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ABSTRACT  

Microfluidics opens new avenues for materials engineering as it enables scalable synthesis and 

provides highly controllable environments for reactions. Herein, we seek to leverage 
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microfluidics to engineer the properties of (bioactive) metal–phenolic network nanoparticles 

(MPN NPs), an emerging and highly modular nanoparticle platform for the incorporation and 

delivery of bioactive cargo. By varying the microfluidics operating (flow rate ratio, total flow 

rate, temperature) and NP composition, we assemble MPN NPs, which consist of 

poly(ethylene) glycol, biomacromolecules, metal ions, and polyphenols. Compared to MPN 

NPs prepared via bulk assembly, the microfluidics-assembled MPN NPs possess a broader 

tunable size range (i.e., ~40–330 nm versus ~45–220 nm for bulk-assembled NPs) and a higher 

(by ~30%) protein loading. While bulk-assembled MPN NPs show pH-responsive protein 

release (e.g., ~50% at pH 7; ~25% at pH 9; 48 h), the MPN NPs prepared via microfluidics at 

a flow rate ratio of 1:1 display pH and slight thermal-responsive protein release behaviors. For 

instance, higher release efficiencies can be obtained by increasing the temperature from 4 to 

20 ℃ when using a flow rate ratio of 1:1. Furthermore, assembly at a 1:1 flow rate ratio overall 

enables greater tunability of protein release profiles than at higher flow rate ratios. While bulk-

assembled NPs display a higher degree of cell association, NPs assembled via both strategies 

can be internalized by cells after 24 h.  These findings provide new insights into engineering 

properties of metal–organic materials via microfluidics, which is expected to advance their 

development and application. 

INTRODUCTION 

Engineering functional materials with tunable properties is a growing endeavor in both 

fundamental and applied research owing to the widespread application of such materials in a 

range of areas. There are diverse pathways for engineering functional materials, including 

mechanical stirring/vortexing,1–3 phase separation,4,5 spray assembly,6–8 ultrasonication,9–11 

and microfluidics.12–18 Among these strategies, microfluidics-mediated materials engineering 

has received significant attention owing to: i) its ability to synthesize materials reproducibly 

and at scale, as required for pilot studies and commercialization;19 ii) the large surface area and 
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efficient mass and heat transfer that the fluids in the microchannels provide, thereby allowing 

efficient mixing and reactions of reagents;20 and iii) the highly controllable environment (via 

generating laminar flow) for bio(chemical) reactions, thus enabling more precise manipulation 

of material structure and properties.21,22   

Recently, we reported a bioactive metal–phenolic network nanoparticle (b-MPN NP) 

platform that can incorporate a wide range of active biomacromolecules. The broad 

functionality of the platform was also demonstrated in gene silencing, RNA degradation, cell 

apoptosis, and catalysis.23 The b-MPN NPs can be prepared from a diverse library of building 

blocks and typically in bulk via the sequential addition of aqueous solutions of poly(ethylene) 

glycol (PEG), biomacromolecules, metal ions, and polyphenols into a glass vessel, followed 

by stirring (i.e., for homogenization of NPs).23 During the NP assembly, PEG acted as a seeding 

agent to increase the local concentration of biomacromolecules, metal ions, and polyphenols, 

while the formation of NP was initiated upon the addition of polyphenols and predominantly 

mediated through hydrophobic interactions and coordination.23 The flow regime generated in 

this bulk assembly is primarily turbulent due to vigorous agitation.24 In contrast, microfluidics 

can generate a defined laminar flow, which can provide mixing conditions and reaction 

interfaces that are distinct from those present in bulk assembly.22 Therefore, engineering MPN 

NPs, including b-MPN NPs, via microfluidics, combined with the modular nature (i.e., in terms 

of the choice of building blocks) of  metal–phenolic materials,23,25 may provide a viable 

pathway to expand and/or alter their property profiles and provide new insights into the 

structure–property relationships of MPN NPs. 

In the present study, MPN NPs without and with bioactive cargo––i.e., proteins (e.g., bovine 

serum albumin (BSA), pepsin (PEP), glucose oxidase (GOx), and lysozyme (LYZ))––are 

assembled using a NanoAssemblr Ignite microfluidic system (Figure 1). The influence of 

operating parameters (i.e., flow rate ratio, total flow rate, and temperature) and NP composition 
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parameters (i.e., FeIII concentration, PEG molecular weight (Mw), protein type) on the size and 

morphology, physicochemical properties, and cellular interactions of the NPs are systemically 

evaluated. Compared with the bulk-assembled b-MPN NPs, the microfluidics-assembled b-

MPN NPs are larger and display a higher (by ~30%) protein loading, likely owing to the 

predominant laminar flow produced by microfluidics, which enables fine mixing between the 

precursors with a defined concentration distribution alongside the microchannels.22 The bulk-

assembled b-MPN NPs and b-MPN NPs assembled via microfluidics using a flow rate ratio of 

1:1 display a similar pH-responsive protein release profile, with ~60% release observed at pH 

7 after 48 h. However, the release profile of the microfluidics-assembled NPs can also be tuned 

by altering the temperature (e.g., slower release pattern at 4 ℃ compared to 20 and 37 ℃) and 

flow rate ratio (e.g., NPs prepared at flow rate ratios of 3:1 and 10:1 overall showed <10% 

protein release regardless of pH and temperature). The bulk-assembled b-MPN NPs show a 

higher degree of cell association compared with the microfluidics-assembled b-MPN NPs; 

while the NPs prepared via both assembly strategies can be internalized by cells after 

incubation for 24 h. The present study demonstrates the use of microfluidics in synthesizing b-

MPN NPs with tunable physicochemical and nano–bio properties; the findings are expected to 

facilitate the future development and application of these b-MPN NPs. 
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Figure 1. Schematic of the preparation of b-MPN NPs using the NanoAssemblr microfluidic 

device. 

EXPERIMENTAL SECTION 

Materials. PEG (Mw: 1.1, 2, 5, 10, and 35 kDa), tannic acid (TA), iron(III) chloride 

hexahydrate (FeCl3·6H2O), BSA, PEP, GOx, LYZ, (3-(N-morpholino)propanesulfonic 

acid) (MOPS), and sodium acetate (NaOAc) were purchased from Sigma-Aldrich and used as 

received. Dulbecco’s phosphate-buffered saline (DPBS), phenazine methosulfate (PMS), 

Dulbecco’s modified Eagle’s medium (DMEM), and 2,3-bis[2methoxy-4-nitro-5-

sulfophenyl]-2H-tetrazolium-5-carboxyanilide inner salt (XTT) were obtained from Life 

Technologies. Milli-Q water with a resistivity greater than 18.2 MΩ cm−1 was obtained from a 

Milli-Q Synergy purification system (Merck, USA). All aqueous solutions were filtered with 

220 nm diameter membranes before cell association experiments. 

Preparation of b-MPN NPs via Microfluidics. b-MPN NPs were prepared using a 

NanoAssemblr Ignite microfluidic device (Precision NanoSystems Inc., Vancouver, BC, 

Canada), which was equipped with a Y-shape NxGen micromixer cartridge featuring circular 
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structures within the flow route for increased mixing efficiency (Figure 1, Figure S1). The b-

MPN NPs were composed of PEG, TA, FeCl3·6H2O (FeIII), and either LYZ, BSA, PEP, or 

GOx. In a typical preparation, individual stock solutions of PEG (20 mg mL−1), TA (1.3 mg 

mL−1), FeCl3·6H2O (0, 0.5, 2.5, 5, 12.5, or 25 mg mL−1), and BSA, PEP, GOx, or LYZ (10 mg 

mL−1) in Milli-Q water were first prepared. A mixture consisting of PEG, protein, and FeIII 

stock solutions was then prepared at a weight ratio of 4:1:0.32 (PEG:protein:FeIII). The mixture 

and the TA stock solution were separately loaded into 3 mL polypropylene syringes and then 

simultaneously injected into the device via the center and right injection ports, respectively. 

Figure S2 shows the detailed steps in preparing b-MPN NPs via microfluidics. The 

NanoAssemblr Ignite operates by only allowing simultaneous injection of both ports, however 

the design of the device and cartridge allow the mixture and TA solutions to be placed in either 

the center or right injection ports. Following fabrication, the b-MPN NPs were washed twice 

via centrifugation (8000 g, 10 min) and redispersed in an alkaline buffer solution (2 mM 

MOPS, pH 7) for better stability. 

Unless otherwise stated, all b-MPN NPs were fabricated using a TA:mixture flow rate ratio 

of 1:1, a total flow rate of 10 mL min−1, a temperature of 24 °C, an FeIII concentration of 5 mg 

mL−1, and a PEG Mw of 2 kDa.  

Preparation of b-MPN NPs via Bulk Assembly. Bulk-assembled b-MPN NPs were 

prepared according to our recent report.23 Briefly, PEG (2 kDa), proteins, FeIII, and TA were 

sequentially added to a glass vial containing 2 mL of water followed by stirring. The amounts 

of PEG, proteins, FeIII, and TA added were the same as for microfluidic assembly using a 1:1 

flow rate ratio. Following assembly, the b-MPN NPs were washed twice via 

centrifugation (8000 g, 10 min) and redispersed in an alkaline buffer solution (2 mM MOPS, 

pH 7) for better stability. 
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Characterization of b-MPN NPs. The zeta (ζ)-potential, number mean size distribution, 

and polydispersity index (PDI) of the NPs were measured in 2 mM MOPS (pH 7) on a Zetasizer 

Nano-ZS instrument (Malvern Instrument, UK). The concentration of NPs (i.e., number of NPs 

mL−1) was determined using a NanoSight N300. The morphologies of the NPs were analyzed 

by transmission electron microscopy (TEM) using an FEI Tecnai TF20 instrument with an 

operation voltage of 80 kV. UV–vis absorption spectra were recorded on a SPECORD 250 Plus 

UV–vis spectrophotometer. 

Quantification of Protein Loading and Cumulative Release. The loading and release of 

BSA from b-MPN NPs were quantified by a modified Bicinchoninic acid (BCA) assay. First, 

BSA-MPN NPs were prepared via bulk assembly and microfluidics (using TA-to-mixture flow 

rate ratios of 1:1, 3:1, and 10:1). The resultant NPs were centrifuged (8000 g, 10 min), and the 

supernatant of each type of NPs after the first centrifugation was collected for quantifying BSA 

loading. To investigate the effect of pH on BSA release, the BSA-MPN NPs were dispersed in 

different buffer solutions (2 mM; NaOAc pH 4, MOPS pH 7, MOPS pH 9) and centrifuged 

after 1, 5, 15, 24, and 48 h. After each centrifugation step, the supernatant (500 µL) was 

collected from each sample, and the same buffer solution (500 µL) was added to the NP 

suspensions. To investigate the effect of temperature on BSA release, the BSA-MPN NPs were 

dispersed in 2 mM MOPS (pH 7) and incubated at 4, 20, and 37 ℃. The supernatant was then 

collected in the same way. The collected supernatant was incubated with BCA reagent in a 1:1 

volume ratio and transferred to a 96-well plate (transparent, flat bottom). The absorbance was 

screened on an Infinite M200 microplate reader (Tecan, Switzerland) with a measurement 

wavelength of 562 nm. As both polyphenols and environmental pH influence BCA readout, 

BSA calibration curves of BSA-MPN NPs obtained from each formulation were prepared in 

water (for quantification of loading) and corresponding buffer solutions (pH 4, 7, 9, for 

quantification of release) in the presence of PEG, BSA, FeIII, and TA (Figures S3–S5). The 
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mass ratio of the precursors was 4:1:0.32:1 (PEG:BSA:FeIII:TA for bulk assembly) or 

according to the flow rate ratio (TA:mixture) set up on the NanoAssemblr Ignite. TA 

calibration curve could also be obtained via this method to estimate the loading of TA in BSA-

MPN NPs.  All experiments were performed in triplicates, and data are presented as the mean 

± standard deviation (SD). 

Protein Release Study via Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE). BSA released after 48 h (pH 7) from the bulk-assembled BSA-MPN NPs and 

microfluidics-assembled BSA-MPN NPs (using 1:1 flow rate ratio) were collected as per the 

protocol described in Quantification of Protein Loading and Cumulative Release. Aliquots of 

the released BSA (15 µL), free BSA (15 µL), and TA (15 µL) were mixed with NuPAGE LDS 

sample buffer (5 µL, 4×), and an aliquot (20 µL) of the mixed sample was loaded into the gel 

lanes. The gel was run using 1× tris/glycine/SDS running buffer at 100 V until the dye front 

reached the reference line. Then, the gels were stained with SimplyBlue SafeStain for 1 h under 

mild shaking and washed with Milli-Q water overnight under mild shaking to visualize protein 

staining. The stain-free gel was then imaged using Gel Doc (BIO-RAD). 

Cell Culture. The human breast adenocarcinoma cell line (MDA-MB-231) was purchased 

from the American Type Culture Collection. Cells were cultured in complete DMEM supplied 

with 10 % fetal bovine serum (FBS) at 37 °C, 5 % CO2, and 95% humidity. 

XTT Cell Viability Assay. To evaluate the cytotoxicity of the BSA-MPN NPs assembled 

via microfluidics and bulk assembly, MDA-MB-231 cells were seeded in a 96-well plate 

(Costar, Corning) at a density of 8000 cells per well in DMEM supplied with 10% FBS (100 

µL) for 20 h. The cell media was then aspirated and replaced with either fresh media (100 μL) 

(for untreated cells) or the media containing different BSA-MPN NPs at a particle-to-cell ratio 

ranging from 2 × 105:1 to 4 × 106:1 and further incubated for up to 48 h. After the incubation, 

the media was replaced with fresh media containing activated XTT (9 mL of 0.2 mg mL−1 XTT 
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in complete DMEM could be activated by adding 22.5 μL of 0.6 mg mL−1 PMS in DPBS), and 

cells were further incubated for 3 h at 37 °C. Finally, cells were screened (via absorbance 

reading measurements) on an Infinite M200 microplate reader using a measurement 

wavelength of 475 nm and a reference wavelength of 675 nm. Cell viability was expressed as 

a percentage by normalizing absorbance to untreated cells. All experiments were performed in 

quadruplicates, and data are presented as the mean ± SD. 

Cell Association Assay via Flow Cytometry. MDA-MB-231 cells were seeded in a 24-well 

plate (Costar, Corning) at a density of 5 × 104 cells per well in DMEM supplied with 10% FBS 

(500 µL) for 20 h. b-MPN NPs containing fluorescein isothiocyanate (FITC)-labeled BSA (i.e., 

BSAFITC-MPN NPs) that were prepared via bulk assembly and microfluidics using TA:mixture 

flow rate ratios of 1:1, 3:1, and 10:1 were introduced to the well at a particle-to-cell ratio of 5 

× 105:1 and incubated for 4 and 24 h. After the treatment, the media was aspirated, and cells 

were gently rinsed twice with DPBS to remove unbound NPs. The cells were lifted by trypsin, 

transferred to a 96-well plate (Costar, U-bottom), and further washed three times with DPBS 

via centrifugation (350 g, 5 min). Finally, cells were fixed by redispersing cell pellets in 4 % 

paraformaldehyde (PFA), and cell association was analyzed by flow cytometry. All 

experiments were performed in triplicates, and data are presented as the mean ± SD. 

Cell Association Assay via Confocal Laser Scanning Microscopy. MDA-MB-231 cells 

were seeded in a 24-well plate (Costar, Corning) at a density of 5 × 104 cells per well in DMEM 

supplied with 10 % FBS (500 µL) for 20 h. BSAFITC-MPN NPs that were prepared via bulk 

assembly and microfluidics using TA:mixture flow rate ratios of 1:1, 3:1, and 10:1 were 

introduced to the well at a particle-to-cell ratio of 5 × 105:1 and incubated for 4 and 24 h. 

Following incubation, the media was aspirated, and cells were gently rinsed twice with DPBS 

to remove unbound NPs. Cells were then fixed by incubating with 4% PFA for 20 min at room 

temperature (20 ℃) followed by light washing with DPBS. The membrane was stained with 



 10 

Alexa Fluor 594–wheat germ agglutinin conjugate (AF594-WGA; 5 μg mL−1) for 5 min and 

the nucleus was stained with Hoechst 33342 (1 μg mL−1) for 10 min. Finally, the cells were 

live-imaged using a Nikon A1R confocal microscope with a 40× water immersion objective. 

Colocalization with Lysosomes. MDA-MB-231 cells were seeded at 4 ×104 cells per well 

in Labtek 8-well chamber slides and incubated overnight. BSAFITC-MPN NPs prepared via bulk 

assembly or microfluidics using a flow rate ratio of 1:1 were then introduced to cells at a 

particle-to-cell ratio of 5 × 105. After 24 h of incubation, the media were aspirated and the cells 

were gently washed twice with DPBS and fixed with 4% paraformaldehyde for 20 min. The 

fixed cells were then gently washed twice with DPBS and permeabilized with 0.1% Triton X-

100 in DPBS for 5 min and further washed twice. After permeabilization, cells were incubated 

with 1% BSA in DPBS to block nonspecific binding and incubated overnight with rat anti-

LAMP1 monoclonal antibody (2.5 µg mL−1). Then, the cells were gently washed three times 

with DPBS and incubated with goat antirat AF647 conjugate antibody (2.0 µg mL−1) for 1 h. 

Cells were gently washed three times with DPBS and incubated with Hoechst 33342 (1 µg 

mL−1) for 10 min to stain the nucleus, followed by imaging using a Nikon A1R confocal 

microscope with a 40× water immersion objective. 

Minimum Information Reporting in Bio–Nano Experimental Literature (MIRIBEL). 

The studies conducted herein, including material characterization, biological characterization, 

and experimental details, conform to the MIRIBEL reporting standard for bio−nano research, 

and we include a companion checklist of these components in the Supporting Information.26 

RESULTS AND DISCUSSION  

Influence of Microfluidic Operating Parameters. The effects of flow rate ratio on the 

morphology, size, PDI, and ζ-potential of BSA-MPN NPs were first investigated. Adjusting 

the flow rate ratio alters the injection volume of TA and the mixture (PEG, FeIII, protein), 

thereby changing the ratio of TA to PEG, protein, and FeIII during NP assembly (Table S2). As 
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shown in Figure 2A, the NP suspension changed from purple to red when increasing the flow 

rate ratio (TA:mixture), suggesting that the TA–FeIII coordination states of the NPs shifted 

from bis-dominant to tris-dominant.27 A TA:mixture flow rate ratio of 1:10 yielded BSA-MPN 

NPs with a size of 17 ± 4 nm and a relatively broad size distribution (i.e., PDI = 0.65; Table 

S1). Increasing the flow rate ratio to 1:1 resulted in a steady increase in particle size and 

improvement in monodispersity (Figures S6 and S7), as deduced from the smaller PDIs 

obtained (from 0.65 to 0.16; Table S1). Notably, a flow rate ratio of 1:1 is the threshold ratio 

that allows purification of the NPs via centrifugation (Figure 2B, C). However, increasing the 

flow rate ratio to 3:1 yielded a significant increase in particle size (i.e., 330 ± 71 nm) and 

irregularly shaped NPs. Further increases in the flow rate ratio to 5:1 and 10:1 resulted in the 

size reduction of the NPs to ~105 and 58 nm, respectively, with more uniform and spherical 

structures (Figure 2B, C, Table S1). Increasing the flow rate from 1:1 to 3:1 likely resulted in 

the accumulation of TA on the surface, as deduced from the shift in ζ-potential from 

approximately –40 to –60 mV (Figure S8). However, the observed reduction in particle size 

with improved dispersity (with overall negative ζ-potential) as the flow rate ratio was increased 

to 5:1 and 10:1 indicate that additional TA may cap the growth of NPs and restabilize the 

system.  

We then explored the effect of total flow rate and temperature on NP assembly. Reducing 

the total flow rate from 20 to 5 mL min−1 resulted in a particle size reduction of ~42 % (i.e., 

from ~72 to 42 nm) (Figures S9 and S10, Table S3). Increasing the assembly temperature from 

24 to 75 °C led to a 44% increase in size of the purified NPs (Figures S11 and S12, Table S4). 

This size increase may be attributed to the enlarged hydrophobic domain size in the TA–FeIII 

clusters obtained after thermal treatment.28 In contrast, adjusting the assembly temperature or 

total flow rate had a negligible effect on the ζ-potential of the NPs (Figures S13 and S14). 
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Figure 2. Effect of microfluidics operation and material composition parameters on the 

properties of BSA-MPN NPs. (A) Digital photograph of BSA-MPN NP suspensions obtained 

at different flow rate ratios (i.e., TA:mixture). (B) Size of BSA-MPN NPs obtained at different 

flow rate ratios before and after purification via centrifugation. (C) TEM images of purified 

BSA-MPN NPs prepared at different flow rate ratios; scale bars are 200 nm. Changes in size 

of BSA-MPN NPs prepared by microfluidics and bulk assembly as a function of (D) PEG Mw 

and (E) FeIII concentration. Insets are representative TEM images of the NPs fabricated by 

microfluidics; scale bars are 100 nm. (F) UV–vis absorption spectra of BSA-MPN NPs 

prepared by microfluidics as a function of FeIII concentration. The purple region indicates the 

LMCT band. Three specimens were analyzed for each sample, with data shown as the mean ± 

SD.  

Influence of NP Composition Parameters. The effect of composition parameters, i.e., Mw 

of PEG and concentration of FeIII, on BSA-MPN NP assembly was then examined. The NPs 

prepared via microfluidics were compared with those assembled in bulk we reported recently.23 
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For the BSA-MPN NPs prepared via bulk assembly, increasing the Mw of PEG from 1.1 to 

35 kDa caused a corresponding reduction (75%) in NP size from ~180 to ~45 nm, which was 

attributed to an enhanced degree of cross-linking and shielding.29,30 A reverse trend was 

observed for the BSA-MPN NPs prepared via microfluidics, where the NP size increased from 

45 ± 23 to 84 ± 24 nm as the Mw of PEG increased from 1.1 to 35 kDa (Figure 2D, Figure S15, 

Table S5) but overall the extent of size change was less significant. The differing size behavior 

observed in response to varying the Mw of PEG is likely due to the different roles of PEG and 

mixing conditions. In bulk assembly, all precursors (i.e., PEG, biomacromolecule, FeIII, and 

TA) are successively added to a glass vial, and PEG serves as a seeding agent to increase the 

local concentration of the precursors while TA initiates NP assembly through diverse 

interactions. In contrast, in microfluidics-mediated assembly, PEG is premixed with FeIII and 

BSA, which may form complexes/agglomerates with comparable sizes that serve as building 

blocks (Figure S16) and are subsequently interconnected by TA at the junction of the two 

microfluidic channels to form NPs. The microfluidics-mediated assembly of BSA-MPN NPs 

using 1.1 kDa PEG might lead to fewer FeIII being complexed and the generation of 

coordination defects, as indicated by the grey-like color of the NP suspension (Figure S17) and 

a diminished ligand-to-metal transfer (LMCT) band in the UV–vis absorption spectra (Figure 

S18A). The reduced amount of complexed FeIII might lead to the formation of small and 

irregular complexes, resulting in small but highly agglomerated and heterogeneous 

NPs (PDI = 0.35; Table S5; see inset TEM image in Figure 2D). In contrast, using a higher 

PEG Mw (e.g., 35 kDa) is likely to form larger and more uniform complexes, thereby producing 

larger NPs with improved cross-linking density, homogeneity (PDI = 0.07; Table S5), and 

morphology (see inset TEM image in Figure 2D).  

The influence of FeIII concentration on NP assembly was explored, with both microfluidics- 

and bulk-assembled BSA-MPN NPs displaying the same behavior. For instance, an initial 
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reduction (from 102 ± 36 to 37 ± 18 nm) in the size of the microfluidics-assembled BSA-MPN 

NPs occurred with an increase in FeIII concentration from 0 to 5 mg mL−1, followed by a gradual 

increase in NP size upon further addition of FeIII (Figure 2E, Figure S19, Table S6). 

Furthermore, the concentration of FeIII influenced the MPN composition in the resultant NPs. 

For example, when the concentration of FeIII was 0 mg mL−1, the resultant NPs displayed low 

contrast in the TEM image (Figure 2E inset) and no LMCT band was detected (Figure 2F), 

likely due to the absence of metal–phenolic coordination. When the FeIII concentration was 

increased to 5 mg mL−1, a distinct LMCT band was observed, suggesting a bis-dominant 

coordination state of the MPNs on the NPs.31,32 Further increasing the concentration to 25 mg 

mL−1 reduced the maximum absorbance at 570 nm from 0.8 to 0.6 (Figure 2F), indicating a 

reduced proportion of bis-coordination and the redistribution of mono-, bis-, and tris-

coordination states in BSA-MPN NPs. No significant trend was noticed in ζ-potential of the 

NPs upon varying the Mw of PEG or concentration of FeIII (Figures S18B and S20).  
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Figure 3. Loading and cumulative release of BSA from BSA-MPN NPs. (A) Loading of BSA 

in b-MPN NPs prepared via bulk assembly or microfluidics using different flow rate ratios 

(TA:mixture). Effect of (B) pH and (C) temperature on the release of BSA from bulk-

assembled BSA-MPN NPs. Effects of (D–F) pH and (G–I) on the release of BSA from BSA-

MPN NPs prepared via microfluidics using TA-to-mixture flow rate ratios of 1:1, 3:1, and 10:1. 

Three specimens were analyzed for each sample and data are shown as the mean ± SD. ns, not 
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significantly different; ****, p < 0.0001 with 95% confidence level from one-way analysis of 

variance.  

Loading and Release Kinetics of Proteins. As the flow rate ratio is the microfluidic 

parameter that leads to the most significant difference in NP morphology, its effects on the 

ratio of TA to other precursors may also impact the loading and release profiles of the 

incorporated cargo. Hence, we explored the influence of flow rate ratio on the loading and 

release of BSA (a model cargo) from the microfluidics-assembled and bulk-assembled BSA-

MPN NPs. As shown in Figure 3A, employing TA:mixture flow rate ratios of 1:1 and 3:1 

resulted in a comparable loading of ~80%, which was improved to ~90% after increasing the 

flow rate ratio to 10:1. Furthermore, the BSA-MPN NPs prepared via microfluidics showed a 

higher BSA loading than the bulk-assembled NPs (~57%; the ratio of TA and other precursors 

used in bulk assembly is same as the flow rate ratio of 1:1 using in microfluidics assembly). 

This higher loading is likely due to the predominant flow regime in microfluidics being 

laminar, which may enable enhanced fine mixing of protein with other NP precursors, unlike 

the turbulent flow in bulk assembly. 

We then investigated the BSA release profiles at different pH and temperatures. For bulk-

assembled BSA-MPN NPs, only ~20% of BSA was released from the NPs after 48 h at pH 4, 

likely due to the strong interaction between BSA and polyphenols (e.g., hydrogen bonding).33 

Upon increasing the pH, a higher amount of BSA was released with a faster profile obtained at 

pH 7 (~50% within 48 h) than at pH 9 (~25% within 48 h) (Figures 3B and S21A). This is 

attributed to the combined influence of hydrogen bonding and metal coordination. The extent 

and strength of hydrogen bonding can be readily diminished at nonacidic pH, whereas metal 

coordination tends to be more stable at more alkaline pH, thereby rationalizing the more rapid 

release profile observed at pH 7 relative to those at pHs 4 and 9. In contrast, the release profiles 

of BSA from the NPs were comparable across the temperature range examined (Figures 3C 
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and S21B). For BSA-MPN NPs prepared via microfluidics, those assembled at a flow rate ratio 

of 1:1 (TA: mixture) displayed comparable BSA release profiles to those of the bulk-assembled 

BSA-MPN NPs obtained upon varying pH. In contrast, the BSA release behaviors of NPs 

prepared at flow rate ratios of 3:1 and 10:1 did not show any pH responsiveness and only <10% 

BSA was released after 48 h (Figure 3D–F). Compared to using a flow rate ratio of 1:1, using 

higher flow rate ratios i.e., 3:1 and 10:1 increased the proportion of TA, which likely resulted 

in enhanced binding with BSA and thus impeded the release of BSA from the MPN NPs. 

Compared to the nondependent temperature response observed for the release of BSA from 

the bulk-assembled BSA-MPN NPs, temperature exhibited a more significant impact on BSA 

release from NPs prepared via microfluidics at a flow rate ratio of 1:1. More specifically, the 

release of BSA plateaued after 10 h and remained at 30% when incubating at 4 ℃ (Figure 3G). 

However, more sustained releases were observed after incubating at 20 and 37 ℃ and >50% 

of BSA was released after 48 h (Figure 3G). Similar to the negligible pH responsiveness 

observed, temperature minimally influenced the release of BSA from NPs prepared at the 

higher flow rate ratios of 3:1 and 10:1; <10% BSA was released after 48 h (Figure 3H, I). 

We then investigated whether proteins were released in free form or as complexes via SDS-

PAGE analysis. Both the gel bands of BSA released from the bulk-assembled BSA-MPN NPs 

and free BSA were observed at a comparable position (Figure S22), indicating that BSA was 

primarily released in free form from the bulk-assembled NPs. In contrast, the gel band of BSA 

released from the microfluidics-assembled BSA-MPN NPs shifted up (Figure S22), suggesting 

a higher molecular weight of the released component, which was likely due to the released 

BSA being complexed with other constituents of BSA-MPN NPs (e.g., polyphenols). 

Cell Association of BSAFITC-MPN NPs. The impact of flow rate ratio on the ratio of TA to 

other precursors significantly influenced the NP morphology and physicochemical properties. 

Therefore, it was also likely to affect NP–cell association. As the BSA-MPN NPs reported 
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herein (both bulk-assembled and microfluidics-assembled) demonstrated negligible 

cytotoxicity up to a particle-to-cell ratio of 4 × 106:1 (Figure S23), we investigated the influence 

of flow rate ratio on NP–cell interactions via cell association assays at a particle-to-cell ratio 

of 5 × 105:1. To improve reproducibility, reporting, and reanalysis, this study conforms to the 

MIRIBEL standard,26 and a companion checklist is provided in the Supporting Information. 

As observed from Figure S24, following incubation for 4 h, <15% of cells were associated with 

BSAFITC-MPN NPs prepared by microfluidics. Cell association was particularly negligible with 

NPs prepared at flow rate ratios of 3:1 and 10:1 (<3 %). The relative mean fluorescence 

intensity (R-MFI) decreased (from 2.1 to 0.9), and a left shift of the FITC histogram was 

observed when increasing the flow rate ratio (from 1:1 to 10:1) (Figure 4A, B), further 

supporting the observation that fewer NPs associated with cells. NPs became more negatively 

charged after increasing the flow rate ratio (Figure S8), which might impede their association 

with negatively charged cell membranes. In contrast, the bulk-assembled BSAFITC-MPN NPs 

exhibited slightly higher cell association (~34 %) and R-MFI (3.6) (Figure 4A, B and Figure 

S24). At 24 h, the cell association and R-MFI of the bulk-assembled BSAFITC-MPN NPs further 

increased to 55% and 6.5, respectively, whereas the cell association and R-MFI of the BSAFITC-

MPN NPs assembled via microfluidics at flow rate ratios of 1:1 and 10:1 remained at low levels 

(19% and 2%, and 2.7 and 1.5, respectively; Figure 4A, C and Figure S24). However, the 

BSAFITC-MPN NPs prepared at a flow ratio of 3:1 demonstrated significantly higher cell 

association (55%) and R-MFI (4.0) after 24 h (Figure 4A, C and Figure S24), likely due to their 

larger size (Figure 2B), which plays a more dominant role for cell association for a long period 

of incubation. Confocal laser scanning microscopy (CLSM) was then used to qualitatively 

analyze the interaction of NPs with cells. As shown in Figure 4D, both types of assembly 

strategy resulted in particles that could be internalized by cells. To investigate the mechanism 

of cell internalization, we further conducted a colocalization study of NPs with lysosomes. The 
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partial overlap of green (i.e., the signal from NPs) and red fluorescence (i.e., the signal from 

lysosomes) indicates the colocalization of NPs and lysosomes (Figure S25), suggesting that 

NPs were internalized via endocytosis and might go through the endo/lysosomal pathway. 

 

Figure 4. (A) Cell association of BSAFITC-MPN NPs, as assessed from relative mean 

fluorescence intensity measurements (relative to untreated cells) and (B,C) corresponding 

FITC histograms of MDA-MB-231 cells treated with BSAFITC-MPN NPs prepared via bulk 

assembly and microfluidics (using different TA:mixture flow rate ratios) for 4 and 24 h at 37 

℃. FITC-BSA was used for NP assembly to endow fluorescence to the resultant NPs. “ns” 

denotes not significantly different with 95% confidence level from unpaired t-test; ***, p < 

0.001 with 95% confidence level from unpaired t-test. (D) CLSM images of MDA-MB-231 
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cells treated with BSAFITC-MPN NPs prepared via bulk assembly and microfluidics (using 

different TA:mixture flow rate ratio) for 4 and 24 h at 37 ℃. NPs (green) were labeled via 

incorporating FITC-labelled BSA (BSAFITC). Cell membranes (red) and nuclei (blue) were 

stained with WGA594 and Hoechst 33342, respectively. 

Versatility of NP Assembly Via Microfluidics. To demonstrate the versatility of NP 

assembly via microfluidics, the size range of the b-MPN NPs prepared using microfluidics was 

compared with that obtained for analogous NPs that were prepared via bulk assembly, as 

reported recently.23 As shown in Figure 5A, the bulk-assembled b-MPN NPs displayed a size 

range of ~45–220 nm, whereas the microfluidics-assembled b-MPN NPs displayed a broader 

size range of ~37–330 nm, highlighting the potential of further tailoring size profiles via 

microfluidics. In addition, the microfluidics-mediated NP assembly enabled the preparation of 

NPs without bioactive cargo or with diverse proteins with specific aliphatic indexes (AIs), Mw, 

and isoelectric point (PI), including PEP (AI = 91.38, PI = 3.2, Mw = 34.5 kDa), GOx 

(AI = 86.12, PI = 4.2, Mw = 160 kDa), and LYZ (AI = 82.93, PI = 10.8, Mw = 14 kDa). The 

NPs prepared without bioactive cargo were similar in size to BSA-MPN NPs (Figure 5B, C, 

Figure S26, Table S7). Incorporating proteins with a higher AI generally produced larger NPs 

(Figure 5B, C, Figure S26, Table S7), as proteins with a higher AI generally contain more 

aliphatic and hydrophobic chains that can have stronger hydrophobic interactions with TA.33 

However, the GOx-MPN NPs were smaller than the LYZ-MPN NPs though GOx displays a 

higher AI than LYZ. This finding might be attributed to the significantly higher PI of LYZ,33 

which also can contribute to ionic interactions with TA. No correlation between 

biomacromolecule PI/Mw and NP size was observed. 

A summary of the key differences between b-MPN NPs prepared via bulk assembly and 

microfluidics is presented in Table S8. These differences include the mixing protocol, flow 

regime, NP size range, protein loading and release kinetics, and NP–cell interactions.  
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Figure 5. Versatility of b-MPN NP assembly via microfluidics. (A) Comparison of the size 

range obtained for the preparation of BSA-MPN NPs via microfluidics and bulk assembly. (B) 

TEM images and (C) size of MPN NPs without or with different types of proteins, as prepared 

by microfluidics; scale bars are 200 nm. Three specimens were analyzed for each sample, with 

the data shown as the mean ± SD, ****p < 0.0001. 

CONCLUSION 

In this study, we demonstrated the use of microfluidics to engineer MPN NPs by altering 

microfluidics operating (flow rate ratio, total flow rate, temperature) and NP composition (PEG 

Mw, FeIII concentration, protein type) parameters. Among the microfluidic operating 

parameters examined, the flow rate ratio played a dominant role in influencing the particle size 

and morphology, the release kinetics of the incorporated proteins, and cell association. When 

comparing the effect of nanoparticle composition on NP size, increasing the Mw of PEG led to 

a size reduction of b-MPN NPs prepared via microfluidics, whereas a reverse trend was 

observed for the bulk-assembled MPN NPs. In contrast, increasing the concentration of FeIII 

had a comparable effect on the size of the MPN NPs regardless of the assembly route. The 

microfluidics-assembled b-MPN NPs displayed a larger size range, when compared with the 

bulk-assembled NPs, and could incorporate a range of proteins with distinct AI. The NPs 

prepared via microfluidics showed a ~30% higher loading of BSA than those prepared via bulk 

assembly. BSA-MPN NPs prepared via microfluidics with a flow rate ratio of 1:1 displayed a 
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similar release profile to the bulk-assembled BSA-MPN NPs at 20 ℃ in response to varying 

pH but showed a slower release pattern at 4 ℃. However, the release profiles of BSA-MPN 

NPs prepared at flow rate ratios of 3:1 and 10:1 were unaffected by changes in pH or 

temperature and less than 10% of BSA was released after 48 h. When comparing NP–cell 

behaviors, the bulk-assembled b-MPN NPs displayed a higher degree of cell association than 

the microfluidics-assembled b-MPN NPs but NPs prepared via both assembly strategies could 

be internalized by cells after incubation for 24 h. These results highlight how microfluidics can 

be employed to engineer the physicochemical properties of NPs and adjust their degree of 

association with cells. The microfluidic device, NanoAssemblr Ignite, used in the present study 

features two inlets (for the injection of TA and mixture, respectively) and a Y-shaped 

microfluidic channel, and allows for the adjustment of three operating parameters (i.e., flow 

rate ratio, total flow rate, and temperature) for NP assembly. We envision that the use of 

microfluidic devices with multiple inlets and an optimized microfluidic channel geometry may 

allow a more thorough mixing of each precursor within an enhanced laminar flow regime, 

which may further improve control over the assembly of MPN NPs. Moreover, lengthening the 

channel after the junction points where the regents combine may prolong the mixing time and 

enable better stabilization of MPN NPs. We also note that microfluidics assembly readily 

allows scale up, including with commercial microfluidic devices comparable to the one used 

in the present study.34–36 Designing a large microfluidic platform with multiple parallel 

microfluidic channels or multilayer microfluidic chips may allow larger-scale production of 

MPN NPs for future commercialization. 
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