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Abstract 

Purpose: Conventional nanoparticle manufacturing techniques remain costly, labor-intensive, and 

difficult to scale, while also being subject to batch-to-batch variability. These limitations hinder 

their clinical translation, particularly in first-in-human trials. Emerging transformative technologies 

such as microfluidics and three-dimensional (3D) printing offer opportunities to develop agile, 

continuous, and scalable manufacturing processes. This study aims to demonstrate the feasibility 

of continuous microfluidic production of nanoparticles using customizable 3D-printed chips, 

integrated with atomization technologies, to generate solid nano-enabled controlled release 

therapies. 

Methods: 3D-printed microfluidic chips were designed using computational fluid dynamics (CFD) 

to optimize flow characteristics. Nifedipine (NFD)–loaded nanoparticles were continuously 

manufactured with Eudragit L-100 and subsequently embedded into pullulan microparticles by 

spray-drying, yielding nano-in-microparticles (NIM). Particle size, encapsulation efficiency, solid-

state properties, permeability, and release kinetics were assessed in ex vivo Franz cell studies 

across porcine intestinal membranes. 

Results: Continuous microfluidic processing produced NFD-loaded nanoparticles with 95% 

encapsulation efficiency. Spray-drying yielded spherical pullulan-based NIMs of ~10 µm, which, 

upon rehydration, released NFD nanoparticles of ~100 nm. The nanoparticles retained their 

amorphous state and displayed a three-fold increase in intestinal permeability compared to free 

drug, accompanied by a three-fold reduction in lag time. Release studies demonstrated reduced 

burst release and a sustained zero-order release profile over 24 h, favorable for blood pressure 

maintenance therapy. 

Conclusions: The integration of 3D-printed microfluidic chip design with continuous manufacturing 

and spray-drying enables scalable production of solid nano-enabled therapies. The NFD-loaded 

NIMs demonstrated enhanced permeability and controlled release, supporting the potential of this 

platform for the clinical translation of nanomedicines. 

Keywords: Nifedipine, polymeric nanoparticles, Eudragit L-100, nanomedicines, continuous 

manufacturing, microfluidics, 3D-printed micromixers, spray-drying, nano-in-microparticles, 

process intensification, microparticles. 
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1. Introduction 

Nanoparticulate technologies have revolutionized drug delivery, allowing for passive and 

active targeting, altered biodistribution, controlled drug release (temporospatial or triggered), 

enhanced stability, improved solubilization capacity, and a reduction in dose and adverse effects. 

The nanomedicine market is currently worth more than 150 billion USD, and this value is expected 

to rise to 334 billion USD by 2025 [1-3]. The market has considerably expanded in recent years 

due to numerous applications for the treatment of cancer, pain, and infections, as well as due to 

advances in drug delivery, and the increasing global incidence of cancer is estimated to be a key 

factor influencing industry growth. More than 50 nanomedicines have been clinically approved 

after the initial approval of liposomal doxorubicin (Doxil®) for myeloma (multiple myeloma) [4], 

while more than 15 are in clinical trials and 75 are in the preclinical phase [5]. Additionally, new 

applications in vaccinations, as demonstrated by the microfluidic manufacture of mRNA vaccines 

in the recent COVID-19 pandemic, are also currently contributing to the growth of the market [6]. 

Although data on the use of nanomedicines indicate that, in recent years, applications of 

nanomedicines have achieved considerable success, their commercialization simultaneously 

suffers from many challenges and obstacles, especially relating to their large-scale manufacture 

[7, 8]. 

Novel transformative technologies have significantly impacted the pharmaceutical industry, 

such as microfluidic and three-dimensional (3D) printing. Techniques for nanomedicine 

manufacture, such as those based on solvent evaporation and nanoprecipitation, suffer from 

batch-to-batch variability, challenges in scale-up, and increased labour and cost requirements, 

and thus fail to deliver methods able to be employed in first-in-human clinical trials. In the post-

COVID era, microfluidic manufacturing emerges as a novel, scalable, continuous manufacturing 

method for enabling clinical translation of nanomedicines [3, 9-13]. Most of the methods and 

devices being used for lipid nanoparticle (LNP) preparation are compromised for preparing sterile 

LNP parenteral formulations to be administered as injectable drugs. Many of these technologies 

require specific devices, e.g., micromixing cartridges (or alike), which are very expensive and 

have limitations on handling large volume batch preparation [14], while requiring a tangential flow 

filtration solvent purification step, which can destabilise particles and result in lipid loss and low 

encapsulation. Additionally, although multiple examples are available for the microfluidic 

continuous manufacture of lipidic nanomedicines, few examples are available for polymeric 
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nanomedicines [3, 15-17], even though polymeric nanomedicines for targeted delivery of a range 

of cargo (small molecules, peptides, proteins, nucleic acids) are well demonstrated [18-23]. 

Three-dimensional (3D) printing enables rapid prototyping and precise manufacturing of 

complex structures, making it a versatile and cost-effective solution for the design of microfluidic 

chips or micromixers [3, 24]. Microfluidic micromixers enable the micro or nanoscale manipulation 

of fluids, which has revolutionized the continuous manufacture of nanomedicines as exemplified 

in the large-scale manufacture of the nano-enabled lipid COVID-19 vaccines. Micromixers provide 

high precision and control over fluid flow, enabling precise mixing and particle formation [3, 16], 

able to generate monodisperse particles with narrow size distributions, high encapsulation 

efficiencies, and improved particle property control compared to traditional batch manufacturing 

methods such as solvent evaporation. These advantages make microfluidic devices ideal for 

nanomedicine applications in which the quality and uniformity of nanoparticles are crucial [25], 

while their parallel or continuous manufacturing capabilities allow for scaling out processes [26] 

[27]. However, fouling, the buildup of solid deposits on the walls of the microfluidics, can eventually 

occlude flow, compromising critical quality attributes of the nanomedicines [28-30]. 

Integration of microfluidic manufacturing with other processing technologies can increase 

the effectiveness and applicability of this method. Spray drying is an established and widely used 

technique to prepare dry powder and microparticulate formulations [31]. Coupling a microfluidic 

micromixer with spray drying can enable the manufacture of nano-in-microparticles for targeted 

or controlled delivery via parenteral (e.g., intramuscular) and mucosal routes [32]. The latter can 

involve nose-to-brain targeted delivery [21], nasal and lung delivery [32], oral delivery, inclusive 

of vaccination and targeting other mucosal surfaces such as vaginal and bladder mucosa. This 

manufacturing process will allow the direct production of dry nano-in-microparticles, eliminating 

the need for intermediate steps such as tangential flow filtration and other purification strategies 

prior to drying typically utilising lyophilization, a procedure which is time-consuming due to three-

step procedure (freezing, primary and secondary drying), highly energy demanding, and although 

well adapted to water-based nanosuspensions is scarcely operated in continuous-flow conditions. 

Although we have previously demonstrated this for co-crystals [33], there is only one previous 

report available in the literature [34] involving nanoprecipitation using commercially available 

micromixers [a Y-micromixer, a high-pressure interdigital multi-lamination micromixer (HPIMM, 
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IMM, Mainz, Germany), and an impact jet micromixer (Fujifilm Corporation, Kyoto, Japan)] 

combined with spray drying.   

We have previously demonstrated that NFD polymeric nanoparticles are successfully 

manufactured using 3D-printed customised chips with particle size and drug-loading attributes 

comparable to those obtained using solvent evaporation [16]. However, in this work, solvent 

removal required non-continuous purification relying on dialysis. The hypothesis underpinning this 

work is that the 3D printed micromixers can be combined in series with spray drying without the 

need for further purification of solvents used or unencapsulated drug that can be upscaled and 

optimized for large-scale pharmaceutical manufacture of nano-in-microparticles. Our study is the 

first utilising 3D printed micromixers with toroidal and double T design coupled with a spray drying 

to manufacture nano-in-microparticles (NIM). The microfluidic length channel was optimized by 

Computational Fluid Dynamics (CFD) to ensure a suitable Reynolds number for optimal mixing. 

Critical performance parameters were optimized by a design of experiments (DOE). 

Pharmaceutical grade Eudragit L-100 was selected as a biocompatible polymer for oral controlled 

drug delivery in our study, while nifedipine (NFD), a BCS Class II drug, was selected as a model 

drug [35]. A novel toroidal 3D-printed microfluidic chip was designed and printed using 

stereolithography (SLA) with three fluid inlets to allow, firstly, the encapsulation of NFD within 

Eudragit polymeric nanoparticles, followed by the mixing of a second GRAS excipient, pullulan, 

to allow continuous spray drying and the formation of NIM. The fabricated NIMs were fully 

characterised in terms of drug encapsulation and particle size. Also, ex vivo permeability 

experiments using a porcine gut were undertaken. 

 

2. Materials and Methods 

2.1. Materials 

Nifedipine (>98%, NFD) was obtained from Kemprotec Limited (Carnforth, UK), while Eudragit L-

100-55 (methacrylic acid – ethyl acrylate copolymer 1:1) was donated by Evonik Rohm GmbH 

(Essen, Germany). UV polymerisable commercial clear resin (405 nm) was obtained from 

Anycubic® (Shenzhen, China). Solvents such as methanol, ethanol, dimethylsulfoxide, and other 

chemicals such as sodium chloride, potassium chloride, disodium hydrogen phosphate, 

potassium dihydrogen phosphate, and polysorbate 80 (Tween 80) were all of ACS grade or above 

https://doi.org/10.1007/s11095-025-03994-1
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and were purchased from Panreac (Barcelona, Spain). Anycubic Photon Mono X (LCD-based 

SLA printer, 405 nm light source, 0.05 mm 3840*2400 XY resolution, 0.01 mm Z resolution, 

192*120*245 mm build volume) was purchased from Anycubic® (Shenzhen, China). 

 

2.2. Microfluidic chip manufacturing and characterisation 

Three microfluidic chips were designed using Solidworks® (Ver. 2020 SP0, USA) as fully 

described in Figure 1.  

 

Figure 1. Blueprints of microfluidic chips; (a) Toroidal T-Mixer: A T-shaped mixer with a toroidal chamber, (b) 1 mm T-Mixer: Features 

two regions; Region 1 for nanoparticle assembly, and Region 2 with a 1 mm mixing zone after the third inlet for combining with the 

spray drying solution,(c) 2 mm T-Mixer: Similar to (b), but with a 2 mm mixing zone after the third inlet. All dimensions are in mm.   

The first chip was designed for the drug encapsulation within polymeric nanoparticles as a 

T-shaped toroidal micromixer, "Toroidal T-Mixer", with the following dimensions: 7.8 cm (length), 

https://doi.org/10.1007/s11095-025-03994-1
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5.6 cm (width), and 0.6 cm (height). This chip featured two separated inlet channels for the 

entrance of the organic and aqueous phases. Each channel was 2 cm in length and 1 mm in 

diameter, extending up to the junction of the inlets. Following the T junction, mixing was fostered 

by six interconnected 10 mm diameter circular rings of 0.6 cm internal channel diameter 

connected to the outlet. The 2-inlet and 1-outlet microfluidic chip was exported as a standard 

tessellation language (.stl) digital file.  

The other two T-shaped mixers with three inlets and one outlet port were utilised to 

manufacture NIM continuously based on Quality by Design (QbD) studies. These chips, with 

dimensions of 5.7 cm (length), 3.4 cm (width), and 0.6 cm (height), featured four identical junctions 

for connecting tubing. Each junction comprised two cylindrical components. The external 

dimensions of the cylinder in contact with the microfluidic chip were 4 mm in diameter and 3 mm 

in height, while the external adjacent cylinder was 4 mm in length and 2 mm in diameter. The 

microfluidic internal channels showed a T-shaped geometry with 180º inlet configuration for the 

aqueous and solvent phase entrance for the nanoparticle formation, followed by a 5 cm in length 

channel. The third inlet channel (with a 1 mm "1 mm T-Mixer" or 2 mm diameter "2 mm T-Mixer") 

was connected perpendicularly to the middle point of the central channel for the entrance of the 

pullulan solution before spray drying. The channel diameter before the junction was 0.8 mm in 

diameter. After the junction, the channel diameter was either 1 mm or 2 mm in diameter (Fig. 1). 

The 3-inlet and 1-outlet microfluidic chips were subsequently exported as standard tessellation 

language (.stl) digital files. All .stl files were then imported into Anycubic Photon Slicer Software 

(Anycubic®, Shenzhen, China), where they were sliced to the .pwmx format suitable for SLA 

printing. 

The Anycubic® Photon Mono X SLA printer was used to print microfluidic chips under photo-

polymerisation of the Anycubic® UV-sensitive resin (clear) at 405 nm. The solidified resin adhered 

initially to the metal platform, and the other layers attached to this first layer, thus creating the 

desired object. Each layer was 0.05 mm thick. The first eight layers were exposed to UV light for 

a longer time than the others (60 seconds) to ensure good attachment to the metallic platform. 

The remaining layers were exposed to UV light for 2.5 seconds. At the end of each layer, the UV 

light was turned off for 1 second, preventing unwanted parts from solidifying. The total number of 

layers required for forming the microfluidic chip using the SLA printer was 1140. 

https://doi.org/10.1007/s11095-025-03994-1
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After printing, the microfluidic chips were soaked in ethanol at room temperature to clean 

the residual unpolymerised resin using an Anycubic Wash and Cure (Anycubic®, Shenzhen, 

China). Subsequently, the chips were attached to a syringe pump and prepared with a 10 mL 

syringe containing 5 mL of ethanol. The ethanol was then flushed through the microchannels of 

the chips at a controlled flow rate of 1 mL/min. Following the ethanol flush, a similar procedure 

was conducted with 5 mL of water to ensure complete resin removal. The prints were then gently 

dried with compressed air. The chips were put in the Anycubic Wash and Cure (Anycubic®, 

Shenzhen, China) post-curing box for two hours under 405 nm UV light. After printing, the 

geometry of the chips was visualised with an iPhone 10 with a 12-megapixel camera (f/1.8, 1.22-

micron) (Apple, Cupertino, CA, USA). 

2.3. Numerical simulations 

Based on Reynolds number (𝑅𝑒), the impingement process of the three inlet streams can 

be classified into three different laminar flow regimes in the mixing channel: stratified flow (0 < 𝑅𝑒 

< 50), vortex flow (50 < 𝑅𝑒 < 150), and engulfment flow (150 < 𝑅𝑒 < 300). The Reynolds Number 

in the mixing central channel (Re) was calculated according to equation 1:  

ReM =
𝜌𝑚𝑖𝑥⋅𝑣⋅𝐿

𝜇𝑚𝑖𝑥
                                                      (Eq. 1) 

Where 𝜌𝑚𝑖𝑥 is the density of the mixture, 𝑣 is the velocity in the mixing channel, and 𝐿 is the 

characteristic length of the channel that, for a circular cross-section, is equal to the inner diameter 

(D), and µ𝑚𝑖𝑥 is the dynamic viscosity of the mixture. 

The fluid velocity in the channel (𝑣) was calculated according to Eq. 2:  

𝑣 =
𝑄

𝐴
                                                                     (Eq. 2) 

where 𝑄 was the volumetric flow rate calculated as the sum of the volume flow rate of 

ethanol and water, and 𝐴 was the channel cross-section area calculated according to Eq. 3:  

𝐴 =
𝜋𝐷2

4
                                                                     (Eq. 3) 

where D is the inner diameter of the channel [36, 37]. 
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The volumetric ratio for ethanol and water was used to calculate the mixture's density and 

viscosity following Eqs. 4 and 5: 

𝜌𝑚𝑖𝑥 =
𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙⋅𝜌𝑒𝑡ℎ𝑎𝑛𝑜𝑙+𝑉𝑤𝑎𝑡𝑒𝑟⋅𝜌𝑤𝑎𝑡𝑒𝑟

𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙+𝑉𝑤𝑎𝑡𝑒𝑟
                                     (Eq. 4) 

𝜇𝑚𝑖𝑥 =
𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙⋅𝜇𝑒𝑡ℎ𝑎𝑛𝑜𝑙+𝑉𝑤𝑎𝑡𝑒𝑟⋅𝜇𝑤𝑎𝑡𝑒𝑟

𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙+𝑉𝑤𝑎𝑡𝑒𝑟
                                      (Eq.5) 

Where the density of water (𝜌𝑤𝑎𝑡𝑒𝑟) was 997 𝑘𝑔/𝑚³ ; the density of ethanol  

(𝜌𝑒𝑡ℎ𝑎𝑛𝑜𝑙) was 789𝑘𝑔/𝑚³; the viscosity of water (𝜇𝑤𝑎𝑡𝑒𝑟) was 0.001𝑃𝑎 · 𝑠 and the viscosity of 

ethanol (𝜇𝑒𝑡ℎ𝑎𝑛𝑜𝑙) was 0.0012𝑃𝑎 · 𝑠 [38]. Ethanol–water mixtures exhibit non-ideal behavior, and 

their viscosity and density do not vary linearly with composition [39]. However, in this study, 

mixture density and viscosity were calculated using simplified linear volume-based equations 

(Eqs. 4 and 5) to provide approximate input values for the CFD simulations. 

Computational fluid dynamics (CFD) simulations were performed using COMSOL 

Multiphysics 5.6 (Burlington, MA, USA), incorporating laminar flow and diluted species interface 

transport. Three T-mixer models were employed to align the simulations with experimental setups: 

a Toroidal T-mixer and 1 and 2 mm T-mixers, all uniformly designed. Flow rates for each inlet and 

fluid properties were determined based on a Design of Experiments approach and formulation 

specifications. 

Momentum and mass conservation in the microfluidic chips, characterized by single-phase, 

incompressible, and time-dependent laminar flow, were analyzed. This analysis used the Navier-

Stokes equations for momentum (Eq.6) and the continuity equation (Eq.7) for mass conservation. 

The equations are expressed as follows: 

𝜌 (
𝜕𝒖

𝜕𝑡
+ 𝒖 ⋅ ∇𝒖) = −∇𝑝 + 𝜇∇2𝒖                                      (Eq.6) 

where ( ρ) is the fluid density (kg/m3), (𝑢) is the fluid velocity vector (m/s), ( 𝑡 ) is time (s), 

( 𝑝 )is pressure (Pa), and ( μ) is the dynamic viscosity (Pa.s). 

𝜌∇ ⋅ 𝒖 = 0                                                                    (Eq.7) 
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The equation implies that the fluid is incompressible. Solving these equations provided 

insights into the velocity and pressure fields within the system. The resultant velocity field was 

then utilized to determine the species concentration field, calculated through the convection-

diffusion equation, which is expressed as: 

𝜕𝑐𝑖

𝜕𝑡
+ ∇ ⋅ (−𝐷𝑖∇𝑐𝑖 + 𝒖𝑐𝑖) = 𝑅                                          (Eq.8) 

where 𝑐𝑖 is the concentration of species (𝑖), 𝐷𝑖 is the diffusion coefficient (1.2 𝑥10-9 m2/s for 

water–ethanol mixture), and 𝑢 is the fluid velocity vector. R is the reaction rate, which was 

assumed to be zero. The initial concentrations of the aqueous (Caqueous), organic (Corganic), and 

spray drying solution (Cspray) phases were set to 1 mol/m³. These standardized concentrations 

were applied at their respective inlets to bind the concentration fields accurately for the dilute 

species transport analysis. 

Grid independence tests were conducted to balance accuracy and computational cost 

optimally (Fig. S1, Supplementary material). Two methods were used to evaluate the mixing 

efficacy in microfluidic chips. The first method measured the width of the mixed region along the 

mixing channel. Mixing is indicated by the co-existence of phases above a certain limit in this 

region. The increased width of this region indicates more effective mixing, which is confirmed by 

the presence of both phases at any point along the cross-section. The lower concentration of the 

phases was graphed for this analysis, with a detection threshold of over 1 x 10-3 mol/m3. The 

procedure was applied to the mixing channel of regions 1 and 2 of the T-mixer, and a linear 

projection technique was used to integrate the mixed region's expression along a one-

dimensional trajectory within the mixer. Direct data extraction from the mixing channel enabled 

the normalised width of the mixed region over the length of the channel, providing measurable 

insight into the effectiveness of the mixing process within the T-mixer. 

Another method used for mixing evaluation involved analyzing the homogeneity at the chip's 

outlet. The statistical measure of uniformity in the mixed solutions was determined by calculating 

the standard deviation of the concentration. Previous studies [40-42] have used methods based 

on the standard deviation of concentration to assess the mixing in microfluidic chips. In this study, 

the efficacy (M) was calculated using a formula derived from the standard deviation of 

concentration, which is expressed as follows: 

https://doi.org/10.1007/s11095-025-03994-1
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𝑀 = 1 −
σ

σ𝑀𝑎𝑥
                                                     (Eq.8) 

where σ represents the standard deviation of species concentration at a given cross-

section, while σMax indicates the standard deviation in a completely unmixed state. The efficacy, 

indicated as '𝑀', is quantified on a scale where 0 corresponds to the unmixed state and 1 to a 

fully mixed state. The standard deviation is calculated as follows: 

σ = √
1

𝑁
∑ (𝑐𝑖 − 𝑐𝑚)2𝑁

𝑖=1                                                    (Eq.9) 

where 𝑁 is the number of sampling points,𝑐𝑖 is the mixing fraction at point (𝑖), 𝑐𝑚 is the 

optimal mixing fraction. 

 

 

2.4. Batch manufacture of NFD polymeric nanoparticles with Toroidal T-Mixer  

NFD polymeric nanoparticles were prepared by mixing Eudragit L100-55 (30 mg) and NFD 

(10 mg) dissolved in ethanol (2 ml) with the aqueous phase consisting of Tween 80 dissolved in 

deionised water (0.25% w/v, 20 mg in 8 ml) as previously optimized by our group [16]. Both phases 

were loaded into a 50 ml (Fisher Scientific, Madrid, Spain) syringe for the aqueous phase and a 

10 ml (Fisher Scientific, Madrid, Spain) syringe for the organic phase, and both syringes were 

connected to two syringe pumps (New Era Pump Systems, NY, USA). Each syringe was fitted 

with a 14-gauge olive colour needle (with an outer Ø of 1.83 mm and inner Ø of 1.75 mm) (Fisher 

Scientific, Madrid, Spain). One end of the silicone tube (inner Ø 1.83 mm) was connected to the 

syringe needle outlet, and the other end was connected to the toroidal T-mixer 's inlet cylinder, 

tied with a cable tie to avoid leakages.  

The flow rate of the organic phase was set at 0.5 ml min-1, while the flow rate of the aqueous 

phase was 2 ml min-1 to elicit a constant 1:4 v/v flow rate ratio (FRR) when mixed in line. After 

mixing, the eluate (10 mL) was collected and centrifuged at 5,000 rpm for 5 min to remove the 

unencapsulated drug, and the supernatant was centrifuged in an Amicon® Ultra-15 Centrifugal 

Filter Unit (30 kDa) at 6,000 rpm for 20 minutes. The concentrated nanoparticles (2 mg mL-1) were 

diluted to the desired concentration with deionised water. The particles were used freshly for 
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further experiments and comparison with NIM. Also, the nanosuspension was lyophilized as 

previously described to perform solid-state characterization studies [9].  

2.5. Continuous manufacture of nifedipine NIM with 3D printed 1 or 2 mm T-mixers 

coupled with spray-drying 

Design of experiments (DoE) 

A 2³ regular two-level factorial design was employed for factor screening studies to identify 

the formulation and process variables critically influencing the drug encapsulation, average 

particle size, and yield [2]. The factors and levels utilized were the following:  

i) Total flow rate (TFR): 6 or 4 mL min-1; 

ii) Channel diameter of micromixer after the third inlet junction: 1 mm or 2 mm; 

iii) Flow Rate Ratio (FRR) between Region 1 (nanoparticle phase) and Region 2 (aqueous 

pullulan phase) was 1:1 or 1:2 (v:v). The total pullulan amount was either 180 or 360 mg 

(respectively for 1:1 and 1:2, v:v) dispersed in 50 ml of deionized water.  

Eight batches of nifedipine polymeric nanoparticles were prepared by mixing an organic 

phase (consisting of 90 mg Eudragit L100-55 and 30 mg NFD dissolved in 6 ml ethanol) with an 

aqueous phase (comprising 0.25% w/v Tween 80 in 24 ml deionized water, equivalent to 60 mg). 

In these experimental batches, the flow ratio between the aqueous and organic phases for 

nanoparticle assembly was consistently maintained at 1:4. However, the flow rates for each inlet 

were adjusted based on the DoE. For example, if the DoE matrix specified a TFR of 4 mL/min 

with a 1:1 FRR between the spray drying solution and the polymeric nanoparticles, the individual 

flow rates were set at 0.4 mL/min for the organic phase and 1.6 ml min-1 for the aqueous phase 

with a flow rate for the spray drying solution of 2 ml min-1. 

For all the batches, both phases were loaded into a 50 ml syringe for the aqueous phase 

and a 10 ml syringe for the organic phase, and both syringes were connected to two syringe 

pumps (New Era Pump Systems, NY, USA). Both syringes were equipped with olive-hued, 14-

gauge needles, with a diameter of 1.83 mm (Fisher Scientific, Madrid, Spain). Silicone tubes were 

attached to the needle outlets of the syringes on one end and fastened to 20-gauge, 0.91 mm 

outer diameter, pink needles on the other end, attached to the microfluidic chip. The spray drying 
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solution was loaded into a 50 ml syringe and introduced through the third inlet. The outlet was 

connected to the inlet of the spray dryer (Büchi Mini Spray-Dryer, Buchi Labortechnik, Flawil, 

Switzerland) using a 70 cm silicone tube. The spray-dryer was used in the open mode. It was 

equipped with a two-fluid nozzle with a 0.7 mm nozzle tip and a 1.5 mm cap, and used air as the 

atomizing gas. The final mixture was spray-dried at a 120 ºC inlet temperature, 70 ºC outlet 

temperature, with a feed rate of either 4 or 6 mL min-1 (as dictated by the DoE) and a 90% 

aspiration. Three responses were evaluated: drug encapsulation (%), average particle size (nm), 

and yield (%). 

Design Expert® software version 13.0 (M/s Stat-Ease, Minneapolis, USA) was used to 

develop polynomial models, which were analysed to delineate the main effects for each critical 

quality attribute through Pareto charts. Multiple linear regression analysis (MLRA) was used to 

conduct mathematical modelling. Only the statistically significant coefficients (p<0.05) were 

considered when formulating the polynomial equations, and the model was evaluated by 

analysing the p-value, correlation coefficient (R2), and predicted residual sum of squares 

(PRESS). Response surface analysis was performed using 2D and 3D plots to comprehend the 

relationship between the various factors and the responses. The optimal formulation prediction 

was made using numerical optimisation and the desirability function targeting to maximise the 

yield and the drug encapsulation. The QbD methodology was validated by comparing predicted 

responses to observed ones using linear correlation and residual plots [43]. 

2.6. Drug loading 

Spray-dried NIMs (10 mg) were dispersed in 5 mL of ethanol: water (1:1 v/v), and a further 

dilution (1 in 5,000) was performed in ethanol: water (1:1 v/v) prior to UV analysis. The absorbance 

of the diluted samples was determined at 240 nm using a V-730 UV-Visible Spectrophotometer 

(JASCO Inc., Easton, USA). A linear calibration curve was constructed between 0.56 and 50 g 

mL-1 of NFD in ethanol: water (1:1 v/v). The absorbance of a diluted blank formulation without 

NFD was subtracted.  

2.7. Particle size 

Spray-dried NIM particle size was determined using laser light scattering (Spraytec®, 

Malvern Instruments Ltd., Malvern, UK). The diffractometer was equipped with a 300 mm focal 

lens that measures particles in a size range between 0.1 and 900 µm. Samples were prepared 
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by dispersing 10 mg of NIM in 10 mL of 1% w/v Span 85 (Honeywell FlukaTM, Morris Plains, NJ, 

USA) in cyclohexane (Sigma-Aldrich®, Schnelldorf, Germany). Each sample was bath sonicated 

(320 watts, Branson Ultrasonics Corporation 8510, Brookfield, CT, USA) for 5 min right before the 

analysis to ensure particle dispersion, particle separation, and to avoid agglomeration. Each 

measure was performed in triplicate. A cumulative size distribution curve was obtained and 

described in terms of volume diameter of the 10th (D10), 50th (D50), and 90th (D90) percentiles of the 

particle population. The amplitude of the distribution was described by the span value was 

calculated based on Equation 10 values as follows: 

𝑆𝑝𝑎𝑛 = (𝐷90 − 𝐷10) ÷ 𝐷50                                         (Eq. 10) 

NIMs (2 mg) were dispersed in 5 mL of deionized water. Particle size was measured by 

PCS on a Malvern Zetasizer 3000 HSA (Malvern Instruments, Malvern, UK) at 25 °C, a 

wavelength of 633 nm, and a detection angle of 90°. Data was analysed by the Contin method of 

size distribution analysis. Mean size (nm) was determined based on the size distribution in volume 

[44]. Before measurements, polystyrene standards (diameter = 100 nm) were measured; size 

results were in accordance with the nominal size of the standard particles. 

 

2.8. Transmission and Scanning Electron Microscopy  

For assessing the morphology of spray-dried NIM, a scanning electron microscope (JSM 

6335F JEOL, Japan) equipped with a secondary electron detector at 15 kV was used after the 

samples were sputter-coated with pure gold using a metalliser (Q150RS Metalizador QUORUM, 

Quorum Technologies Ltd., Lewes, UK) for 180 s under vacuum. 

For transmission electron microscopy, nanosuspensions and spray-dried NIM were 

dispersed in deionised water (0.5 mg mL-1). A drop of the suspension was placed onto a 

Formvar/carbon-coated grid, 200 mesh copper, blotting off the excess sample with Whatman No. 

1 filter paper. Samples were negatively stained with 1% uranyl acetate aqueous solution as 

previously described [45]. TEM was performed using a JEOL 1400 transmission electron 

microscope (JEOL Ltd., Tokyo, Japan) operating at 120 KV. An AMT digital camera was used to 

capture the images.  
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2.9. X-ray powder diffraction (pXRD) 

Solid-state characterisation was performed on spray-dried  NIM and lyophilized 

nanosuspension. Powder X-ray analysis was conducted using a Philips®X'Pert-MPD X-ray 

diffractometer (Malvern Panalytical®; Almelo, Netherlands) equipped with Ni-filtered Cu K 

radiation (1.54). A 40 kV voltage and 40 mA current were used to perform the study. PXRD 

patterns were recorded at a step scan rate of 0.05° per second from 5° to 40° on the 2-theta scale 

(n=3) [32]. 

 

2.10. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis 

(TGA) 

NIM particles (4-6 mg) were weighed out and placed into open aluminum pans for thermal 

analysis. A QA 600 TA Instruments ST system was employed for the Differential Scanning 

Calorimetry (DSC) and Thermogravimetric Analysis (TGA). Throughout the analyses, the samples 

were subjected to nitrogen as the purge gas at a flow rate of 100 mL min-1 to maintain inert 

conditions. The thermal program was set to increase the temperature from 10°C to 500°C at a 

uniform rate of 10°C min-1, allowing simultaneous recording of DSC and TGA data to track thermal 

transitions and mass changes in the samples. To validate the reproducibility of the findings, 

measurements were conducted in triplicate. The instrument was calibrated using indium as the 

standard to ensure accuracy. 

2.11. Permeability studies in Franz cells 

Diffusion studies of optimised NFD NIM, microfluidically prepared NFD polymeric 

nanoparticles, and NFD in DMSO: PBS  50 mM pH 6.8 (1:9 v/v) [46] solutions were performed 

using vertical diffusion Franz Cells (Soham Scientific, Loughborough, UK) as previously described 

[47, 48]. The effective diffusion area was 1.76 cm2 with a receptor compartment volume of 12 mL. 

Porcine gut was freshly excised from a slaughtered male piglet (< 1 year) that was donated by a 

local slaughterhouse (Madrid, Spain). The 20 cm segment of the duodenum was excised and 

cleaned by flushing with phosphate buffer (pH 6.8). Subsequently, it was stored flat in foil 

packaging in a freezer at -40 ºC for 24 hours. Then, 2 × 2 cm pieces were cut, mounted on Franz 

cells [49]. 
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A stirring bar (3 x 5 mm) was added to each Franz Cell's receptor compartment. The 

receptor compartment was filled with methanol: water: acetonitrile (36:55:9, v/v). Three 

formulations (1 mL) with the same total amount of NFD (0.5 mg) were introduced into the donor 

chamber: (1) 9 mg of optimised NFD NIM freshly suspended in 1 mL of phosphate buffer (50 mM, 

pH 6.8), (2) microfluidically prepared NFD nanoparticles (5 mL) diluted at a concentration of 0.5 

mg mL-1 of NFD in phosphate buffer (50 mM, pH 6.8), and (3) 3.5 mg NFD solubilized in a 7 mL 

mixture of DMSO and PBS at a 1:9 volume ratio. At selected time points (0, 15, 30, and 45 min), 

1 mL of the receptor medium was sampled using a glass pipette and immediately refilled with 1 

mL of prewarmed fresh media. NFD concentration was quantified using the validated HPLC 

method described below (Varian, CA, USA).  

The cumulative amounts of NFD permeated through the gut were plotted as a function of 

time [47]. Regression analysis was used to calculate the slopes and intercepts of the linear portion 

of each graph. The following equation (Eq. 11) was applied to calculate the steady-state flux:  

𝐽𝑠𝑠 =  
𝑑𝐶

𝑑𝑋
∗

1

𝐴
                                                       (Eq. 11)  

where Jss is the steady-state flux (μg/cm2/h), dC/dX is the amount of NFD permeating the 

membrane over time (μg/h), and A is the surface area of contact of the formulation [50]. The 

permeability coefficient (P) was calculated by using Equation 12: 

𝑃 =
𝐽𝑠𝑠

𝑐𝑑
                                                             (Eq. 12) 

where cd is the amount of drug applied in the donor compartment (0.5 mg NFD total 

amount). The diffusion coefficient was calculated by using the following equation:  

𝐷 = 𝑃 ℎ                                                          (Eq. 13) 

 Where h is the thickness of the membrane measured with a calliper (0.15 cm). 

2.12. Release studies 

Release tests were conducted in triplicate using a USP dissolution apparatus 2 (Erweka DT 

80, Heusenstamm, Germany) at a speed of 50 rpm [35]. Three formulations were tested: (i) freshly 

prepared NFD nanoparticles using the T-toroidal mixer (10 ml, 5 mg ml-1), freshly prepared NFD 

nanoparticles using the conventional solvent evaporation method (10 ml, 5 mg ml-1), and 
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reconstituted NIM (90 mg in 10 ml of deionized water, 5 mg ml-1). Formulations were added into 

3 cm diameter cellulose acetate dialysis bags (molecular weight cut-off of 3,500 Da) (Medicell Ltd, 

London, UK). USP-simulated gastric fluid (SGF) without enzymes (pH 1.2) and USP-simulated 

intestinal fluid (SIF) without enzymes (pH 6.8) were used as dissolution media [45]. Bags were 

placed for the first two hours in SGF (250 mL), after which the bags were transferred to another 

vessel containing SIF (250 mL), and the pH was adjusted to 6.8 ± 0.05 with 1 M sodium hydroxide. 

Media were maintained at 37 ± 0.5 °C and at 5, 10, 15, 30, and 45 minutes, 1, 2, 3, 4, and 6 h. 

Samples (0.75 mL) were removed from the dissolution media and filtered through a hydrophilic 

0.45 μm filter (Millipore, Millex-LCR, Massachusetts, US). NFD was quantified by HPLC using a 

Thermo BDS Hypersil C18 reverse-phase column (250 x 4.6 mm, 5 µm). The HPLC used 

comprised of Varian Prostar 230 Solvent Delivery Module, a Varian Prostar autosampler 410, and 

a Varian Prostar 310 UV-visible detector (Varian, CA, USA). Integration of the peaks was 

performed with a Galaxie Chromatography Data System (Varian, CA, USA). The mobile phase 

consisting of methanol: water: acetonitrile (36:55:9, v/v) was pumped at a flow rate of 1 ml min-1, 

and the sample injection volume was set at 40 µl. The column temperature was kept at 25ºC, and 

the detector was set at 240 nm. A linear calibration curve was obtained between 50 - 0.1 µg ml -1 

(y = 0.0598x - 0.038, R2= 0.9999). The method used was previously validated with a detection 

limit of 0.12 μg/mL, while the quantification limit was 4 μg ml-1 [51]. 

The dissolution data obtained were fitted [52, 53] using the zero-order (Eq. 14), first-order 

(Eq. 15), Hixson–Crowell (Eq. 16), Korsmeyer–Peppas (Eq. 17 and Higuchi (Eq.18) kinetic 

equations: 

Qt = Q0 + K0t                              (Eq. 14) 

LogQt = logQ0 + K1t2.303    (Eq.15) 

W0
1/3 – W1/3

t = Kst     (Eq. 16) 

Log(Mt/M∞) = log Kkp + nlogt    (Eq. 17) 

Q = tDCs(2C-Cs)    (Eq. 18) 

Where Qt is the amount of drug dissolved in time t, Q0 is the initial amount of drug in the 

solution (most times, Q0 =0), W0 is the initial amount of drug, Wt is the remaining amount of drug 

in the bag; Mt/M∞ is the fraction of drug release at time t; D is the diffusion constant, C is the initial 

drug concentration, Cs is the drug solubility in the matrix medium and Q is the amount of drug 
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release per time, t, per unit area; K1 is the first order release constant, K0 is the zero-order release 

constant, Ks is a constant incorporating the surface-volume relation; KKP is a constant that 

describes the structural and geometric characteristics of the drug dosage form; n is the release 

exponent which describes the drug release mechanism. The n has a value of 0.5, 0.45, or 0.43 

when the particle shape is a thin film, a cylinder, or a sphere, respectively, indicating Fickian 

release controlled by diffusion [54]. Anomalous non-Fickian transport is observed when n is 

between those values and 1 (0.5 < n < 1 for thin films, 0.45 < n < 1 for cylinders, and 0.43 < n < 

1 for spheres). Values of n=1 correspond to zero-order release [55]. The choice of release profile 

that best fits the release data was determined based on the obtained regression coefficient (R2) 

[52, 54, 56].  

2.13. Statistical analysis 

Repeated measures ANOVA with a Tukey's post-hoc test was utilised to compare 

permeability and release profiles in Python (version 3.12; Python Software Foundation, 

Wilmington, USA) over time. A p-value <0.05 was indicative of a statistically significant difference.  

3. Results 

3.1. Microfluidic chip design and manufacture 

Three microfluidic chips were successfully printed (Fig. 2) and immediately washed the internal 

channels with ethanol to remove any remaining uncured resin. The internal channels were open, 

and their dimensions were verified with a digital camera. Two different regions were identified in 

microfluidic chips 2 and 3. Region 1 was used for mixing of the aqueous and organic phase 

containing the NFD and the polymer (Eudragit L-100) that, upon dilution of the organic phase in 

the aqueous phase, triggered the encapsulation of NFD within nanoparticles. The nanoparticulate 

suspension in the ethanol: water stream flow was then mixed with the aqueous pullulan pumped 

via the third inlet to overcoat the polymeric nanoparticulate suspension that was spray-dried to 

form the NIM.   
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Figure 2. Blueprints and images of 3D printed microfluidic chips; Schematic design of the Toroidal T-Mixer used for manufacture of 

nanoparticles (a-I) and photograph of the 3D printed Toroidal T-Mixer (a-II, Bar: 10 mm); Schematic design of the 1 mm T-Mixer used 

for DoE with 1 mm diameter after the junction of the third inlet (b-I, unit is mm)  and photograph of 3D printed 1 mm T-Mixer (b-II, Bar: 

10 mm), Schematic design of the 2 mm T-Mixer used for DoE with 2 mm diameter after the junction of third inlet (c-I, unit is mm)  and 

photograph of 3D printed 2 mm T-Mixer (c-II, Bar: 10 mm). 

3.2. Numerical Simulations 

The Reynolds numbers were calculated for each experimental batch, which included both 

polymeric nanoparticles and NIMs according to DoE. The results showed that a higher TFR or 

smaller channel diameters resulted in higher Reynolds numbers and thus influenced the type of 

flow. The channel diameter had a significant impact on the Reynolds number, which varies in the 

different regions of the chip (Table 1). 

 

 

Table 1. Reynolds numbers of each experimental batch for the manufacture of NFD nanoparticles (Toroidal T-mixer) 

and NIMs (1 and 2 mm T-Mixers) as per the 2 Level Factorial design.  

Microfluidic chip Channel 
internal 
diameter Ø 
(region 1 
/region 2) 

TFR  

(region 1/ region 
2) (ml min-1)  

FFR  

region 1: 
region 2  

Reynold 
number  
(region 
1/region 2) 

Type of flow (region 1/ region 2) 
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Toroidal T-Mixer 0.6 mm 2.5 - 81 Vortex flow 

1 mm T-Mixer  0.8 /1 mm 4 (2:2) 1:1 48 / 81 Stratified flow/ Vortex flow 

4 (1.33: 2.66) 1:2 32 / 81 Stratified flow/ Vortex flow 

6 (3:3) 1:1 73 /122 Vortex flow 

6 (2:4) 1:2 48 / 123 Stratified flow/ Vortex flow 

2 mm T-Mixer 0.8 / 2 mm 4 (2:2) 1:1 48 / 40 Stratified flow 

4 (1.33:2.66) 1:2 32 / 40 Stratified flow 

6 (3:3) 1:1 73 / 60 Vortex flow 

6 (2:4) 1:2 48 / 61 Stratified flow/ Vortex flow 

CFD simulations were performed for the Toroidal T-Mixer, 1 mm, and 2 mm T-Mixer. Inlet 

velocities for each mixer were calculated based on their respective flow rates. The simulations 

assessed and compared each chip's velocity, pressure, and mixing efficiency. 

Toroidal T-Mixer CFD simulation 

Figure 4 shows the velocity, pressure, and concentration field within the Toroidal T-mixer. 

The velocity is higher at the junctions where the two inlets merge and beyond the last circle, where 

the circular channels converge, with the maximum velocity reaching 0.23 m/s in the chip. The 

pressure reduces over time within the chip (Figure 3a and b). 
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Figure 3. Contours of mixing in the Toroidal T-Mixer after 10 seconds. Key: (a) velocity magnitude (m/s), (b) Pressure (Pa), (c) 

Concentration field of the organic phase during the mixing period, (d) regions of where the concentration field is ≥1% for both phases, 

red fields indicates both phases are present and higher than ≥1%, green fields shows at least one of the phases is not present or 

lower than <1%. 

The analysis of the concentration field (in which a boundary condition for the species 

concentration was added) in the organic phase showed that mixing was significantly improved by 

the circular mixing zones and the channel length. At first, a higher concentration of the organic 

phase was observed near the channel wall where the organic phase inlet was after the T-junction. 

However, after passing through the circular mixing zones, a near-homogeneous distribution of the 

organic phase was achieved along the micromixer channel. Regions where the two phases co-

exist were simulated using a minimum concentration threshold of 1% or more for both phases, 

acting as a detection limit. This approach showed that while mixing occurred in red regions, green 

remained unmixed. Notably, after passing the first circular mixer and traversing 6 mm of the 
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channel length, this previously unmixed region (indicated in green) dissipated, suggesting 

effective mixing (Figure 3 c&d). 

1- and 2-mm T-Mixer CFD simulations 

The simulated velocity and pressure graphs according to DoE of 1 and 2 mm T-Mixers are 

presented in Figure 4. Post the third inlet, an increase in fluid velocity was observed that was 

significantly higher in the  1 mm channel T-Mixer. This is explained as in a smaller diameter 

channel, the same fluid volume occupies a smaller cross-sectional area, leading to faster flow 

rates. 

 

 Figure 4. Velocities (a & b) and pressures (c & d) inside the 1 and 2 mm T-Mixer used in the DoE. The total length of the channel 

was 50 mm. The interphase between regions 1 and 2 of mixing within the channels occurs at 25 mm. Key:  (-■-) Total flow rate 6 

mL.min-1, 0.4 mL.min-1 for organic phase and 1.6 mL.min-1 aqueous phase, (-■-) Total flow rate 4 mL.min-1, 0.266 mL.min-1 for organic 

https://doi.org/10.1007/s11095-025-03994-1


This is the author accepted manuscript of: Kara, A., Ongoren, B., Anaya, B. J., Lalatsa, A., & Serrano, D. R. 
(2026). Continuous microfluidic manufacture of nano-in-microparticles combining 3D-printed 
micromixers and spray drying. Pharmaceutical Research. https://doi.org/10.1007/s11095-025-03994-1. 
For the purpose of open access, a CC BY 4.0 licence has been applied. 
 

24 
 

phase and 1.064 mL.min-1 aqueous phase, (-■-) Total flow rate 6 mL.min-1, 0.6 mL.min-1 for organic phase and 2.4 mL.min-1aqueous 

phase, (-■-) Total flow rate 4 mL.min-1, 0.4 mL.min-1 for organic phase and 1.6 mL.min-1 aqueous phase. 

Figure 4 c, d shows a decrease in pressure across all tested samples after the first region. 

The pressure drop in the 2 mm channel chip was more pronounced. The larger cross-sectional 

area of the 2 mm channel facilitates a lower velocity and, consequently, a more substantial 

pressure reduction as the fluid advances through the chip, according to fluid mechanics principles. 

Changes in velocity, resulting from variations in TFR and channel diameters, directly 

influence the Reynolds numbers in different cross-sections of the channel. An increase in the 

Reynolds number may result in a change in the flow pattern, which has the potential to increase 

mixing within the channels. The FFR does not affect velocity when the TFR is constant, but it does 

significantly alter the mixing of the phases. A ratio closer to 1 in FFR tends to create more 

heterogeneous sections at any given cross-section of the mixing channel, which could result in 

less efficacious mixing between the phases. 

Figure 5a illustrates the effect of the channel diameter on the normalised mixed width in 

region 1 of a 1 and 2-mm T-mixer used for nanoparticle formation. The results predict that smaller 

channel diameters lead to faster phase mixing. However, the analysis also shows that the 0.6 mm 

and 0.8 mm channels achieve complete heterogeneous mixing across the cross-section at a 

similar length (5.2 mm channel length), although the 0.6 mm channel has a larger mixed area at 

the initial part of the channel. Therefore, choosing a 0.8 mm channel diameter may be beneficial, 

particularly in 3D printing applications, as it can provide practical manufacturing advantages 

without significantly reducing mixing efficiency. 
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Figure 5. Normalized Width of Mixed Areas in Region 1 of T-Mixers at 10 seconds. Key: (a) Comparison of normalized mixed area 

widths along the mixing channel in Region 1 of T-Mixers with different channel diameters, under a TFR of 2 mL min-1 and a FFR of 1:4 

(organic: aqueous), (b) Normalized mixed area widths along the 0.8 mm diameter mixing channel, demonstrating the experimental 

setup's performance under various DoE conditions; (-■-) Total flow rate 2 mL.min-1, 0.4 mL.min-1  for organic phase and 1.6 mL.min-1  

aqueous phase, (-■-) Total flow rate 1.35 mL.min-1, 0.266 mL.min-1 for organic phase and 1.064 mL.min-1  aqueous phase, (-■-) Total 

flow rate 2 mL.min-1, 0.5 mL.min-1  for organic phase and 1.5 mL.min-1  aqueous phase, (-■-) Total flow rate 3 mL.min-1 , 0.6 mL.min-1  

for organic phase and 2.4 mL.min-1  aqueous phase. 

Figure 5b shows that a similar channel length was needed to achieve complete 

heterogeneous mixing in the 1 mm and 2 mm T-mixers for all DoE conditions with different TFR. 

This consistency is attributed to the FFR in Region 1 being maintained at a constant ratio of 1:4 

(organic: aqueous) for all DoE runs. Although the TFR variations did not significantly affect the 

mixing process within the chip, it is important to note that these conditions alone may not ensure 

similar encapsulation efficacy or average particle sizes, as these specific outcomes were not 

included in the simulation. 
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Figure 6.Comparison of normalized mixed area widths along the 1mm or 2mm diameter mixing channel, under various DoE conditions; 

Key: (a) Normalized width of mixing region 2 of 1 mm T-Mixer, (b)  Normalized width of mixing region 2 of 2 mm T-Mixer (-■-) Total 

flow rate 6 mL.min-1 and 2:1 flow ratio (-■-) Total flow rate 4 mL.min-1 and 2:1 flow ratio, (-■-) Total flow rate 6 mL.min-1 and 1:1 flow 

ratio, (-■-) Total flow rate 4 mL.min-1 and 1:1 flow ratio.  

Figure 6 shows mixing within Region 2 of the T-mixers, which is similar to that obtained in 

Region 1. While maintaining a constant channel diameter, the results indicate a similar pattern in 

achieving complete heterogeneous mixing across the cross-section. This observation suggests 

that alterations in TFR, as well as FFR conditions, did not significantly influence the full 

heterogeneous mixing. However, it is important to note that this does not necessarily imply 

homogeneous mixing across the cross-section. Instead, this indicates that both phases are fully 

detectable in the cross-section, which is a crucial criterion for assessing complete mixing. If there 

were sections within the chip where only one phase was present, this would indicate areas of 

unmixed state. 

A comparative analysis of the 1 mm and 2 mm T-Mixers showed differences. The 2 mm 

channel required a longer length to achieve the presence of both phases, indicating that an 

increase in channel diameter extends the length required to reach the optimal mixing state. This 

finding is in line with the observations made in Region 1. However, both 1 and 2-mm T-mixers 

were designed to have sufficient mixing channel length to achieve efficient mixing. 
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Figure 7: Mixing Efficacy (M) of the Toroidal, 1 mm, and 2 mm T-Mixers. A value closer to 1 indicates homogeneous 

mixing, while a value closer to 0 denotes poor mixing (heterogeneous phases). 

To determine whether mixing occurred within the chips, the microfluidic mixing efficiency 

(M) was calculated (Fig.7). This supports the findings regarding the presence of both phases and 

overall provides a comprehensive view of the mixing process. Efficacy was determined using the 

concentration of the organic phase across the cross-section, as NFD is predominantly present in 

this phase. Comparable efficacy results were observed for the Toroidal, 1 mm, and 2 mm T-mixers. 

The highest mixing efficacy for the 1 mm and 2 mm T-mixers was achieved with a TFR of 6 mL/min 

and an FFR of 1:1 for nanoparticle-to-spray drying solution ratios. Conversely, the lowest efficacy 

was observed at a TFR of 4 mL/min with a 1:2 FFR, although the difference was minimal. Higher 

TFRs appear to contribute to improved mixing, a pattern not seen in the earlier results. It is 

important to note that the mixing efficacy was calculated at the outlet of the chip, rather than at 

the entrance of the spray drying process. The microfluidic chip outlet was connected to the spray 
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dryer inlet using approximately 70 cm of tubing. This suggests that higher mixing efficacy was 

achieved in these experiments. 

3.3. Design of Experiments (DoE) 

A 2-level factorial design was employed to optimise the manufacturing process of NFD NIM (Table 

2). An FFR of 1:4 (v/v) ratio between the organic and the aqueous phase was previously optimized 

and was kept constant during the spray drying process optimization [11].  

The T-mixers (1 and 2 mm) were used for optimization of NIMs. It is expected that during the 

mixing occurring at Region 1 of the chip,  NFD nanoencapsulation within Eudragit L-100 particles 

occurred, and the nanoparticulate suspension will be overcoated with an aqueous pullulan 

solution in the second region before being pooled for spray drying. The TFR at the exit of the chip 

(4 or 6 mL min-1) was a selected factor as well as the FFR between region 1 and 2 being either 

1:1 or 1:2 (v/v). The channel diameter in region 1 was kept constant at 0.8 mm, while the impact 

of the channel diameter in region 2 was varied between 1 and 2 mm. 

Table 2. Design matrix for NFD NIM as per the 2 Level Factorial design. 

 
Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 

Run 
FFR  

(mL: mL) 
Chip diameter 

(mm) 

TFR 

 (ml/min) 
Encapsulation Efficiency 

(%) 

Average 
particle size 

(µm) 
Yield (%) 

1 2 1 4 62.48 8.66 39.9 

2 1 2 6 91.92 11.63 40.3 

3 1 2 4 78.46 16.91 36.8 

4 2 2 6 88.55 10.74 44.0 

5 2 2 4 72.66 12.78 42.0 

6 2 1 6 87.48 9.85 35.0 

7 1 1 4 66.97 10.13 34.4 

8 1 1 6 91.18 10.72 31.54 
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The two-factor interaction (2FI) model emerged as the optimal fit for this study due to its 

ability to elucidate not only the individual effects of the variables but also the interactions between 

them. This was particularly evident when considering the robustness of the model, as reflected 

by R-squared (R2) values exceeding 0.99 for the parameters tested, indicating an excellent 

correlation between the experimental outcomes and the predicted values by the model. 

In the analysis of variance (ANOVA), the interactions of TFR with FFR, as well as TFR with 

the chip diameter, were deemed statistically significant, with p-values less than 0.05. This 

suggests that these specific combinations of factors influence the system's performance 

considerably. Although the TFR as an independent variable did not display a significant effect, its 

interaction with both FFR and drug encapsulation efficiency proved to be a critical determinant in 

optimizing the manufacture. These interactions highlight the importance of considering the 

synergistic effects of process parameters when aiming to refine and enhance production methods 

within the microfluidic chip environment. Yield was increased when a 2 mm internal channel 

diameter in region 2 was used, as well as a higher FFR between region 1 and 2 (p< 0.05). In 

terms of drug encapsulation, no effect was observed for the internal channel diameter (Fig. 8).  

The final NIM formulation was optimized to maximise drug encapsulation and yield. Particle 

size was within the range 8-12 µm. According to the above criteria, the optimized formulation was 

prepared using a 6 ml min-1, TFR, with an FFR between region 1 and region 2 equal to 1:2 (v:v) 

and an internal channel diameter of region 2 equal to 2 mm (2 mm T-Mixer).  
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Figure 8. 2D contour (a, b, c,d) plots showing the effect of TFR, FFR in region 1 and 2 of the chip, and internal channel 

diameter in region 2 on drug encapsulation and yield. Key: (a) influence of the TFR and channel diameter on yield, (b) 

influence of the TFR and channel diameter on drug encapsulation, (c) influence of the FFR and TFR on yield, (d) 

influence of the FFR and TFR on drug encapsulation, (e) influence of the FFR and TFR on particle size, (d) influence 

of the TFR and channel diameter on particle size. 

Validation studies demonstrated a good match between the predicted optimal formulation and the 

experimental one. Predicted optimal results were 86.69% for drug encapsulation with a 95% 

confidence interval between [84.78 – 92.78] 44% for yield [42.67 – 45.37], and 10.77 µm for 

particle size [9.2 – 12.61]. A good match was found between the predicted and the experimental 

optimized formulation with a 90.55 ± 1.77 % drug encapsulation, a 42.1 ±  1.85% yield, and a 

10.72 ± 0.5 µm particle size. The prediction was 10.77 µm with a 0.4% error. For yield, the 

predicted value was 44% with a 4.3% error. Overall, the predicted results aligned well with 

experimental data, indicating the reliability of the predictive model for NFD NIM optimisation.  

3.4. Physicochemical characterization of NFD NIMs 

Scanning electron microscopy showed quasi-spherical particles after spray drying under 10 µm 

(Fig. 9). The surface was smooth, with some of the particles partially collapsed, potentially due to 

the vacuum applied during SEM. After reconstitution in water, nanoparticulate dispersions 

exhibited particles of 46 ± 15 nm in size with a dense core and an absence of NFD crystals. No 

statistically significant differences in size (p> 0.05) were observed with the nanosupension formed 

from T-toroidal mixers.   
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Figure 9. SEM images of optimized NFD NIM, Bar: 1µm  (a), TEM images of NFD NIM aqueous dispersions (0.5 mg 

mL-1) stained with 1% Uranyl acetate, Bar: 1µm (b), and TEM images of nanosuspension (0.5 mg mL-1) stained with 

1% Uranyl acetate, Bar: 500 nm.  

NFD NIMs, lyophilized NFD nanoparticles produced by the T-toroidal mixer, and lyophilized NFD 

nanoparticles produced using solvent evaporation as previously described [11] were 

characterised by powder X-ray diffraction (pXRD) (Figure 10). Both microparticulate and 

nanoparticulate formulations exhibited an amorphous halo [16, 57]. In contrast, the unprocessed 

NFD displayed characteristic Bragg peaks, which are attributed to its crystalline structure [30]. 

The NFD NIMs showed a total weight loss of 6.01% till 100 ºC, indicating the presence of moisture, 

which is in line with the spray-drying process (120 °C inlet temperature) and high flow rate [58]. A 

sharp degradation peak was observed at 250ºC, which correlates with pullulan thermal 

degradation that carbonizes at this temperature [59].  
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Figure 10. XRD patterns, TGA and DSC thermograms of lyophilised NFD polymeric nanoparticles and NFD NIM; A: 

XRD patterns of (a) lyophilized NFD polymeric nanoparticles prepared with T-toroidal mixer; (b) NFD NIMs; (c) 

lyophilized NFD polymeric nanoparticles prepared with solvent evaporation; (d) Unprocessed NFD. B: DSC/TGA 

thermograms of NFD NIM manufactured with a 2 mm T-mixer coupled with the spray dryer. 

The Fourier Transform Infrared (FTIR) spectra of NFD polymeric nanoparticles, NFD 

microparticles, and unprocessed NFD are illustrated in Figure 11. Compared to the unprocessed 

NFD, a noticeable shift in the carbonyl (C=O) group was observed, moving from 1681 cm⁻¹ to 

1699 cm⁻¹ for NFD-loaded polymeric nanoparticles and NIMs. A shift in the nitro (-NO2) 

https://doi.org/10.1007/s11095-025-03994-1


This is the author accepted manuscript of: Kara, A., Ongoren, B., Anaya, B. J., Lalatsa, A., & Serrano, D. R. 
(2026). Continuous microfluidic manufacture of nano-in-microparticles combining 3D-printed 
micromixers and spray drying. Pharmaceutical Research. https://doi.org/10.1007/s11095-025-03994-1. 
For the purpose of open access, a CC BY 4.0 licence has been applied. 
 

34 
 

asymmetric stretch from 1497 to 1484 cm⁻¹ was also detected. Additionally, the peak attributed 

to the -NH aromatic at 3334 cm-1 was broadened after spray drying (NIMs) and lyophilization 

(nanoparticle suspension). The 2800-3000 cm⁻¹ range indicates the stretching vibrations of C-H 

bonds, specifically the aliphatic C-H groups present in both NFD and Eudragit L100-55. Previous 

studies have characterised the solid-state molecular interaction between NFD and Eudragit® [60]. 

These peak shifts can be related to drug amorphization and hydrogen bonding interactions 

between the -NH aromatic group of the NFD and the carboxylic group of the Eudragit induced 

during the drug encapsulation, followed by lyophilization or spray drying. In the case of NFD NIMs, 

a broad shifted peak within the range of 1000-1200 cm⁻¹ was observed, which can be attributed 

to H-bonding interactions between the -NO2 NFD group, the carboxylic acid of the Eudragit®, and 

the pullulan's glycosidic bonds (-C-O) stretching vibrations as previously reported [57].  

 

Figure 11. FTIR spectra of NFD polymeric nanoparticles and NFD NIMs. Key: (a) NFD NIMs, (b) lyophilized NFD 

polymeric nanoparticles prepared by T-toroidal mixer, (c) Unprocessed NFD; (d) Eudragit L-100 55. 

3.5. Permeability studies 

The permeation parameters of NFD were evaluated (Table 3 & Fig. 12). NFD NIMs showed 3-

fold greater flux across the intestinal membrane and between 3-4-fold reduction in the lag time 

compared to NFD nanoparticles. The NFD formulations showed a linear flux up to 50 min. The 

permeability coefficient for the microparticles, nanoparticles, and suspension was 0.11, 0.03, and 
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0.03 (x 10³ cm h-1), respectively. The diffusion coefficients for these formulations were 0.011, 

0.003, and 0.004 (x 10³ cm² h-1), respectively.  

Table 3. In vitro permeability parameters of NFD formulations. Key: Jss: steady-state flux Jss (µg/cm²/h), Tlag: lag 

time (min), permeability (x 10³) (cm/h), diffusion coefficient (x 10³) (cm²/h).  

 

Formulation 
Jss 

(µg/cm²/h) 
Tlag(min) 

Permeability 

(x 103) (cm/h) 

Diffusion 

(x 103) (cm²/h) 

NFD nanoparticles T-toroidal mixer 16 ± 0.34 8.49 ± 0.70 0.03 ± 0.001 0.003 ± 0.001 

NFD NIMs 53 ± 0.34 2.18 ± 0.59 0.11 ± 0.002 0.011 ± 0.002 

NFD suspension 20 ± 2.83 6.16 ± 1.19 0.03 ± 0.001 0.004 ± 0.001 
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Figure 12. In vitro permeability of NFD formulations (0.5 mg ml-1) using porcine gut. Key: (●) NFD NIMs, (♦) NFD 

aqueous suspension (DMSO: PBS,1:9 v:v) (■) NFD nanoparticles.  
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3.6. Release studies 

The release profile of NFD nanoparticles formed after the T-toroidal mixer, the NIMs, and 

nanoparticles manufactured with solvent evaporation exhibited differences in the rate and extent 

of drug release over time (Fig. 13). The two nanoparticulate formulations (NFD nanoparticles and 

solvent evaporation) fitted a Hixson-Crowell release model (R2= 0.97 and 0.94, respectively). The 

release behavior of the NIMs exhibited dual-phase kinetics dependent on the pH of the 

surrounding medium. Under acidic conditions (pH 1.2 for 120 min), the dissolution of the 

microparticles followed a Korsmeyer-Peppas kinetic model (R2= 0.98), indicating that drug release 

from microparticles occurs either through matrix erosion or drug diffusion across the matrix. As 

the environmental pH was increased to 6.8, the kinetic model followed a zero-order release profile 

(R2= 0.99) where the rate of drug release remained constant over time. NFD nanoparticles 

produced by solvent evaporation showed a marked burst release (20%) during the first two hours, 

followed by a steep release occurring between 180 and 360 minutes. In contrast, the NFD NIMs 

displayed a minimal burst release (below 5%) followed by a zero-order release profile at the 

intestinal pH (p-values < 0.05). The release profile of the NFD nanoparticles produced 

microfluidically showed an intermediate behaviour between the formulations. The NIM formulation 

demonstrated a lower burst release in comparison to other manufacturing methods. These results 

may be related to the lower amount of free NFD in the formulation. The solvent removal of the 

NFD nanoparticulate formulations could affect the integrity of the particles, such as centrifugation 

and lyophilization, explaining the higher burst effect.  
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Figure 13. NFD release in simulated gastric fluid (pH 1.2 over 2 hours) followed by simulated intestinal fluid 

(pH 6.8 over 24 h). Key: (-●-) Polymeric NFD nanoparticles prepared with T-toroidal mixer, (-■-) NFD NIM, (-▲-) 

Polymeric NFD nanoparticles prepared with solvent evaporation. ANOVA with Tukey's post-hoc test statistical analysis 

was performed (* p< 0.05). 

4. Discussion 

 By employing a continuous method for nanoparticle and NIMs production, the 

pharmaceutical industry can overcome numerous obstacles, such as batch-to-batch variability, 

scaling-up issues, and high production costs, while allowing for the manufacture of solid NIMs 

formulations for mucosal and parenteral applications. The close match between the optimal 

experimental formulation and the predictions in the quality by design approach employed in this 

work indicates that the manufacturing process is reproducible. This finding supports the viability 
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of spray drying as a reliable and effective method for the continuous production of polymeric NIMs 

without the need for tangential flow filtration and purification steps.  

CFD simulations indicate that achieving an optimal mixing length in region 1 of the 

microfluidic chip is crucial to maximize the mixing efficiency and ensure NFD is entrapped in self-

assembled Eudragit® nanoparticles prior introduction of pullulan within the micromixer (Fig. 6b). 

A smaller channel diameter initially yields a greater normalized width of the mixing region 

compared to larger channels. However, channels of 0.6 mm and 0.8 mm diameters reach the 

maximum normalized mixing width within comparable lengths (5 mm). To balance ease of 

manufacturing and mixing efficiency, a 0.8 mm channel diameter was chosen for the chip 

fabrication to avoid 3D printing issues such as light bleeding during layer curing. The T-shaped 

design of the chip proved to be effective, consistently mixing phases with concentrations of 

aqueous and organic phases. Moreover, Reynolds numbers greater than 50 are able to introduce 

turbulence within the microfluidic system, which is advantageous for API encapsulation, 

promoting better two-phase mixing, while maintaining the controlled flow of individual phases.  

Maintaining adequate flow rates in region 1 for NFD encapsulation and a steady, less 

turbulent flow in region 2 is critical for optimal spray drying of NIMs. Extremely low flow rates can 

lead to suboptimal results, underscoring the need for flow rate optimization in region 2. Design of 

Experiments (DoE) revealed that the most effective parameters were a 2 mm diameter channel 

in Region 2 with a 2:1 FFR and a TFR of 6 ml min-1. A lower TFR, such as 4 ml min-1 resulted in 

insufficient mixing due to a lower Reynolds number in region 1.  

The successful combination of a microfluidic chip with a spray dryer for the production of 

NFD NIMs has several advantages such as high drug encapsulation, time to optimise 

manufacture, reduced batch to batch variability, ability to predict particle properties using DOE 

and CFD and potentially is amenable to scale up able to yield solid NIMs ready for packaging 

without in line need of multiple tangential flow and other purification steps. The optimal TFR was 

6 ml min-1, which corresponds to 372 mg of microparticles per minute. Considering that the yield 

of the process was 42%, the total production rate was 156 mg of NIMs per minute. This yield can 

be significantly increased when an industrial spray drier is used or under multiple parallelly 

micromixers attached to spray driers [61]. Also, the drug encapsulation was greater than 95%, 

which is significantly higher than the encapsulation obtained in a single batch (polymeric 
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nanoparticles manufactured with a microfluidic chip and solvent evaporation) (76%) [11]. The 

difference in encapsulation efficiency for NIM may be related to the elimination of certain 

processing steps after microfluidic preparation, which may destabilise the formulation, such as 

centrifugation, filtration, and dialysis processes. The observed drug loss in NIM formulations was 

very low (5%) with a 95% drug encapsulation, which may be attributed to particle adhesion to the 

walls of the drying chamber during the spray drying process, which can be related to the low glass 

transition temperature of the drug [62]. However, this value of drug encapsulation was 2-fold 

greater than the value reported for ketoprofen-loaded poly(methyl methacrylate) nanoparticles 

fabricated using a K-M micromixer followed by spray drying [20]. 

According to the XRD results, the NIMs showed a characteristic amorphous halo attributed 

to pullulan and the absence of a Bragg peak, indicating the absence of crystalline NFD. Also, the 

FT-IR showed peak shifts not only in the NFD but also in the functional groups of pullulan and 

Eudragit®, indicating H-bonding interaction amongst the three components. 

Regarding the ex vivo permeability, NFD is primarily absorbed through the intestinal 

epithelium via the transcellular route, facilitated by its integration into the lipid layers of enterocyte 

membranes [63]. The use of Eudragit®, which dissolves at a specific pH level, in conjunction with 

the mucoadhesive polymer pullulan, may enhance the intestinal adhesion of NIMs, thus 

explaining the significant increase in the NFD absorption [64]. Furthermore, pullulan has been 

shown to improve the oral bioavailability of poorly water-soluble BCS Class II drugs [65]. The 

combination of polymeric nanoparticle encapsulation with pullulan leads to a three-fold 

enhancement in intestinal permeability compared to nanoparticles alone and provides a controlled 

release that curtails the initial burst in acidic media, followed by sustained release in the intestinal 

region [65]. The microparticles designed for the sustained release of NFD demonstrated a pH-

dependent, dual-phase release kinetics. Initially, under acidic conditions, the release follows the 

Korsmeyer-Peppas model, where drug release from microparticles occurs either through matrix 

erosion or drug diffusion across the matrix. Upon exposure to a higher, more basic pH, the release 

mechanism transitions to a zero-order profile, maintaining a steady, concentration-independent 

drug release rate. Comparatively, Adalat Oros, a brand formulation of NFD for hypertension, 

employs an osmotically controlled release system. The drug delivery from Adalat Oros is driven 

by osmotic pressure, which enables a zero-order release kinetic throughout its transit in the 

gastrointestinal tract, independent of the surrounding pH [66]. In contrast to the NFD NIM, whose 
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release rate is initially surface area-dependent and later transitions to a zero-order profile with 

pH, Adalat Oros maintains a consistent zero-order release without a pH-dependent phase. The 

NFD control drug release from NIMS at the different gastrointestinal pHs offers a pharmacological 

advantage to control high blood pressure levels similar to 3D printed NFD tablets [67] which  is 

preferable compare to previous work with ketoprofen-loaded poly(methyl 

methacrylate) nanoparticles in which particles exhibited a first order release [20]. 

The current study is the first study demonstrating the continuous manufacture of polymeric NIMs 

using GRAS excipients utilising 3D printed microfluidic chips combined with spray-drying, and 

illustrates that DOE and CFD are ideal tools to predict process parameters and for optimization. 

Through the use of 3D printing, microfluidic channels can be designed and built to achieve precise 

mixing and controlled formation of nanoparticles. The subsequent incorporation of spray drying 

allows for the continuous production of NIMs at an industrial scale, while maintaining their desired 

characteristics. Future research efforts should be directed towards the integration of Process 

Analytical Technology (PAT) into the manufacturing pipeline. This would enable the monitoring 

and control of crucial factors, including drug encapsulation efficiency, the overall production yield, 

and particle size uniformity and solid state, in real-time. The integration of such a system would 

greatly assist in establishing a completely automated and continuous manufacturing process. 

Automation of this level is expected to increase production efficiency, reduce the potential for 

operator error, and maintain consistent product quality. The interaction with microfluidic spray 

drying technology in this context could enable the development of a comprehensive lab-on-a-chip 

system [68], simplifying the scaling-up process and making the transition to industrial-scale 

production more seamless. 

5. Conclusion 

The continuous manufacturing of NFD NIMs using a 3D printed microfluidic chip coupled 

with a spray drier has been successful. The manufacturing method resulted in a repeatable 

process with consistent results, which is a significant step towards the complete automation of 

nanomedicine and NIMs manufacture. This automated approach could lead to increased 

efficiency, reduced costs, and improved regulatory compliance in the pharmaceutical industry. 

Microfluidic chip design was guided based on CFDs with a flow pattern that results in a high 

Reynolds number (at least above 50) in region 1, allowing efficient mixing in a reduced time to 
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ensure drug encapsulation, followed by a stable laminar flow in region 2, and previous spray 

drying to ensure a better yield. The entrapment of NFD-Eudragit® nanoparticles in pullulan 

microparticles was characterized by stronger H-bonding interactions and improved water 

solubility. The interaction was reversible, and in contact with aqueous media, the dispersed 

microparticles resulted in an NFD nanoparticulate suspension with enhanced permeability across 

biological membranes such as the mucosal intestinal barrier. NIMs showed the same amorphous 

nature as lyophilized NFD nanoparticles manufactured and prepared microfluidically or by solvent 

evaporation. The NFD NIMs showed a significantly different permeability and release profile than 

the nanoparticulate formulations, with a 3-fold greater permeability across the pig intestinal 

membrane with a 3-fold reduction in lag time, and a reduced burst effect at acid pH, with a 

sustained zero-order release over 24 h being more suitable to control the blood pressure levels, 

reducing the risk of hypotension episodes.  
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