pH 5.43 (AA = 0.6%) and 0.25 mL/min using LMW CHI in 407 

0.762-mm tube. The nanoplex size collected from Stage 1 of the optimal condition was roughly 115 nm with ≈72% 408 

CUR payload. Other than the size, in comparison to the bulk mixing method, the CUR nanoplex prepared by the 409 

millifluidics exhibited similar physical characteristics (i.e. zeta potential, PDI, CUR payload) and preparation 410 

efficiency (i.e. CUR utilization rate and yield). Importantly, the ability to control the nanoplex size in the 411 

millifluidics enabled us to produce a significantly smaller nanoplex compared to the bulk mixing method (i.e. six 412 

fold smaller) without sonication. The smaller nanoplex led to the generation of a higher and more prolonged 413 

supersaturation level at ≈8.5× of the saturation solubility maintained for 8 h. The improved supersaturation 414 

generation afforded by the nanoplex prepared by millifluidics boded well for its potential bioavailability 415 

enhancement capability.  416 
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Figure captions 478 

Fig. 1 Schematic of the millifluidic reactor setup to prepare amorphous CUR-CHI nanoplex with tunable sizes 479 

Fig. 2 Effects of (A) preparation pH represented by the AA concentrations used and (B) MW of CHI on the size 480 

tunability of the CUR nanoplex produced 481 

Fig. 3 Effects of (A) tube diameter and (B) flowrate on the size tunability of the CUR nanoplex produced 482 

Fig. 4 (A) FESEM image of the CUR nanoplex prepared at the optimal condition and (B) FTIR spectra 483 

confirming the presence of CUR in the nanoplex 484 

Fig. 5 (A) Supersaturation generation profiles of the CUR nanoplexes prepared by the millifluidic and bulk 485 

mixing methods, (B) PXRD patterns confirming the amorphous state of the CUR nanoplex prepared by 486 

millifluidics 487 

 488 

Table captions 489 

Table 1 The residence time as a function of preparation pH, MW of CHI, tube diameter, and flowrate 490 

Table 2 A summary of comparison between the CUR nanoplexes prepared by the millifluidic and bulk mixing 491 

method in terms of their physical characteristics and preparation efficiency 492 


