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A B S T R A C T

Nanogels represent an emerging class of soft nanomaterials capable of combining high water content, structural 
versatility, and tunable responsiveness, making them increasingly attractive for advanced drug delivery appli
cations. Here, we present a modular and fully aqueous strategy to generate fluorescent PEG-Jeffamine nanogels 
through the integration of orthogonal click chemistry with a continuous-flow microfluidic platform. Unlike 
conventional emulsification-sonication-evaporation methods, which rely on poorly controlled mixing and often 
yield modest encapsulation efficiencies, the microfluidic approach provides a scalable and reproducible hy
drodynamic environment that enables precise control over network formation, particle morphology, and in-line 
drug loading. Using FITC (hydrophobic) and RhB (hydrophilic) as model compounds, we demonstrate that the 
simultaneous synthesis-and-loading configuration (flow/flow) markedly enhances encapsulation efficiency and 
reduces early burst release compared with all batch-derived formulations. Specifically, the encapsulation effi
ciency increased from 54.2% to 84.9% for FITC and from 92.1% to 95.9% for RhB when moving from batch/ 
batch to flow/flow processing. Structural and morphological analyses (DLS, Cryo-TEM) confirm the formation of 
monodisperse nanogels with controlled nanoscale dimensions (90-110 nm), while quantitative image analysis 
reveals a significantly higher particle circularity for flow-synthesized nanogels, indicating improved shape 
regularity. In addition, EDS analysis verifies the retention of reactive moieties that enable further post-synthetic 
functionalization. Overall, this work introduces a scalable and water-based microfluidic workflow for producing 
multifunctional PEG-Jeffamine nanogels with enhanced drug loading, sustained release, improved morpholog
ical uniformity, and reduced cytotoxicity, offering a promising platform for high-dose and long-term therapeutic 
applications.

1. Introduction

In recent years, advancements in nanobiotechnology have enabled 
the development of innovative materials capable of transforming drug 
administration and biodistribution [1,2]. Among these, nanogels have 
emerged as one of the most versatile and promising platforms for drug 
delivery, owing to their unique ability to amalgamate the properties of 
hydrogels and nanoparticles [3]. Defined as highly cross-linked nano
metric hydrogels, nanogels possess a three-dimensional porous network 

capable of retaining large amounts of water without dissolving [4,5]. 
This distinctive structure renders nanogels well suited for encapsulating 
small molecules, proteins, peptides, and nucleic acids [6]. Furthermore, 
their mechanical and chemical properties can be fine-tuned to optimize 
drug-loading capabilities and release kinetics, rendering them ideal 
candidates for applications in oncology [7], gene therapy [8], vaccina
tion [9], neurodegenerative disease therapy [10], and regenerative 
medicine [11]. Moreover, the possibility to tune their responsiveness to 
pH, temperature, ionic strength, and light enables controlled drug 
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release, and their surface decoration allows targeted cellular uptake 
[12–14]. Within cationic nanogel platforms, polyethyleneimine (PEI)-
based systems have long represented the gold standard due to their 
positive charge leading to strong nucleic acid complexation [15–17]. 
However, their non-degradable nature and high density charge cause 
dose-dependent membranes disrupture, cytotoxicity and inflammatory 
responses [18,19]. In high concentration regimes, PEI-based systems can 
induce significant cell death and immunogenic responses, undermining 
their safety profile [20]. This challenge has prompted the search for 
alternative cationic polymers that provide the benefits of PEI, effective 
payload binding and release, with improved safety [21–23]. Jeffamine, 
a class of polyetheramines, has recently gained attention as a promising 
alternative. Its polyethylene oxide/polypropylene oxide (PEO/PPO) 
backbone confers high hydrophilicity, reduced cytotoxicity, and tunable 
physicochemical properties, while maintaining efficient cellular inter
action [24]. Comparative studies have shown that PEG (poly(ethylene 
glycol))-Jeffamine nanogels exhibit smaller sizes and improved colloidal 
stability relative to PEG-PEI analogues [25].

However, reported encapsulation efficiencies remain heterogeneous 
and often modest (40-70%), strongly depending on the synthesis and 
loading conditions [26,27]. To address these limitations, microfluidics 
has emerged as a powerful strategy for nanomaterial manufacturing [28,
29]. Unlike bulk emulsification or nanoprecipitation, which suffer from 
uncontrolled mixing and batch-to-batch variability, microfluidic re
actors provide continuous and reproducible hydrodynamic environ
ments that improve nucleation, mass transfer and encapsulation 
efficiency [30,31]. Several microfluidic modalities have been explored, 

including solvent-antisolvent nanoprecipitation, self-assembly driven by 
pH or temperature gradients, and droplet-based systems that generate 
highly uniform reaction microenvironments [32–34]. While these ap
proaches have shown improved control over particle formation, their 
application to polymeric nanogels remains limited, and most studies still 
rely on inorganic or hybrid systems [35]. Moreover, ionic-gelation 
nanogels produced in flow, although achieving excellent encapsula
tion efficiencies, are constrained by the requirement for charged bio
polymers and electrostatic crosslinking, limiting their applicability and 
long-term stability [36]. For example, lipid nanoparticles produced via 
hydrodynamic flow-focusing exhibited more than 20 % higher encap
sulation efficiency relative to vortex-mixed systems [37]. Similarly, 
Shepherd and coworkers developed a coaxial flow reactor to continu
ously produce lysozyme-loaded chitosan nanogels, achieving excellent 
size control and encapsulation efficiencies up to 94.6 ± 2.9 % substan
tially higher and more reproducible than those typically obtained via 
batch ionic gelation [38]. However, ionic-gelation remains constrained 
by the need for charged biopolymers and electrostatic interactions, 
limiting drug compatibility and long-term stability [39]. Herein, we 
introduce a distinct microfluidic strategy that integrates a covalent 
crosslinking reaction into a fully aqueous, continuous-flow environ
ment, enabling simultaneous nanogel formation and drug encapsulation 
without organic solvents. This approach bridges the gap between 
Jeffamine-based biocompatibility and the manufacturing precision of 
flow chemistry, offering a scalable and reproducible platform for 
PEG-Jeffamine nanogels.

In order to compare the output of the two different approaches in 

Fig. 1. Each panel represents a distinct combination of synthetic environment (batch or microfluidic flow) and loading modality (batch diffusion or in-flow 
encapsulation): (a) Batch/Batch: Nanogels are synthesized via conventional emulsification-sonication-evaporation in a biphasic dichloromethane (DCM)/water 
system, followed by solvent evaporation. Drug loading is subsequently performed in batch by mixing aqueous nanogels with an aqueous dye solution under stirring; 
(b) Flow/Batch: Nanogels are synthesized entirely in microfluidics using two aqueous inlet streams (modify-PEG and Jeffamine) injected into a split-and-recombine 
polypropylene chip. The resulting aqueous nanogels are then subjected to batch loading by mixing with dye solution under static conditions; (c) Batch/Flow: Nanogels 
are first synthesized in batch, and the purified aqueous dispersion is then loaded using the microfluidic chip, where nanogels and dye solution are co-injected to 
achieve rapid mixing and improved encapsulation efficiency; (d) Flow/Flow: Both synthesis and drug loading occur directly within the microfluidic platform. Modify- 
PEG and Jeffamine streams are co-injected at 1000 μL/min, enabling simultaneous nanogel formation and real-time encapsulation in a fully aqueous, continuous-flow 
environment.
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each step (i.e. synthesis and drug loading), four cases were investigated 
(Fig. 1), combining either in batch or in flow procedures.

Finally, we demonstrated that continuous-flow synthesis coupled 
with in-line drug loading (flow/flow) provides precise control over 
nanogel size, dispersity, and internal architecture, resulting in markedly 
enhanced encapsulation efficiency for both hydrophilic and hydropho
bic compounds. The resulting nanogels show minimal burst release and 
a more homogeneous distribution of payload within the polymeric 
network, features essential for high-dose therapeutic applications.

2. Materials and methods

2.1. Materials and machines

Polyethylene glycol 8000 (PEG 8000, [C2H4O]n, MW: 8000 g/mol, 
Sigma-Aldrich), Epichlorohydrin (C3H5ClO, MW: 92.52 g/mol, ≥99%, 
Sigma-Aldrich), Sodium hydroxide (NaOH, MW: 40.00 g/mol, ≥98%, 
Sigma-Aldrich), Toluene (C6H5CH3, MW: 92.14 g/mol, ≥99.5%, Carlo 
Erba), Dichloromethane (DCM, CH2Cl2, MW: 84.93 g/mol, ≥99.8%, 
Carlo Erba), Deionized water (H2O, MW: 18.015 g/mol), Sodium sulfate 
(Na2SO4, anhydrous, MW: 142.04 g/mol, ≥99%, Acros Organics), 
Diethyl ether (C4H10O, MW: 74.12 g/mol, ≥99.7%, Carlo Erba), 
Deuterated chloroform (CDCl3, MW: 120.38 g/mol, ≥99.8% D, Sigma- 
Aldrich), Deuterium oxyde (D2O, 99%, CIL), Sodium azide (NaN3, 
MW: 65.01 g/mol, ≥99.5%, Sigma-Aldrich), Ammonium chloride 
(NH4Cl, MW: 53.49 g/mol, ≥99.5%, Sigma-Aldrich), N,N-Dime
thylformamide (DMF, C3H7NO, MW: 73.09 g/mol, ≥99.8%, Sigma- 
Aldrich), Acetone (C3H6O, MW: 58.08 g/mol, ≥99.5%, Carlo Erba), 
rhodamine B (RhB, C28H31ClN2O3, MW: 479.96 g/mol, Sigma-Aldrich), 
Ethylenediamine (C2H4(NH2)2, MW: 60.10 g/mol, ≥99%, Sigma- 
Aldrich), Ethanol (C2H5OH, 99,8%, MW = 46.07 g/mol, Carlo Erba), 
Hydrochloric acid (HCl, MW: 36.46 g/mol, 37%, Sigma-Aldrich), 
Propargyl bromide (C3H3Br, MW: 121.94 g/mol, 80% in toluene, 
Sigma-Aldrich), Triethylamine (TEA, N(C2H5)3, MW: 101.19 g/mol, 
≥99%, Sigma-Aldrich), Acetonitrile (ACN, C2H3N, MW: 41.05 g/mol, 
≥99.9%, Carlo Erba), Propargylamine (C3H5NH2, MW: 57.09 g/mol, 
≥98%, Sigma-Aldrich), Potassium carbonate (K2CO3, MW: 138.21 g/ 
mol, ≥99%, Sigma-Aldrich), Methanol (MeOH, CH4O, MW: 32.04 g/ 
mol, ≥99.9%, Carlo Erba), Copper(I) iodide (CuI, MW: 190.45 g/mol, 
≥99.5%, Alfa Aesar), L-Ascorbic acid sodium salt (C6H7NaO6, MW: 
198.11 g/mol, ≥99%, Acros Organics), Carbonyldiimidazole (CDI, 
C7H6N4O, MW: 130.10 g/mol, ≥97%, Sigma-Aldrich), Jeffamine 2000 
(Polyetheramine, MW: 2000 g/mol, Huntsman), Fluorescein Isothiocy
anate, isomer I (FITC, C21H11NO5S, MW: 389.38 g/mol, ≥99%, Sigma- 
Aldrich), Dimethyl sulfoxide (DMSO, (CH3)2SO, MW: 78.13 g/mol, 
≥99.9%, Sigma-Aldrich), 2-Aminoethanethiol (C2H7NS, MW: 77.16 g/ 
mol, ≥98%, Sigma-Aldrich), Methyl iodide (CH3I, MW: 141.94 g/mol, 
≥99%, Sigma-Aldrich), Benzyl chloride (C6H5CH2Cl, MW: 127.58 g/ 
mol, ≥99%, Sigma-Aldrich), 1,4-Dioxane (C4H8O2, MW: 88.11 g/mol, 
≥99.8%, Sigma-Aldrich), 4-Toluenesulfonyl chloride (CH3C6H4SO2Cl, 
MW: 190.65 g/mol, ≥99%, Sigma-Aldrich). All solvents were of 
analytical grade purity and used without further treatment.

2.1.1. Nuclear Magnetic Resonance (NMR) analysis
Reaction intermediates and final products were characterized by 

Nuclear Magnetic Resonance spectroscopy (1H and 13C NMR) using a 
Bruker AC spectrometer (500 MHz, Bruker Corp., Billerica, MA, USA). 
Deuterated chloroform (CDCl3) was used as solvent, and chemical shifts 
were reported in ppm relative to the residual solvent signal.

2.1.2. Attenuated Total Reflectance Fourier Transform Infrared (FTIR) 
analysis

Attenuated Total Reflectance Fourier Transform Infrared spectros
copy (FTIR) was performed using a Thermo Nexus 6700 spectrometer 
coupled to a Thermo Nicolet Continuum infrared microscope equipped 
with a 15 × Reflachromat Cassegrain objective (Thermo Fisher 

Scientific, Waltham, MA, USA). Spectra were acquired at room tem
perature in air with 32 accumulated scans in the wavenumber range of 
4000–800 cm− 1 at a resolution of 4 cm− 1.

2.1.3. Dynamic Light Scattering (DLS) analysis
The hydrodynamic diameter, polydispersity index (PDI), and ζ-po

tential of the nanogels were measured by Dynamic Light Scattering 
(DLS) using a Zetasizer Nano ZS instrument (Malvern Panalytical, 
Malvern, UK). Samples were dispersed in PBS solution at a concentration 
of 1 mg mL− 1. All measurements were performed in triplicate.

2.1.4. Gel Permeation Chromatography (GPC)
Molecular weight distribution of the PEG-based and Jeffamine-based 

polymers was determined by Gel Permeation Chromatography (GPC), 
also known as Size Exclusion Chromatography (SEC). Analyses were 
performed using tetrahydrofuran (THF) as the eluent at a flow rate of 1 
mL min− 1 and a column temperature of 35 ◦C. Polymer samples were 
dried under vacuum and subsequently dissolved in a mixture of 10% 
DMF+ 90% THF to obtain a final concentration of 4 mg mL− 1. The so
lutions were filtered through a 0.45 μm PTFE membrane filter prior to 
injection. The chromatographic system (Jasco 2000 series) was equip
ped with a differential refractive index (RI) detector and three PLgel 
columns (Polymer Laboratories Ltd., UK), including two mixed-bed MXC 
columns and one Oligopore column (300 mm length × 7.5 mm internal 
diameter), together with a precolumn. Calibration was carried out using 
polystyrene (PS) standards with molecular weights ranging from 580 Da 
to 3,250,000 Da (Polymer Laboratories).

2.1.5. Cryogenic Transmission Electron Microscopy (Cryo-TEM)
Morphological and topographical analyses of the nanogels were 

carried out using Cryogenic Transmission Electron Microscopy (Cryo- 
TEM). Samples were vitrified using a Mark IV Vitrobot operated at 4 ◦C 
and 100% relative humidity. For each sample, 3.5 μL of suspension were 
deposited onto Quantifoil R2/1 Cu 300-mesh grids previously glow- 
discharged at 30 mA for 30 s using a GloQube system. The grids were 
blotted and plunge-frozen in liquid ethane. Cryo-TEM images were ac
quired using a Talos Arctica microscope operating at 200 kV and 
equipped with a Falcon 3 direct electron detector, with a defocus range 
of − 3.0 to − 4.0 μm and a total electron dose of 40 e− Å− 2. Particle size 
distributions were determined by processing the micrographs using 
ImageJ software.

2.2. Synthesis of diepoxy-PEG (1)

Polyethylene glycol 8000 (PEG) (2.0 g, 0.25 mmol, 1eq.) was dis
solved in 12 mL of toluene and stirred at room temperature until com
plete dissolution. Epichlorohydrin (0.694 g, 7.5 mmol, 30 eq.) was 
added dropwise, followed by powder of sodium hydroxide (0.300 g, 7.5 
mmol, 30 eq.). The mixture was heated at 50 ◦C for 7 h under constant 
stirring. After cooling to room temperature, toluene was removed under 
reduced pressure. The crude product was purified by liquid-liquid 
extraction using a brine/deionized water mixture (3:1 v/v) and 
Dichloromethane (DCM) (40 mL, three times). The organic phase was 
dried over anhydrous sodium sulfate (Na2SO4), filtered, and concen
trated. The final polymer, named diepoxy-PEG, was precipitated in 
diethyl ether, collected by vacuum filtration, and dried. 1H NMR spectra 
were recorded on a Bruker 400 MHz spectrometer using deuterated 
chloroform (CDCl3) (Fig. S1).

2.3. Synthesis of PEG-N3 (2)

Diepoxy-PEG (1) (800 mg, 0.1 mmol, 1 eq.) was dissolved in 15 mL 
of N,N-Dimethylformamide (DMF) under stirring. Sodium azide (130 
mg, 1.8 mmol, 18 eq.) and ammonium chloride (216 mg, 3.6 mmol, 36 
eq.) were added, and the mixture was stirred at 60 ◦C for 48 h. After 
cooling, inorganic salts were removed by vacuum filtration, and the 
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filter cake was washed with DCM (10 mL). The combined organic phases 
were concentrated under reduced pressure, and the crude product was 
purified by liquid-liquid extraction (H2O/brine and DCM, 3 × 20 mL). 
The DCM phase was dried and concentrated, and the product was further 
purified by selective precipitation in diethyl ether. The resulting solid 
was collected by vacuum filtration and dried. 1H NMR in CDCl3 
confirmed PEG-azide (PEG-N3) (2) synthesis (Fig. S2).

2.4. Synthesis of RhB-EDA (3)

Rhodamine (RhB) functionalization with ethylenediamine was per
formed following the procedures discussed in previous works [40,41].

Rhodamine B (600 mg, 1.25 mmol, 1 eq.) was dissolved in 15 mL of 
absolute ethanol under stirring. Ethylenediamine (2.46 g, 41 mmol, 33 
eq.) was added dropwise at RT, and the reaction was then stirred at 
110 ◦C for 24 h in the dark. After completion, ethanol was removed 
under reduced pressure, and the residue was redissolved in 15 mL of 1 M 
HCl to remove any unreacted ethylenediamine molecules. Successively, 
1 M NaOH (23 mL) was slowly added and the resulting precipitate was 
recovered by filtration, washed with water (3 × 10 mL) and dried to get 
the final product Rhodamine B-ethylenediamine (RhB-EDA) (3). 1H 
NMR in CDCl3 confirmed the formation of RhB-EDA (Fig. S3).

2.5. Synthesis of propargyl RhB-EDA (4)

RhB-EDA (3) (450 mg, 0.94 mmol, 1 eq.) was dissolved in 15 mL of 
acetonitrile (ACN) and stirred at 0 ◦C. Triethylamine (18 mg, 0.18 mmol, 
1.25 eq.) was added, followed by dropwise addition of propargyl bro
mide (21 mg, 0.18 mmol, 1.25 eq.). The mixture was stirred at room 
temperature for 16 h. After completion, the solvent was removed under 
reduced pressure, and the crude residue was dissolved in diluted HCl 
(20 mL, pH ~3). The aqueous phase was extracted with DCM (3 × 40 
mL), and the combined organic layers were dried over Na2SO4, filtered, 
and concentrated under vacuum to afford the N-propargylated product. 
1H NMR analysis confirmed in CDCl3 successful alkylation (Fig. S4).

2.6. Synthesis of PEG-RhB (5)

PEG-azide (2) (480 mg, 0.096 mmol, 1 eq.) was dissolved in deion
ized water (10 mL) and stirred until fully solubilized. Propargyl RhB- 
EDA (4) (46 mg, 0.096 mmol, 1 eq.) was added, followed by catalytic 
CuI (1 mg) and excess sodium ascorbate (2 mg). The Cu(I)-catalyzed 
azide-alkyne cycloaddition (CuAAC) was carried out at 50 ◦C for 24 h 
under light-protected conditions. Unreacted dye and impurities were 
removed by dialysis (MWCO 3.5 kDa) against 2 L of acidic saline water 
at pH 4.1 (5.6 g NaCl + 2 drops 1 M HCl in 1 L H2O) for 24 h, with 
periodic medium replacement.

The dialyzed product was frozen (− 20 ◦C) and lyophilized to obtain 
PEG-RhB as a dry powder. 1H NMR (CDCl3) confirmed successful tri
azole formation (Fig. S5).

2.7. Synthesis of PEG-CDI-RhB (6)

PEG-RhB (5) (454 mg, 0.045 mmol, 1 eq.) and unmodified PEG 
(1000 mg, 0.125 mmol, 1 eq.) were separately activated with 1,1′-car
bonyldiimidazole (CDI) in acetonitrile (ACN). For PEG-RhB (5), CDI (90 
mg, 0.56 mmol, 12.5 eq.) was added to a 10 mL ACN solution and stirred 
at 40 ◦C for 24 h. For unmodified PEG, CDI (203.74 mg, 0.45 mmol, 10 
eq.) was added to 40 mL of ACN and stirred under identical conditions. 
After reaction completion, ACN was removed under reduced pressure. 
The residue was cooled in an ice bath and precipitated with diethyl 
ether. The solid was collected by vacuum filtration and dried. 1H NMR 
(CDCl3) confirmed successful CDI bonding (Fig. S6).

2.8. Synthesis of PEG-based nanogels via crosslinking with Jeffamine (7)

2.8.1. Batch synthesis via emulsification-sonication-evaporation
PEG-Jeffamine nanogels were prepared through a conventional 

emulsification-sonication-evaporation process. PEG-CDI (1.0 g, 0.125 
mmol, 1 eq.) was dissolved in 1.5 mL dichloromethane (DCM) and added 
dropwise to 3 mL of an aqueous Jeffamine solution (2.5 g, 1.25 mmol, 10 
eq.) under vigorous stirring (600 rpm). Fluorescent nanogels were pre
pared analogously using PEG-CDI-RhB (6) (40 mg, 0.0045 mmol) and 
Jeffamine (94 mg, 0.047 mmol) under identical conditions. The biphasic 
mixture was sonicated for 30 min to promote emulsification, followed 
by overnight stirring to allow solvent evaporation and network forma
tion. Hydrodynamic diameter, polydispersity index, and zeta potential 
were measured by DLS. Morphology was assessed by Cryo-TEM.

2.8.2. Microfluidic synthesis in a fully aqueous split-and-recombine 
micromixer

For the continuous-flow approach, a previously developed 3D- 
printed split-and-recombine (SAR) microfluidic chip was employed to 
enable in-flow nanogel formation under fully aqueous conditions. The 
chip was fabricated by fused deposition modeling using an Ultimaker 3 
3D printer (Ultimaker, The Netherlands) loaded with a polypropylene 
filament (BASF, Germany). Its structure was optimized to achieve 
effective passive micromixing through “split-and-recombine” circular 
asymmetric channels, designed with alternating widths of 0.4 mm and 
0.6 mm and a channel height of 1 mm [42]. Two aqueous streams were 
infused into the microfluidic chip using syringe pumps. Preliminary 
optimization experiments were performed by varying the equal inlet 
flow rates over a range of 100-4000 μL min− 1 (100/100, 500/500, 
1000/1000, 1500/1500, 2000/2000, 3000/3000, and 4000/4000 μL 
min− 1), while maintaining a constant flow rate ratio of 1:1. Among these 
conditions, a flow rate of 1000/1000 μL min− 1 produced nanogels with 
the lowest polydispersity index and was therefore selected for all sub
sequent experiments. Under the optimized conditions, two aqueous 
streams were infused into the chip at equal flow rates of 1000 μL min− 1 

each (total flow rate 2000 μL min− 1, flow rate ratio 1:1). The first stream 
contained PEG-CDI-RhB (6) at a concentration of 0.67 mg mL− 1, while 
the second stream contained Jeffamine at 1.57 mg mL− 1. The outlet 
suspension was collected and lyophilized.

2.9. Synthesis of the sulfur-containing probe (9) (p-toluenesulfonyl- 
propargylamine derivative) and PEG azide groups quantification

To introduce a quantifiable sulfur marker, p-toluenesulfonyl-prop
argylamine was synthesized by sulfonylation of propargylamine. Prop
argylamine (1.3 mL, 18.1 mmol, 1 eq.) was dissolved in 35 mL of 
anhydrous dichloromethane (DCM) under magnetic stirring at 0 ◦C. 
Triethylamine (7 mL, 50.2 mmol, 2.8 eq.) was added dropwise to 
maintain basic conditions. In parallel, p-toluenesulfonyl chloride (3.8 g, 
20.0 mmol, 1.1 eq.) was dissolved in 15 mL of DCM and added dropwise 
to the reaction mixture while maintaining the temperature at 0 ◦C.

After 1 h of stirring, the solvent was removed under reduced pres
sure, and the crude residue was dissolved in 200 mL of diethyl ether. The 
organic phase was washed twice with 50 mL of 1 M HCl and once with 
30 mL of saturated NH4Cl solution. The ether layer was dried over 
anhydrous Na2SO4, filtered, and concentrated under vacuum to yield the 
purified product, assessed through 1H NMR analysis (Fig. S7). To 
quantify accessible azide groups, the synthesized p-toluenesulfonyl- 
propargylamine was conjugated via CuAAC to three PEG-azide systems: 
unmodified PEG-azide (reference), partially functionalized PEG-RhB 
(50%), and fully functionalized PEG-RhB (100%). The CuAAC reaction 
with the sulfur-containing probe was performed on PEG-based polymer 
precursors prior to nanogel formation. To ensure efficient conversion of 
the accessible azide groups, the CuAAC reaction was performed using 
the PEG-based substrate (480 mg, 0.096 mmol, 1 eq.) and p-toluene
sulfonyl-propargylamine (201 mg, 0.96 mmol, 10 eq.) as the alkyne 
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partner in excess. The excess of the alkyne probe ensured efficient re
action with the remaining accessible azide groups and minimized 
incomplete conversion during the click reaction. Reactions were per
formed under standard CuAAC conditions using copper(I) iodide (1 mg) 
and sodium ascorbate (2 mg) in aqueous medium. After purification via 
dialysis, sulfur content was quantified by energy-dispersive X-ray spec
troscopy (EDS). The sulfur signal was correlated to the amount of re
sidual azide groups, providing insight into the efficiency of rhodamine B 
conjugation and the extent of free site availability across different PEG 
architectures.

2.10. Post-functionalization PEG-RhB-Jeffamine NGs with 
propargylamine

PEG-RhB-Jeffamine NGs were further post-functionalized to intro
duce primary amine functionalities. This was achieved through a Cu(I)- 
catalyzed azide-alkyne cycloaddition (CuAAC) reaction using prop
argylamine as the alkyne partner. Briefly, PEG-RhB-Jeffamine NGs (480 
mg, 0.067 mmol, 1 eq.) was dissolved in 15 mL of deionized water under 
inert atmosphere, and propargylamine (7.37 mg, 0.134 mmol, 2 eq.) was 
added in excess with respect to the residual azide groups.

Reactions were performed under standard CuAAC conditions using 
copper(I) iodide (1 mg) and sodium ascorbate (2 mg) in aqueous me
dium. The reaction mixture was stirred at 50 ◦C for 36 h, allowing 
efficient conversion of azide groups into stable 1,4-disubstituted 1,2,3- 
triazole linkages bearing terminal primary amines. Upon completion, 
the reaction mixture was purified by extensive dialysis against deionized 
water to remove copper salts, unreacted small molecules, and by- 
products, followed by lyophilization to obtain the amine- 
functionalized NGs.

2.11. Drug release studies

To investigate the release behaviour of the synthesized PEG- 
Jeffamine nanogels using a membrane diffusion method [43], two 
model compounds with different physicochemical properties were 
selected: rhodamine B as a hydrophilic probe, and fluorescein isothio
cyanate (FITC, isomer I) as a moderately hydrophobic one [44–46]. 
Drug loading was carried out using PEG-Jeffamine nanogels prepared 
through four distinct fabrication modes: batch/batch, flow/batch, 
batch/flow, and flow/flow. For all loading experiments, nanogels were 
suspended in phosphate-buffered saline (PBS, pH 7.4) at a final con
centration of 20 mg mL− 1, while both rhodamine B (RhB) and fluores
cein isothiocyanate (FITC) were dissolved at 1 mg mL− 1 in the same 
medium. In the batch/batch and flow/batch systems, drug loading was 
performed after nanogel synthesis through a passive diffusion approach 
[25]. Specifically, 1 mL of the drug solution was added dropwise to 1 mL 
of the nanogel suspension under gentle stirring and the mixture was 
incubated at room temperature for 17 h to allow diffusion-driven 
encapsulation and equilibrium partitioning of the dye within the 
nanogel network. For batch/flow formulations, pre-synthesized nano
gels were injected into one inlet of the microfluidic chip, while the drug 
solution was introduced through the second inlet at equal flow rates 
(1000 μL min− 1 each). This configuration enabled rapid micromixing 
within the split-and-recombine channels and promoted on-chip dif
fusion-assisted loading of the dye into already formed nanogels. In 
contrast, the flow/flow configuration was designed to enable simulta
neous nanogel formation and drug encapsulation.

In this case, the drug was dissolved directly within the two aqueous 
inlet streams together with the polymer precursors (each containing 1 
mg mL− 1 of dye and the corresponding PEG-CDI-RhB or Jeffamine so
lution at 1–3 mg mL− 1). Under these conditions, the mixing and cross
linking reactions occurring inside the microfluidic channels allowed the 
dye molecules to become entrapped in situ during network formation, 
rather than diffusing into pre-formed nanogels. This one-step strategy 
represents a key feature of the flow/flow approach, enabling faster 

processing and improved encapsulation efficiency. After loading, all 
samples were transferred into dialysis membranes (MWCO 3.5 kDa) and 
subjected to a pre-washing step by dialyzing against 40 mL of PBS (pH 
7.4) for 30 min at room temperature to remove non-encapsulated dye 
molecules. The washing medium was collected and analyzed by UV-Vis 
spectrophotometry to quantify any free dye and calculate the encapsu
lation efficiency (EE %) and drug loading (DL %). The encapsulation 
efficiency and drug loading were calculated according to the following 
equations: 

EE%=

(

1 −
CV

C0

)

⋅100 (1) 

DL%=

(
med

med + mp

)

⋅100 (2) 

where EE% represents the encapsulation efficiency, C0 is the initial drug 
concentration, and Cv is the drug concentration measured in the external 
medium after the washing step. DL% represents the drug loading, med is 
the mass of encapsulated drug, and mp is the mass of polymer used for 
nanogel preparation. Absorbance measurements were recorded at λ =
555 nm for rhodamine B and λ = 494 nm for FITC, using calibration 
curves prepared in PBS under identical conditions (Fig. S8). Following 
the washing step, fresh 40 mL of PBS were added to each sample to 
initiate the in vitro release study, which was carried out at 37 ◦C under 
sink conditions with constant gentle agitation. At predetermined time 
points (1, 2, 4, 6, 8, 24, 48, 72, 96 h, and daily up to 7 days, followed by 
weekly sampling for 4 weeks), 2 mL aliquots of the external PBS medium 
were withdrawn and immediately replaced with an equal volume of 
fresh buffer to maintain constant volume and sink conditions.

The absorbance of each aliquot was measured at the respective 
λ_max of the dyes, and the cumulative release profiles were constructed 
by plotting the percentage of dye released relative to the total encap
sulated amount.

2.12. Cytotoxicity assessment of PEG-Jeffamine nanogels on 
oligodendrocytes using LDH assay

The cytotoxicity of fluorescent PEG-Jeffamine nanogels was assessed 
using the Lactate Dehydrogenase (LDH) assay, which quantifies mem
brane damage by measuring extracellular LDH release, on primary 
mixed cell cultures obtained from mouse spinal cord. Cells were ob
tained through enzymatic and mechanical dissociation of mouse em
bryos spinal cords and seeded onto a layer of mature astrocytes. The 
cultures were maintained at 37 ◦C in a humidified atmosphere, and after 
6 days in vitro, a mixed cell population containing astrocytes, oligo
dendrocytes, neurons, and microglia was established. To simulate a 
neuroinflammatory environment, the mixed cultures were stimulated 
with lipopolysaccharide (LPS, 100 ng/mL) as a generic inflammatory 
stimulus, and after 18 h of activation the cells were treated with PEG- 
Jeffamine nanogels at two different concentrations (0.05% and 
0.005% w/v) for 24 h. Nanogels labelled with rhodamine B were 
dispersed in culture medium and incubated with the cells for 24 h. After 
24 h of nanogel exposure, the culture medium was collected from each 
well and transferred to a 96-well plate for LDH quantification. Lumi
nescence was measured using a plate reader, and values were normal
ized against a positive control (cells treated with a cytotoxic agent) and a 
negative control (untreated cells). Cytotoxicity was expressed as a per
centage relative to the positive control group.

2.13. Statistical analysis

The experimental data were analyzed using Analysis of Variance 
(ANOVA). Statistical significance was set to p value < 0.05. Results are 
presented as mean value ± standard deviation.
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3. Results and discussion

3.1. Synthesis and chemical characterization

The chemical modification of PEG and RhB was strategically 
designed to enable site-specific conjugation and subsequent nanogel 
formation via a modular and orthogonal synthetic route. The initial 
functionalization of PEG with an azide group was successfully achieved 
through a two-step process. First, PEG was treated with epichlorohydrin 
in the presence of sodium hydroxide, yielding epoxide-terminated PEG 
via nucleophilic substitution, introducing the reactive epoxide moiety. 
The successful synthesis of diepoxy-PEG (1) was confirmed using 1H 
NMR spectroscopy (Fig. S1). Subsequent nucleophilic ring-opening of 
the epoxide by sodium azide in DMF led to the formation of PEG-N3 (2), 
which exhibited both azide and hydroxyl functionalities. This PEG-N3 
served as a key building block for click chemistry applications. Con
version of diepoxy-PEG (1) to PEG-N3 (2) was assessed through 1H NMR 
spectroscopy (Fig. S2), confirming effective purification [47]. Parallelly, 
RhB was selectively functionalized with a propargyl group through an 
amination-alkylation strategy, as outlined in Scheme 1. The introduction 
of a linker in RhB using EDA enables the possibility to easily couple it 
with propargyl bromide, useful for further functionalization via “click 
chemistry”. The formation of RhB-EDA (3) was confirmed by 1H NMR 
spectroscopy (Fig. S3), applying a procedure already developed in pre
vious works [40,41]. The subsequent propargyl RhB-EDA (4) was ob
tained via an SN2 reaction between the primary amine in RhB-EDA (3) 
and the electrophilic carbon of the alkyl halide. The successful formation 
of propargyl RhB-EDA was confirmed by 1H NMR spectroscopy (Fig. S4).

The reaction between propargyl RhB-EDA (4) and PEG-N3 (2) yiel
ded PEG-RhB (5) with high efficiency and selectivity, forming stable 1,4- 
disubstituted 1,2,3-triazole linkages. This product retained both the 
hydrophilic nature of PEG and the optical properties of RhB, confirming 
successful bioconjugation and laying the foundation for the develop
ment of fluorescent nanogels. The successful CuAAC conjugation was 
confirmed using 1H NMR spectroscopy (Fig. S5). The PEG-RhB (5) was 

subsequently activated using CDI, which yielded imidazolyl carbamate 
intermediate (6) capable of reacting with nucleophilic moieties. Acti
vation proceeded via the nucleophilic attack of PEG hydroxyl groups on 
the carbonyl carbon of CDI, releasing imidazole as a by-product. The 
activation of PEG with CDI was confirmed by 1H NMR spectroscopy 
(Fig. S6). The functionalization route leading from PEG to PEG-RhB-CDI 
(6) is depicted in Scheme 2. The PEG-CDI-RhB and Jeffamine precursors 
were characterized by NMR, showing molecular weights of approxi
mately 12 kDa and 3.5 kDa, respectively (Fig. S9). The deviation from 
the expected values can be attributed to the calibration of the mea
surements based on polystyrene standards.

3.2. Nanogels synthesis and characterization

PEG-Jeffamine nanogels were synthesized through the crosslinking 
of CDI-activated PEG with Jeffamine in a biphasic system performing the 
emulsification-sonication-evaporation method [48]. The synthetic 
method plays a pivotal role in determining nanogel quality, as param
eters such as size distribution, colloidal stability, and encapsulation ef
ficiency are highly sensitive to the kinetics of network formation 
(Scheme 3) [49]. The successful crosslinking between CDI-activated PEG 
and Jeffamine was confirmed by FTIR spectroscopy (Fig. S10). In 
particular, the spectrum of the nanogel shows the appearance of a 
characteristic carbonyl stretching band at ~1700–1720 cm− 1, attributed 
to the formation of carbamate (urethane) linkages. This band is absent in 
the Jeffamine precursor and confirms the occurrence of the crosslinking 
reaction. In addition, the broad N–H stretching band observed in the 
3300-3500 cm− 1 region changes significantly after reaction. Compared 
to the Jeffamine precursor, where primary amine groups are present, the 
intensity of this region decreases and its shape becomes broader, 
consistent with the conversion of NH2 groups into urethane N–H func
tionalities. Further evidence is provided by the bands in the 1100 cm− 1 

region, corresponding to C–O–C stretching of the PEG backbone, which 
remain unchanged, indicating preservation of the polymer structure. 
Overall, the combination of the emergence of carbamate C––O 

Scheme 1. Two-step functionalization of Rhodamine B. RhB was first converted into RhB-EDA (3) via ethylenediamine derivatization, followed by N-propargylation 
to yield propargyl RhB-EDA (4), introducing a terminal alkyne group suitable for CuAAC click chemistry.
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Scheme 2. Stepwise functionalization of PEG toward a fluorescent clickable macromer. PEG was first converted into diepoxy-PEG (1) via epichlorohydrin activation, 
followed by epoxide ring-opening with sodium azide to yield PEG-N3 (2). Propargyl RhB-EDA (4) was subsequently conjugated to PEG-N3 (2) via CuAAC click 
chemistry, affording PEG-RhB 5. Finally, PEG-RhB (5) was activated with CDI to generate reactive imidazolyl carbamate groups suitable for further cross
linking reactions.
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Scheme 3. Synthesis of PEG-Jeffamine nanogels via covalent crosslinking. PEG-CDI-RhB (6) was reacted with Jeffamine to form urethane-linked PEG-Jeffamine (7) 
networks through an emulsification-sonication-evaporation process.
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stretching and the modification of the N–H region confirms the forma
tion of R–O–C(O)–NH–R′ linkages within the nanogel network [50].

By employing gentle reaction conditions and an organic-aqueous 
biphasic medium, the local exposure of the rhodamine B core to harsh 
reagents is minimized, thereby preserving its conjugated structure and 
photophysical properties even through crosslinking [51]. Indeed, prior 
work on fluorescent labelling in polymer matrices has shown that 
careful control of crosslinking chemistry can maintain fluorophore sta
bility and emission behavior. In our case, the successful incorporation 
and preservation of rhodamine B within the nanogel network were 
confirmed by both fluorescence microscopy and spectroscopic analysis. 
Fluorescence microscopy revealed a homogeneous fluorescent signal, 
while the emission maximum remained centered at 585 nm, consistent 
with that of free rhodamine B (Figs. S11 and S12). Control dialysis ex
periments further confirmed the stability of the covalently bound fluo
rophore, as no detectable rhodamine B release from the nanogel 
structure was observed over time. The resulting PEG-Jeffamine nanogels 
exhibited excellent dispersion stability, with an average hydrodynamic 
diameter of 95 ± 5 nm and a polydispersity index of 0.281, as deter
mined by DLS measurements (Fig. S13). The average hydrodynamic 
diameter was determined to be 95 nm, indicating a consistent nanoscale 
size distribution suitable for biomedical applications. The PDI value of 
0.281 reflects a relatively narrow size distribution, suggesting a 
well-defined nanoparticle population with minimal polydispersity. The 
stability of PEG-Jeffamine nanogels over time was assessed monitoring 
hydrodynamic diameter at predefined intervals until 2 weeks (Fig. S14). 
The results confirmed the colloidal stability of the nanogels throughout 
the observation period, with no significant signs of aggregation or 
destabilization. Furthermore, the initial zeta potential of − 14 mV in
dicates moderate electrostatic stability (Fig. S15). Preliminary optimi
zation experiments were performed by varying the equal flow rates of 
the two inlet streams from 100 to 4000 μL min− 1 per channel, while 
maintaining a constant flow rate ratio of 1:1. Among the tested condi
tions, 1000/1000 μL min− 1 provided the lowest polydispersity index and 
was therefore selected for all subsequent experiments. The polymer 
concentrations were not further varied in order to maintain the same 
precursor ratio used in the corresponding batch synthesis and ensure a 
consistent comparison between batch and flow conditions (Table S1).

When nanogels were instead fabricated under continuous-flow con
ditions, the resulting particles displayed a hydrodynamic diameter of 
103 ± 5 nm and a PDI of 0.234 (Fig. S16). The slightly larger size yet 
lower polydispersity indicates that microfluidic synthesis enhanced 
mixing uniformity and controlled the nucleation-growth dynamics, 
leading to more homogeneous nanogel populations. The improved 
monodispersity likely stems from the rapid and reproducible interdif
fusion of the polymer streams within the split-and-recombine (SAR) 
micromixer, which minimizes local concentration gradients and pre
vents secondary aggregation events. To broaden the potential applica
tions of the nanogel system, surface functionalization with amine groups 
(-NH2) was employed, enabling fine-tuning of the surface charge 
without altering the core physicochemical properties of the nanogel. 
This post-functionalization yielded zeta potentials of +12.89 mV and 
size of 112 nm (Figs. S17 and S18). While absolute zeta potentials above 
±30 mV are typically associated with enhanced colloidal stability due to 
strong electrostatic repulsion, the observed negative and moderately 
positive values still provided sufficient dispersion stability [52]. This is 
likely due to the contribution of steric stabilization from the PEGylated 
polymer network, which plays a dominant role in maintaining colloidal 
integrity. The ability to modulate surface charge independently of the 
nanogel's structural and physicochemical characteristics presents a 
valuable advantage, particularly for biomedical applications where 
surface charge critically influences interactions with cells, proteins, and 
biological barriers. Maintaining colloidal stability while minimizing 
undesirable interactions highlights the versatility and tunability of the 
developed nanogel platform. Quantitative morphometric analysis was 
performed on cryo-TEM micrographs using ImageJ, considering several 

independent acquisitions for both batch (Fig. 2a) and flow (Fig. 2b) 
synthesized nanogels to ensure statistical representativeness. The 
PEG-Jeffamine nanogels produced via batch synthesis exhibited an 
average particle size of 110.1 nm and a mean circularity value of 0.48, 
whereas nanogels obtained under continuous-flow conditions showed a 
smaller average size of 99.2 nm together with a markedly higher 
circularity value of 0.85.

Circularity, as defined by ImageJ (with values ranging from 0 for 
highly elongated or irregular objects to 1 for a perfect circle), is widely 
used to assess nanoparticle shape regularity in electron microscopy 
analyses [53]. In this context, circularity values below approximately 
0.6 are typically associated with irregular or weakly anisotropic mor
phologies, while values above 0.8 are generally indicative of highly 
spherical and homogeneous nanostructures. The significantly higher 
circularity observed for flow-synthesized nanogels therefore reflects a 
more regular and isotropic morphology compared to their batch coun
terparts. This difference can be attributed to the distinct network for
mation kinetics imposed by the two synthetic approaches. While batch 
emulsification relies on stochastic droplet formation and local concen
tration gradients, continuous-flow synthesis provides a more controlled 
and homogeneous mixing environment, which favors isotropic cross
linking and uniform network growth. Notably, the analysis was con
ducted on a comparable and significant number of cryo-TEM 
acquisitions for both batch (51 analysis) and flow (47 analysis) samples, 
supporting the robustness of the observed trends.

3.3. Quantification of free azide groups via EDS using a sulfur-based click 
probe

To quantify the residual azide groups that remain chemically 
accessible for further functionalization, EDS analysis was performed 
using a sulfur-containing click probe (p-toluenesulfonyl-propargyl
amine). The probe reacts selectively with azide groups via Cu(I)- 
catalyzed azide–alkyne cycloaddition (CuAAC), introducing a sulfur 
atom that can be readily detected by EDS. Since sulfur is absent in the 
native PEG structures, its signal provides a specific marker for azide 
groups that are effectively accessible to the click reaction (Scheme 4) 
[54].

Three PEG-based samples with different degrees of functionalization 
were analyzed, as summarized in Table 1.

PEG-N3 (100% available azides): 1.57% sulfur (reference for 
maximal azide content); partially functionalized PEG-RhB (theoretically 
50%, based on the stoichiometric equivalents used in the RhB conju
gation step): 0.95% sulfur, indicating that 60.5% of azide sites remained 
free; fully functionalized PEG-RhB (theoretically 100%, corresponding 
to full conversion of azide groups according to reaction stoichiometry): 
0.32% sulfur, indicating that 20.4% of azide sites remained unreacted. 
These results demonstrate that azide groups are consumed in a pre
dictable manner upon fluorophore conjugation.

The non-linear decrease in sulfur signal between the theoretical 50% 
and 100% functionalization levels suggests that not all azide groups 
remain equally accessible as the degree of substitution increases. 
Although the present analysis does not allow a direct mechanistic 
determination, this behavior can be reasonably attributed to steric 
hindrance introduced by the bulky rhodamine B moieties and to local 
microenvironmental constraints within the polymeric structure [55].

As additional RhB groups are attached, neighboring azide sites may 
become partially shielded, reducing their accessibility during the click 
reaction [56]. Similar limitations in conversion have been reported in 
polymer functionalization and “grafting-onto” strategies, where steric 
congestion around reactive sites can hinder complete substitution in 
multi-functional macromolecular systems [57].

3.4. Drug release

The encapsulation performance of PEG-Jeffamine nanogels was 
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systematically evaluated using two model molecules with contrasting 
hydrophilicity: FITC (hydrophobic) and RhB (hydrophilic). The dual- 
drug model allowed assessment of the platform's ability to accommo
date molecules of different solubility profiles under both batch and 
microfluidic conditions [58–60]. The four configurations investigated 
(Batch/Batch, Flow/Batch, Batch/Flow, and Flow/Flow) correspond to 
different combinations of nanogel synthesis and drug-loading proced
ures rather than four distinct nanogel formulations. Although FITC 
contains a reactive isothiocyanate group that can react with free primary 
amines, the Jeffamine amines are largely consumed during 
CDI-mediated crosslinking with PEG, yielding carbamate (urethane) 
linkages within the nanogel network [61–63]. Consequently, the num
ber of accessible primary amine groups is greatly reduced, and covalent 

conjugation between FITC and the polymer matrix is considered un
likely under the employed conditions [64]. The encapsulation of the 
model dyes can be described as a combination of diffusion-driven par
titioning and physical entrapment within the polymer network during 
nanogel formation [3]. Rhodamine B, due to its relatively hydrophilic 
character, preferentially partitions within the PEG-rich aqueous do
mains of the nanogel matrix and can interact with the polymer chains 
through hydrogen bonding and electrostatic interactions [65]. In 
contrast, FITC exhibits lower aqueous solubility and shows stronger 
affinity for the relatively hydrophobic regions associated with the Jeff
amine segments of the network [66]. Such encapsulation mechanisms, 
based on molecular partitioning and physical confinement within 
polymer meshes, are commonly observed in nanogel-based drug 

Fig. 2. Cryo-TEM images of PEG-Jeffamine nanogels synthesized by different preparation methods. (a) Nanogels obtained via batch emulsification-sonication- 
evaporation; (b) Nanogels synthesized under continuous-flow conditions.
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delivery systems [16].
In the flow/flow configuration, the simultaneous mixing and cross

linking occurring within the microfluidic channels promote in situ 
entrapment of the dye molecules during network formation, which 
contributes to the higher encapsulation efficiencies observed compared 
to post-loading approaches. As shown in Table 2, a clear trend emerged 

across all formulations, with encapsulation efficiency (EE%) and drug 
loading (DL%) progressively increasing from conventional batch syn
thesis to fully continuous microfluidic synthesis. A complementary 
physicochemical characterization of all formulations, including hydro
dynamic size and PDI, is reported in the Supporting Information 
(Table S2). Notably, the higher PDI values observed for drug-loaded 
systems are consistent with the presence of residual free dye and the 
known limitations of DLS in fluorescent systems [67].

For FITC, EE% values increased from 54.2 % (batch/batch) to 84.9 % 
(flow/flow), while DL% improved from 2.64 % to 4.07 % under the same 
conditions. A similar enhancement was observed for rhodamine B, with 
EE% rising from 92.1 % (batch/batch) to 95.9 % (flow/flow) and DL% 
from 4.40 % to 4.58 %. These results demonstrate that the integration of 
microfluidic synthesis and encapsulation (flow/flow configuration) en
ables superior drug entrapment and reproducibility compared to tradi
tional batch processes coupled with a scalable in-flow production.

The improvement can be attributed to the enhanced micromixing 
and rapid molecular diffusion achieved within the split-and-recombine 
(SAR) microfluidic channels, which ensure homogeneous distribution 
of both polymer and drug during crosslinking. This uniform reaction 
environment minimizes phase separation and diffusion losses that 

Scheme 4. Synthesis of the sulfur-containing probe and its conjugation to PEG-azide via CuAAC reaction. p-Toluenesulfonyl chloride reacts with propargylamine to 
afford the sulfonamide derivative (8). Subsequently, compound (8) is conjugated to PEG-azide (2) via a Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) in 
aqueous medium (CuI, sodium ascorbate) at 50 ◦C for 24 h, yielding the corresponding triazole-linked PEG derivative (9).

Table 1 
Quantification of residual azide groups in PEG-based systems using the sulfur-containing probe (p-toluenesulfonyl-propargylamine).

Sample Nominal Functionalization Sulfur Content 
(% S)

Estimated Free Azide Sites 
(% of total)

Interpretation

PEG-N3 100 % available azide sites 
(reference)

1.57 100 % Maximum azide content, used as calibration reference.

PEG-RhB (50%) partially 
functionalized

50 % of azide sites conjugated 
to RhB

0.95 60.5 % Partial consumption of azide sites; majority of sites remain 
available for coupling.

PEG-RhB (100 %) fully 
functionalized

All azide sites targeted for 
conjugation

0.32 20.4 % Incomplete conversion likely due to steric or 
microenvironmental effects.

Table 2 
Comparison of FITC isomer I and RhB encapsulation efficiencies (EE%), drug 
loadings (DL%) and and cumulative release at 8 h (CR8h, %) in PEG-Jeffamine 
nanogels synthesized via different batch and flow configurations.

Method FITC-EE (%) FITC- 
DL 
(%)

FITC- 
CR8h 
(%)

RhB-EE (%) RhB- 
DL 
(%)

RhB- 
CR8h 
(%)

Batch/ 
Batch

54.21 ± 3.76 2.64 65.77 92.11 ± 1.32 4.40 57.19

Flow/ 
Batch

67.38 ± 1.25 3.26 59.16 93.45 ± 0.89 4.46 55.19

Batch/ 
Flow

72.81 ± 2.02 3.51 47.27 95.02 ± 0.56 4.54 35.28

Flow/ 
Flow

84.90 ± 1.42 4.07 20.1 95.92 ± 0.57 4.58 27.1
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typically occur in batch emulsification systems, particularly for hydro
phobic compounds such as FITC. The higher encapsulation observed in 
flow-based systems also suggests that microfluidic confinement pro
motes more efficient network formation, likely resulting in tighter 
polymer meshes capable of retaining a greater fraction of the drug 
during the crosslink reaction. Furthermore, the mild, solvent-free 
aqueous environment preserved the chemical integrity of both dyes, 
confirming that the platform is suitable for encapsulating delicate 
fluorescent or bioactive molecules. The in vitro release profiles of RhB 
and FITC from PEG-Jeffamine nanogels at 37 ◦C in PBS (pH 7.4) are 
reported in Fig. 3. Both dyes exhibited a biphasic release pattern char
acterized by an initial burst phase followed by a sustained diffusion- 
controlled phase, whose magnitude and kinetics varied depending on 
the synthesis configuration. This is a common feature in matrix-based 
systems, where high water uptake and porosity facilitate the early 
diffusion of loosely associated molecules [68]. As this gradient di
minishes, the release rate slows, consistent with diffusion-controlled 
release of RhB molecules retained within the polymer network. For 
rhodamine B (Fig. 3a), all formulations displayed a rapid initial release 
within the first 8 h (Table 2), corresponding to the desorption of 
surface-bound molecules and the diffusion of loosely entrapped species 
from the outer regions of the nanogel network. Interesting, the extent of 
the burst phase decreased progressively from batch/batch to flow/flow, 
indicating that microfluidic-assisted synthesis and loading significantly 
mitigated the initial release (Fig. 3c). This is well visible plotting the 
release percentage against the time t1/2.3. As reported in literature, this 
mathematical model is representative of Fickian diffusion, and the y-axis 
intercept value is an indication of the percentage of burst release: an 
ideal controlled drug delivery system should present linear trend and the 
y-axis intercept equal to zero [69].

The slower and more gradual release observed in the flow-processed 
nanogels is consistent with a more homogeneous polymer network, as 
also suggested by the narrower size distribution (PDI ≈ 0.23) and higher 
encapsulation efficiency (EE ≈ 96 %). The controlled mass transfer 
achieved within the split-and-recombine micromixer during synthesis 
likely promotes more uniform crosslinking, which can reduce the pres
ence of loosely associated drug molecules at the nanogel surface and 
consequently limit the initial burst release. This interpretation is also 
supported by the structural characterization of the nanogels. DLS mea
surements indicated a relatively narrow size distribution, while TEM 
images revealed well-defined spherical particles with homogeneous 
morphology. Such structural features are typically associated with more 
uniform polymer networks, which can enhance drug confinement within 
the nanogel matrix and reduce premature diffusion of loosely associated 
molecules. Similar relationships between particle morphology, size 
distribution, and encapsulation performance have been reported in 
previous studies on nanogel-based drug delivery systems [38,70–72]. In 
contrast, FITC-loaded nanogels (Fig. 3b) exhibited an overall lower cu
mulative release, reflecting the dye's lower aqueous solubility and 
stronger hydrophobic interactions within the Jeffamine-rich domains of 
the network. Here too, the transition from batch to flow configurations 
markedly influenced the release profile. The batch/batch sample 
appeared to release a higher fraction; however, this apparent increase 
stems from its lower initial loading (DL = 2.64 %), meaning that the 
absolute amount of released FITC was in fact smaller than in the 
flow-based systems. As the encapsulation efficiency improved (up to 
84.9 % and DL = 4.07 % in the flow/flow mode), the release curves 
became more gradual, with a reduced burst and a more sustained trend 
over 24 h (Fig. 3d). This behavior indicates that the enhanced encap
sulation achieved under microfluidic conditions also translated into 

Fig. 3. a) The in vitro cumulative release profiles of RhB from PEG-Jeffamine NGs prepared using different synthesis and loading configurations: Batch/Batch (red), 
Flow/Batch (black), Batch/Flow (green), and Flow/Flow (blue); b) The in vitro cumulative release profiles of FITC from PEG-Jeffamine nanogels prepared using 
different synthesis and loading configurations: Batch/Batch (red), Flow/Batch (black), Batch/Flow (green), and Flow/Flow (blue); c, d) The slope of the RhB and 
FITC release against the variable time expressed at t1/2.3 is representative of the Fickian diffusion coefficient of the drug in NGs Release studies were conducted in PBS 
(pH 7.4) at 37 ◦C under sink conditions. Data (n = 3) are expressed as mean ± SD.
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stronger retention and slower diffusion of the probe within the poly
meric network. Overall, both model compounds confirmed that inte
grating microfluidics into the nanogel synthesis and loading process 
produces denser and more homogeneous structures, capable of moder
ating the initial burst while maintaining continuous, diffusion-governed 
release.

The flow/flow configuration offered the best balance between 
encapsulation efficiency and controlled release for both hydrophilic 
(RhB) and hydrophobic (FITC) molecules, demonstrating the versatility 
of this approach for designing tunable nanogel-based delivery systems.

3.5. Cytotoxicity evaluation of PEG-Jeffamine nanogels via LDH assay

The cytotoxicity of PEG-Jeffamine nanogels was evaluated by the 
lactate dehydrogenase (LDH) assay, which quantifies membrane integ
rity loss as an indicator of cytotoxic stress.

Primary mixed spinal cord cultures were used, as they represent a 
physiologically relevant in vitro model, allowing the evaluation of 
nanogel effects across multiple neural cell types with different vulner
ability profiles. Mixed cultures are particularly advantageous for 
biocompatibility studies because they better recapitulate the cellular 
complexity of the central nervous system compared to immortalized or 
cancer-derived cell lines, which, despite their unlimited proliferation 
capacity, often differ biologically from normal cells [73,74]. Indeed, 
primary mixed neural cultures more closely mimic the in vivo cellular 
environment and provide biologically relevant data [75,76]. This 
experiment was designed as a preliminary evaluation of the cyto
compatibility of PEG-Jeffamine nanogels, providing an initial indication 
of their suitability for biomedical applications. As shown in Fig. 4, un
treated control cells (CTRL) and LPS-stimulated cultures (LPS) exhibited 
negligible LDH release, confirming minimal baseline cytotoxicity under 
the experimental conditions. Treatment with PEG-Jeffamine nanogels at 
dilutions of 1:500 resulted in LDH levels comparable to those observed 
in control groups, confirming good biocompatibility at this concentra
tion. Importantly, although an increasing trend in LDH release was 
observed at the highest concentration (1:50), the overall LDH levels 
remained limited, indicating that PEG-Jeffamine nanogels are largely 
tolerated by mixed spinal cord cultures even at elevated concentrations. 
Consistent with literature reports indicating increased sensitivity of 
primary neural cells to high concentrations of cross-linked nanogels 
[77–79], these results support the presence of a broad biocompatibility 
window for PEG-Jeffamine nanogels, in which increasing concentrations 
remain overall compatible with the culture, with only selective effects 
on the most fragile neural populations. Overall, these data highlight the 
favourable cytocompatibility profile of PEG-Jeffamine nanogels, rein
forcing their suitability for applications requiring prolonged exposure or 
relatively high dosing.

4. Conclusions

In this work, we established a fully aqueous and scalable microfluidic 
approach for the synthesis of PEG-Jeffammine nanogels, enabling a level 
of control that is difficult to achieve through conventional batch emul
sification. By comparing four fabrication/loading configurations, we 
demonstrated that continuous-flow synthesis coupled with in-line drug 
loading (flow/flow) yields nanogels with superior encapsulation effi
ciency, reduced burst release, and a more homogeneous internal archi
tecture. Structural analyses confirmed the formation of well-defined, 
monodisperse nanogels, while the preservation of residual azide groups 
provides a modular handle for future functionalization. Importantly, 
PEG-Jeffamine nanogels exhibited excellent biocompatibility in primary 
mixed spinal cord cultures, with overall LDH levels remaining low even 
at elevated concentrations, and only the more vulnerable cell pop
ulations, showing early signs of sensitivity. Overall, this study highlights 
how combining Jeffamine chemistry with microfluidic engineering of
fers a robust and versatile platform for producing advanced nanogels, 

paving the way for more precise, reproducible, and clinically translat
able nanoscale drug delivery systems.
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from estragole: achieving high glass transition temperatures comparable to DGEBA 
and simultaneously low viscosities, Macromol. Mater. Eng. (2025) e00418.
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