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ABSTRACT

Iron oxide nanoparticles (IONPs) synthesized via thermal decomposition find diverse applications in biomedicine
owing to precise control of their physico-chemical properties. However, use in such applications requires phase
transfer from organic solvent to water, which remains a bottleneck.

Through the thermal decomposition of iron oleate (FeOl), we systematically investigate the impact of synthesis
conditions such as oleic acid (OA) amount, temperature increase rate, dwell time, and solvent on the size,
magnetic saturation, and crystallinity of IONPs. Solvent choice significantly influences these properties,
manipulating which, synthesis of monodisperse IONPs within a tunable size range (10-30 nm) and magnetic
properties (75 to 42 Am?Kg'!) is obtained.

To enable phase transfer of IONPs, we employ flash nanoprecipitation (FNP) for the first time as a method for
scalable and precise size control, demonstrating its potential over conventional methods. Poly(lactic-co-glycolic
acid) (PLGA)-coated IONPs with hydrodynamic diameter (Hy) in the range of 250 nm, high colloidal stability
and high IONPs loadings up to 43% were obtained, such physicochemical properties being tuned exclusively
by the size and hydrophobicity of starting IONPs. They showed no discernible cytotoxicity in human dermal
fibroblasts, highlighting the applicability of FNP as a novel method for the functionalization of hydrophobic
IONPs for biomedicine.
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1. Inroduction

The field of bio-medicine has been revolutionized by IONPs owing
to their superparamagnetic properties and easy surface tailoring for a
plethora of applications ranging from diagnostics [1,2] to therapeutics
[3] such as magnetic hyperthermia and targeted drug delivery, etc. [4—
6] Their performance in such applications is governed by their magnetic
properties which in turn are influenced by particle size, shape, inter-
particle interactions among others, necessitating the need to correlate
synthesis conditions to physico-chemical properties.

Thermal decomposition of precursors like FeOl and iron pentacar-
bonyl in organic solvents offers precise control over the size, size
distribution, and magnetic properties of IONPs in comparison to co-
precipitation methods. [7-9] The resultant nanoparticles (NPs) proper-
ties are influenced by a complex interplay of the reaction temperature,
[10] precursor-to-ligand ratio, reflux time, [8] solvent nature, [11] etc.
Octadecene (ODE), a commonly used solvent in the thermal decomposi-
tion of FeOl, facilitates size control but often compromises the magnetic
properties of synthesized IONPs due to the formation of reduced and
non-magnetic wiistite phases resulting from solvent degradation at el-
evated temperatures. [12] Other solvents such as eicosane (ES), and
benzyl ether (BE) have been reported in the literature, however, there
exists no study to our knowledge where a systematic investigation of the
solvent effect on IONPs properties has been reported.

A major drawback of the thermal decomposition is that the IONPs re-
main dispersed in an organic solvent, limiting their applications within
biomedicine. This necessitates an additional phase transfer step which
could be based on oxidative cleavage, ligand exchange, binding of am-
phiphilic molecules as a surfactant, etc. [13-15]. Phase transfer also
introduces other caveats such as aggregation, reduction in magnetic
properties, change in surface properties, and so on. Further functional-
ization may be required to impart specific properties to the IONPs, such
as colloidal stability, stimuli sensitivity, etc., for which several works re-
sort to the use of polymers that are either grown in situ grafted to/from
the IONPs surfaces it assembled chemically, [16,17] leading to compli-
cated downstream processing prior to applications.

FNP has gained remarkable attention since it can be used to en-
capsulate hydrophobic components such as drugs within amphiphilic
polymers besides other operational advantages such as scalability, ro-
bustness in terms of applicability to a large portfolio of materials, con-
tinuous operation, and so on. The process of formation of such polymeric
nanoparticles (PNPs) relies on rapid micro-mixing of two miscible lig-
uid streams: the organic stream containing a molecularly dissolved hy-
drophobic compound and amphiphilic molecule and the aqueous stream
containing a surfactant/stabilizer. [18,19] Tween 80 (polysorbate 80) is
a widely used non-ionic surfactant in FNP, particularly for its ability
to stabilize nanoparticles by providing steric stabilization. The poly-
oxyethylene chains of Tween 80 extend into the aqueous phase, creating
a physical barrier that prevents nanoparticles from coming into close
contact. [20] The contents of the organic stream precipitate out upon
mixing with the aqueous phase, thus making the mixing process a crucial
step in controlling particle size and size distribution - the mixing time
scale must be shorter than the time required for nanoparticle formation
via nucleation, growth, and aggregation. [19] Such turbulent mixing is
achieved in practice either through a confined impinging jet mixer or a
multi-inlet vortex mixer. [21] Particle size in FNP can be further tuned
by changing supersaturation levels via, for example, the solute solubil-
ity in the mixed solvent, the organic solvent to water ratio, the amount
and nature of the stabilizer, and the chemical structure and molecular
weight of the polymer. [18]

Herein, we report for the first time how one can leverage the advan-
tages of the FNP process using a multi-inlet vortex mixer to functionalize
IONPs synthesized via thermal decomposition. Our methodology serves
a dual purpose: (i) facilitating the phase transfer of hydrophobic IONPs
and (ii) enabling polymer encapsulation of the IONPs, leading to mag-
netically tunable PNPs. In the first part, through systematic investigation
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of synthesis conditions, including solvent type, ligand quantity, tem-
perature ramp rate, and dwell time, we elucidate their impact on the
physico-chemical properties of IONPs. Subsequently, we demonstrate,
for the first time, the encapsulation of representative IONPs within PLGA
spheres using optimized FNP conditions. Finally, we evaluate the influ-
ence of the functionalization process on the physicochemical properties
of the IONPs and their interactions with selected cell lines to assess bio-
compatibility.

2. Materials and methods
2.1. Materials

Sodium Oleate, 97% was purchased from TCI Chemicals, Ethanol, >
96%, Acetone, > 99%, 2-Propanol, > 98% - technical were purchased
from VWR, while Iron (III) Chloride Hexahydrate, > 99%, Hexane, 95% -
anhydrous, 1-Octadecene, 90% - technical, Oleic Acid, 90% — Technical,
Toluene, 99.8% - anhydrous, Benzyl Ether, 98%, n - Eicosane, > 98%,
Tetrahydrofuran, > 99.9%, Resomer® RG 503, Poly(D, L-lactide-co-
glycolide) ester terminated with lactide: glycolide ratio 50:50, molecular
weight 24 - 38 kDa and Tween 80 were purchased from Sigma Aldrich.
PLGA, molecular weight 24 - 38 kDa was purchased from BLD Pharmat-
ech Ltd and delivered by VWR. All chemicals were used as received.
Milli-Q water having a resistivity of 18.2 MQ-cm at 25 °C, produced by
the Sartorius Arium mini Water System, was used for all experiments.
Cell culture media, Dulbecco’s Modified Eagle Medium (DMEM), and
supplements were purchased from Gibco Inc. Billings, MT, USA. Cell cul-
ture plasticware was obtained from ThermoFisher Scientific (Waltham,
MA, USA) unless otherwise mentioned. XTT assay reagents (XTT Cell
Proliferation Kit IT) were purchased from Roche (Switzerland). Annexin-
V was purchased from BD Bioscience (New Jersey, US), and propid-
ium iodide (PI) was obtained from Invitrogen, ThermoFisher Scientific
(Waltham, MA, USA).

2.2. Methods

2.2.1. Synthesis of iron oleate

FeOl was synthesized following our previous work. [22] In a 250 ml
single-necked round bottom flask, a mixture consisting of 25 ml of MQ
water, 70 ml of hexane, and 40 ml of ethanol was stirred at 1000 rpm.
Subsequently, 5.4 g of FeCl;-6H,0 and 18.25 g of sodium oleate were
added to the flask, and the mixture was heated at 70 °C for 4 hours.
The flask was thereafter removed from the heat source, and the organic
and aqueous phases were separated, with the organic phase being col-
lected for further processing. The collected organic phase was washed
thrice with MQ water to remove by-products and impurities, followed
by solvent evaporation using a rota vapor until a viscous brown solution,
serving as the precursor for IONPs was obtained.

2.2.2. Synthesis of IONPs

IONPs were synthesized following previous work. [10,22] In a 100
ml two-necked round bottom flask, 25 ml of ODE was added. OA and
FeOl were defrosted and melted, following which 600 uL of OA and
1.6 g of FeOl were transferred into the flask. Stirring commenced at
300 rpm while heating gradually at the rate of 3°C/min to the boiling
point of ODE (318°C) over 45 minutes, followed by cooling to 20 °C.
Subsequently, 25 ml of hexane was added to the flask, and the mix-
ture was transferred to a beaker containing 50 ml of isopropanol and
50 ml of acetone. IONPs were allowed to precipitate through a magnet
for 10 minutes, after which the supernatant was discarded, and the pre-
cipitated particles were washed three times with acetone. Finally, the
particles were redispersed in 30 ml of tetrahydrofuran (THF) and stored
at 4°C. The schematic workflow of IONPs synthesis by thermal decom-
position of FeOl is depicted in Fig. 1(a).

To explore how different factors affect the properties of IONPs, we
conducted a design of experiments (DOE). The Table 1 outlines the vari-
ables we studied and their ranges. For more details on how we set up
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Fig. 1. (a) Schematic of thermal decomposition process for synthesis of IONPs,

comprising a first step of synthesis of FeOl followed by controlled decomposition of

the oleate at high temperature. (b) Schematic showing FNP for synthesis of bare PNPs and PLGA-coated IONPs.

Table 1

Variables and their ranges used in
Design of Experiments (DOE) in con-
nection to the synthesis of IONPs via
thermal decomposition.

Variables Range

OA amount (ml) 0.5-1.5
Ramp Rate (°C/min) 4-8

Dwell Time (min) 30-90
Solvent BE, ES, ODE

our experiments, please refer to Table A.8 in the supplementary infor-
mation.

2.2.3. Synthesis of bare polymeric nanoparticles (PNPs)

The synthesis of bare PNPs was carried out via FNP using a multi-
inlet vortex mixer, having two inlets bringing fully miscible organic and
aqueous phases (1 mm in diameter) into a central circular mixing part
(6 mm in diameter). The design of the multi-inlet vortex mixer has been
adapted from the initial work of Saad et al. [18] modified into a two-
inlet mixer as has been reported in the work of Jezkova et al. [23] For
reference, a schematic of FNP setup for the synthesis of bare PNPs and
PLGA-encapsulated IONPs is shown in Fig. 1(b).

For a typical synthesis, PLGA was first dissolved in THF (1 wt.%)
and loaded into a 20 ml sterile polypropylene syringe (luer slip connec-
tion to tubing), while an aqueous solution containing 0.1 wt.% Tween
80 (stabilizer) was loaded into a 120 ml polypropylene syringe (sterile
catheter cone connection to tubing). The two solutions were injected
into the mixer through two programmable syringe pumps (LAMBDA
VIT-FIT (HP), LAMBDA Instruments GmbH); the flow rates were set
to 100 ml/min for the aqueous stream and 10 ml/min for the organic
stream. A transition time of 30 seconds was given to facilitate reaching

Table 2
Variables studied and their ranges in FNP experiments for
the synthesis of bare PNPs.

Variables Range

Flow Rate of Aq. Phase (ml/min) 40 - 100

Polymer Wt.% 0.5-2

Surfactant Wt. % 01-1

Solvent THF, Acetone, DMSO

Mode of Sample Collection With/Without Quenching

a steady state, after which, samples were collected either directly from
the mixer outlet (non-quenched) or diluted 10 times by volume in MQ
water during collection (quenched).

To understand the influence of the operating and system variables in
the FNP process on the size, size distribution and stability of the synthe-
sized PNPs, the polymer wt.%, surfactant wt.%, solvent, flowrates of the
aqueous and organic streams and mode of sample collection (quenching
or no quenching) were varied as outlined in Table 2 above.

2.2.4. Functionalization of hydrophobic IONPs using FNP

Gaining insights from the influence of system and operating vari-
ables (in the FNP process) on physicochemical properties of bare PNPs
as well as process operability, the FNP conditions for functionalization
of the hydrophobic IONPs were chosen. The following were the set con-
ditions: 1 wt.% of the polymer, 0.1 wt.% of Tween 80 (stabilizer), THF
as organic solvent, 100 ml/min for aqueous phase, 10 ml/min for or-
ganic phase (THF). The final samples were collected without quenching.
It must be noted that by functionalization, we mean phase transfer of
IONPs combined with encapsulation of IONPs in PLGA. Such functional-
ized IONPs will be referred to as PLGA-encapsulated IONPs in this work.
Further, worthy of note is that the polymer chosen for the functionaliza-
tion studies was PLGA from BLD Pharmatech, unless stated otherwise.
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Table 3

Overview of functionalized IONPs synthesized using FNP, showing
the type and wt.% of IONPs used. Sample nomenclature PLGA_Sol-
vent_L/H represents PLGA-encapsulated IONPs, IONPs being syn-
thesized in solvent BE, ES or ODE and L (0.11) or H(0.34) repre-
senting wt.% of IONPs used during FNP.

Solvent used for IONP synthesis ~ Sample Label Wt.% of IONPs

BE PLGA_BE_L 0.11
BE PLGA BE_H 0.34
ES PLGA ES_L 0.11
ES PLGA ES_H 0.34
ODE PLGAODE L  0.11
ODE PLGAODE H 0.34

For the functionalization step, the FNP process was followed simi-
larly to the synthesis of bare PNPs adding hydrophobic IONPs in the
THF stream with final wt.% as mentioned in Table 3, leading to PLGA-
encapsulated IONPs. These functionalized IONPs are named PLGA_sol-
vent_L/H where the solvent refers to the solvent in which the hydropho-
bic IONPs were synthesized: BE, ES, and ODE; and L, H represent low
and high weight % of IONPs in the THF stream as shown in Table 3.
To separate the uncoated IONPs from the PLGA-encapsulated IONPs, a
short magnetic separation (30s) was done and the bottom product, pre-
sumably containing the uncoated IONPs was discarded. The supernatant
containing our desired phase transferred IONPs was further cleaned us-
ing four centrifugation cycles to remove the bare PNPs and surfactants,
each at 8000 rpm for 5 minutes while decanting the supernatant by plac-
ing the centrifuged samples on the side of a magnet each time. The final
bottom product containing primarily PLGA-encapsulated IONPs, was re-
dispersed in 10 ml of MQ water and used for further characterization.

2.3. Characterization

To analyze the morphology and size of IONPs, a Tecnai 12 Trans-
mission Electron Microscope (TEM) was used, while for bare PNPs and
PLGA-encapsulated IONPs imaging and Energy Dispersive X-Ray spec-
tra (EDS), Hitachi SU9000 Scanning (Transmission) Electron Microscope
(S(T)EM) was used, after staining the samples with Phosphotungstic acid
(PTA) (for further details refer to Appendix A.1).

Intensity-based Hy and ZP for both bare PNPs and PLGA-encapsulated
IONPs were measured in a Litesizer 500, Anton Paar. Bare PNPs were
taken as prepared while adequate dilutions for PLGA-encapsulated
IONPs were made in MQ water prior to analysis. The crystallographic
structure of IONPs was analyzed by X-ray diffraction (XRD) by using a
Bruker D8 Advance da Vinci. IONPs were casted on the silica chip, dried,
and covered with kapton film. The diffraction patterns were recorded
with Cuka radiation (A = 1.5406 A), with a scan ranging from 20° to
80° at a step size of 0.045°. The background signal in the XRD scan
was removed by using DIFFRAC.EVA software while the peak analysis
was done using PDF-5+. Saturation magnetization (Ms) of IONPs and
PLGA-encapsulated IONPs were measured using a MicroMagTM 3900
Vibrating Sample Magnetometer (VSM) at 300 K. After VSM measure-
ments, the gel capsules loaded with dried IONPs were digested in 69%
Nitric Acid using Berghof SpeedWave XPERT prior to elemental anal-
ysis using an Agilent MP-AES 4210 Optical Emission Spectrometer to
measure iron content (for further details refer to Appendix A.3).

2.4. Biocompatibility studies

2.4.1. Cell culture

Human dermal fibroblasts were isolated from human skin biopsy
samples after taking the informed consent and cultured in DMEM (Dul-
becco’s Modified Eagle Medium) supplemented with 20% (v/v) FBS, 1%
L-Glutamine, and 1% antibiotic-antimycotic solution.
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2.4.2. Cytotoxicity assay

XTT assay was used to evaluate the in-vitro cytotoxicity of NPs
in fibroblasts. The cells were seeded overnight in flat-bottomed 96-
well plates at a density of 10,000 cells per well and then treated
with increasing concentrations of bare PNPs and functionalized IONPs
PLGA_BE_L/H, PLGA ES L/H and PLGA_ODE _L/H i.e., 5, 10, 20, 40, 60,
80, and 100 pg/ml in triplicates for 24 hours. XTT solution was added to
each well following manufacturer instructions and incubated at 37 °C in
a CO, incubator for 4 hours. Later, the optical density of each well was
measured through a Multiskan Sky Spectrophotometer (ThermoFisher
Scientific, USA) at 450 nm wavelength.

Annexin-V and PI (Propidium lodide) were used to evaluate the
apoptotic effect of the bare PNPs and functionalized IONPs on human
dermal fibroblasts. The cells were plated in six-well plates and treated
with 100 pg/ml concentrations of bare PNPs, PLGA BE L, PLGA_ES_ L
and PLGA_ODE L, separately and incubated for 24 hours. Afterward, the
cells were trypsinized and washed with Annexin Binding Buffer (ABB).
A 100 pL cocktail of Annexin-V and PI prepared in ABB was used for
cell staining. After 20-30 minutes of incubation, the volume of the sam-
ples was made up to 300 uL with ABB, and analyses were performed by
FACSDiva software using FACSArialll.

Analysis of nuclear morphology and area human dermal fibroblasts
were grown on coverslips in six-well plates to detect nuclear morphol-
ogy and measure the nuclear area to assess apoptosis induction. Cells
were incubated for 24 hours in 100 pg/ml of each of the above NPs,
separately. The cells were washed with phosphate-buffered saline (PBS)
fixed with 4% paraformaldehyde and stained with 4,6-diamidino-2-
phenylindole (DAPI) for 20 minutes. The cells were washed with PBS
and imaged under a fluorescence microscope. The nuclear area of cells
on each slide was calculated using ImageJ software.

3. Results and discussion
3.1. Synthesis of IONPs

To optimize the synthesis of IONPs in regards to their size, magnetic
properties, and crystallinity within the thermal decomposition process
of FeOl, we implemented a design of experiments (DOE) by incorporat-
ing four key input parameters: OA amount, concentration, temperature
increase rate, dwell time, and the choice of solvent employed during the
synthesis. The selected ranges for these input factors are mentioned in
Table 1.

The incorporation of OA amount as a variable in our study is ex-
plained by its well-documented impact on the physico-chemical proper-
ties of IONPs. It has been mentioned in several reports that the nature,
amount, and purity of OA that is added during the thermal decomposi-
tion reaction impacts the physico-chemical properties of IONPs. [24,25]
Specifically, it is widely recognized that higher amounts of OA relative
to FeOl result in the production of larger particles with narrower size
distributions. [26]

Additionally, Demortiere et al. [27] have demonstrated that the ad-
dition of excess OA delays nucleation for several hours, enabling the
manipulation of particle size through optimization of reaction time and
OA amount. Hufschmid et al. [8] demonstrated that when the FeOl to
OA ratio was 1:19, nucleation was delayed by approximately 2.5 hours.
In our experimental design, in some of the syntheses, we are adding as
much as twice the amount of OA in comparison to the standard method.
Therefore, to counter the effect of delayed nucleation in a reaction mix-
ture consisting of excess OA, dwell time is included as a second variable
in our experimental design, with a range of 30-90 minutes.

The third input factor, ramp rate, governs the rate of temperature in-
crease of the reaction mixture. Selecting an optimal ramp rate is crucial
to produce monodisperse particles and avoid polydispersity resulting
from overlapping nucleation and growth stages. For IONPs synthesis,
an ideal ramp rate must strike a balance between being too rapid, lead-
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Fig. 2. (a) Comparison between measured and predicted particle sizes of IONPs. (b) Comparison between measured and predicted saturation magnetization values of
IONPs, with experimental data fitted to standard least square models. (c) Boxplot illustrating the size distributions of IONPs synthesized under various experimental
conditions detailed in Table A.8, categorized by solvent type: BE, ODE, and ES. The whiskers denote the range of IONP sizes, while the box represents the interquartile
range. The median/second quartile is indicated by the black line within the box, and the mean sizes are denoted by white circles.

ing to polydisperse particles, and being too slow, significantly affecting
particle size. [28]

The choice of reaction solvent is the fourth input factor for this study
and it holds significant importance in thermal decomposition synthesis.
Usually, ODE is used as a reaction solvent due to its impact on effective
size control, but it may inadvertently diminish the magnetic properties
of synthesized IONPs owing to the formation of non-magnetic phases
along with the desired magnetite phase. [24] To address this concern,
two alternative solvents, ES and BE, are selected. ES, characterized by
a higher boiling point and longer chain length compared to ODE, is
anticipated to exhibit greater stability against thermal degradation. Con-
versely, BE, known for its oxidizing effect during synthesis, is expected
to favor the formation of oxidized phases of iron oxide (FeXOy).

After performing experiments according to the experimental design,
the output data were analyzed by fitting a linear regression model us-
ing the standard least squares method in JMP Statistical Software. This
analysis revealed that, among the four input factors, the type of sol-
vent used during IONPs synthesis influences both size and magnetic
properties, from a statistical standpoint, supported by a low p-value
of 0.00005. Conversely, the p-values for ramp rate, OA amount, and
dwell time ranged from 0.38 to 0.50, suggesting a marginal statistical
impact of these factors on the synthesis process. The prediction mod-
els show good fits for both the size and saturation magnetization (Ms)
data of IONPs (Fig. 2a, b), further substantiated by root mean square
error (RMSE) values of 2.675 for predicted size and 5.315 for Ms and
regression coefficients of 0.90 for size and 0.89 for Ms. Based on these
statistical findings, we chose to understand the role of reaction solvent
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in the thermal decomposition process through a judicious choice of char-
acterization methods.

3.1.1. Effect of reaction solvent on the size of IONPs

Table 4 shows the influence of reaction conditions on the size of
IONPs, assessed by analyzing representative TEM images using ImageJ
software. Among the three solvents utilized for IONPs synthesis, BE
yielded the smallest particles, while ODE and ES produced medium and
larger-sized particles, respectively. Remarkably, this size trend remained
consistent across the experimental design, regardless of other variables
such as OA amount, ramp rate, or reaction duration.

Fig. 2(c) illustrates the size distribution of IONPs synthesized un-
der varied conditions, with the x-axis indicating experiment number
and the y-axis representing size in nanometers (nm), color-coded by
solvent type. The blue boxes, representing BE solvent, consistently re-
sulted in the smallest-sized particles across all experimental settings.
Conversely, the green boxes, representing ES solvent, consistently pro-
duced the largest-sized particles regardless of other reaction parameters,
while the red boxes, representing ODE solvent, fell between the sizes ob-
tained with BE and ES solvents. This consistent trend underscores the
significant influence of solvent choice on the size of synthesized IONPs,
irrespective of other reaction parameters in complete concurrence with
statistical model fitting.

To further validate the solvent’s impact, three distinct syntheses
were conducted by varying the solvent, while keeping all other reac-
tion parameters constant. It can be seen from TEM images and size
distribution of IONPs for these syntheses in Figs. 3(a, b, c) that re-
sults align very closely with our observations regarding solvent impact,
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synthesized at identical conditions utilizing various solvents.

Table 4

Overview of saturation magnetization (Ms) values, TEM
sizes, and magnetic core sizes of IONPs synthesized in various
reaction solvents. The input parameters for the synthesis of
IONPs are detailed in the DOE column. For instance, 1.5_8_30
denotes the use of 1.5 mL of OA, a heating ramp rate of
8°C/min, and a reflux time of 30 minutes. Values in brack-
ets represent the normalized Ms after quantifying the organic
content on IONPs surface through TGA.

Solvent DOE Ms TEM Magnetic
(Am?Kg) Size (nm) Core Size
(nm)
ODE 1.5.8.30 38 12+1 12+3
1.5.490 37 13+3 1243
0.3.4.30 34 17+4 13+3
0.3.8.90 19 10+2 16+4
0.9.6_60 26 (58) 11+1 14+3
ES 0.3.4.30 12 27+2 19+4
1.5.8.30 17 28+3 17+3
1.5.490 25 30+3 15+3
0.3.8.90 25 20+3 15+3
0.3.8.30 23 31+3 15+3
0.9.6_60 27 (42) 24+1 14+3
BE 0.3.4.90 64 10+2 10+3
1.5.8.90 57 9+2 11+3
0.9.6_60 63 (75) 9+2 10+3

demonstrating a consistent trend where the mean size trend follows
ES > ODE > BE.

The variation in nanoparticle size with changing reaction solvent
is attributed primarily to differences in solvent boiling points. As sug-
gested by Park, et al. [10] solvents with higher boiling points enhance
the reactivity of FeOl, leading to the formation of larger particles. This
hypothesis is supported by our findings, where ES (boiling point 340 °C)
yielded the largest particles, while ODE (boiling point 318 °C) and BE
(boiling point 290 °C) produced medium and the smallest-sized parti-
cles, respectively.
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3.1.2. Effect of reaction solvent on magnetic properties

The magnetic properties of IONPs are known to depend on various
factors, including the thickness of the organic coating, [29,30] phases
of Fe,Oy, [28] and the presence of a magnetically inert layer on the NPs
surface. [31] In our study, it was observed that among all input factors,
the choice of solvent during IONP synthesis exerted the most significant
influence on magnetic properties. Notably, the magnetic saturation (Ms)
was found to be highest when particles were synthesized in BE, whereas
it was lowest when ES was employed as solvent.

The Ms values of IONPs synthesized in different solvents are sum-
marized in Table 4. Specifically, when BE was used as the reaction
solvent, the Ms reached as high as 64 Am?Kg™!, whereas in the cases
of ODE and ES, the highest Ms values obtained were 38 Am2Kg™! and
27 Am?Kg'l, respectively. The comparatively lower Ms of IONPs in ODE
and ES solvents can be attributed to three factors: (1) the presence of
organic molecules like OA over the surface of IONPs, (2) the presence
of a magnetically inert layer on the particle surface, and (3) reduced
crystallinity. [32,33]

To validate these hypotheses, we initially characterized the particles
through TGA. TGA analysis was employed to determine the organic con-
tent in three distinct IONPs samples, enabling the normalization of iron
oxide content across the samples. Subsequently, after normalization, the
Ms values of all three samples increased. However, the trend remained
consistent, with particles synthesized in BE exhibiting the highest Ms,
followed by those synthesized in ODE and ES, respectively as illustrated
in Fig. 3(d).

After validating from the TGA results that the amount of organic
content over IONPs’ surface does not solely account for the diminished
magnetic properties of ODE and ES synthesized IONPs, we calculated
the magnetic core diameter of IONPs. This was achieved by fitting the
Langevin function over the hysteresis loop (for more information refer
to Fig. A.7) and comparing the magnetic core size with the physical size
of IONPs determined from representative TEM images (refer to Table 4).
The magnetic core size of IONPs synthesized in BE closely matched their
physical size. Conversely, the largest disparity between physical and
magnetic sizes was observed in IONPs synthesized in ES. This signif-
icant difference indicates that a substantial portion of ES-synthesized
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IONPs may not contribute to the magnetic properties. This effect can be
ascribed to the presence of a small fraction of antiferromagnetic phase
(e.g. hematite or wiistite). [34]

To determine the phases of Fe, Oy in the samples, we utilized the
powder XRD technique. The XRD patterns of IONPs synthesized in BE,
ES, and ODE are presented in Fig. 3(e). In spectra corresponding to
IONPs synthesized in BE, well-defined reflection associated with the in-
verse spinal structure of FeXOy is evident, including (311), (222), (400),
(422), (511), and (440). These reflections exhibit superior crystallinity
compared to those synthesized in ES and ODE, aligning closely with
reference peaks of magnetite, indicative of magnetic spinal phases of
Fe,O,. While the peaks in the spectra of ES and ODE overlap with refer-
ence peaks of both magnetite and wiistite phases of Fe, O, indicating a
presence of antiferromagnetic phase along with spinal phases of Fe,Oy
in synthesized IONPs.

One proposed explanation for the difference in magnetic properties
of IONPs, when a solvent is varied, involves the deviation of the re-
action pathway toward nonspecific reactions at elevated temperatures
during thermal decomposition, resulting in the production of various
byproducts including H,, CO, CO,, alkenes, and ketones. These non-
specific reactions diminish the selectivity of the thermal decomposition
pathway, leading to an increased occurrence of strain-inducing defects.
[35] Additionally, radical species generated at high temperatures con-
tribute to driving the reaction pathway toward the formation of a less
oxidized and antiferromagnetic phase of Fe,O, (wiistite or hematite
phase) by depleting the available oxygen in the system. [36,37] In con-
trast to ODE and ES, particles synthesized in BE exhibited heightened
magnetism, possibly due to the synthesis occurring at relatively lower
temperatures (due to its lower boiling point compared to ODE and ES),
reducing radical species formation and enhancing the specificity of ther-
mal decomposition. Moreover, upon thermolysis, BE acts as an oxidizing
agent, directing the reaction pathway toward the synthesis of oxidized
and highly magnetic phases. [11]

3.2. Flash nanoprecipitation

The synthesized IONPs, owing to organic coating (OA) are non-
dispersible in water, which, however, is necessary for their applicability
in biomedicine. Therefore, we have focused on a robust and scalable
FNP process to enable phase transfer (organic to aqueous) of the IONPs
and provide polymer functionalization of the IONPs. To select the op-
timum conditions for phase transfer, we studied the effect of operation
and system variables on the size, size distribution, and stability of PLGA
PNPs. Following this, the effects of IONPs amount and hydrophobicity
were studied on the physico-chemical properties of the functionalized
IONPs.

3.2.1. Synthesis of bare PNPs

FNP was used to synthesize bare PNPs of PLGA by rapidly micro-
mixing two miscible streams in a multi-inlet vortex mixer - one con-
taining molecularly dissolved PLGA in THF (1 wt.%) at 10 ml/min and
the other containing stabilizer Tween 80 dissolved in water (0.1 wt.%)
at 100 ml/min. When both the streams are turbulently mixed inside
the reactor, PLGA being hydrophobic, exceeds its solubility limit, caus-
ing local supersaturation that leads to spontaneous nucleation of PLGA
particles. Such nuclei continuously grow by addition of polymer chains
consuming the supersaturation in the system, while some aggregation
events also happen among the growing particles, however, those being
stabilized by the presence of Tween 80. The obtained PNPs collected
by quenching the mixture at the outlet, show a Hy of 114+1 nm, and
a zeta potential of -31 =1 mV. Here, the standard deviations originate
from triplicate measurements of two different independent experiments
under the same conditions. Fig. 4(a) shows a representative TEM im-
age of the same PNPs with an inset of the histogram showing particle
size distribution calculated using ImageJ software. The PLGA NPs ap-
pear brighter against the dark PTA stain as confirmed by the EDS line

879

Journal of Colloid And Interface Science 678 (2025) 873-885

scan cutting through the particle of interest (Fig. 4(b)). The size obtained
from TEM is 69 =13 nm, which is smaller than the Hy. While DLS mea-
sures Hy based on scattering due to the Brownian motion of suspended
particles in solution, TEM measures the dry radius based on the elec-
trons transmitted through a thin slice of the sample. The Hy assumes
that the particles are spherical in shape, accounts for ligands bound to
the surface of the particles and weak interparticle dipolar interactions
among NPs causing weak interparticle coupling as reported previously.
[38]

3.2.2. Influence of FNP conditions on bare PNPs

With an aim to decide on the operation and system variables to be
used in the FNP process for the phase transfer of IONPs, we varied sur-
factant wt.%, flowrates of the aqueous and organic streams, polymer
wt.%, mode of sample collection (quenching or no quenching) and sol-
vent, as outlined in Table 2. The influence of these variables on the size,
size distribution, and colloidal stability of the bare PNPs was investi-
gated.

Fig. 4(c) shows Hy of such PLGA PNPs, synthesized using 0.5 and 2
wt.% of PLGA, the flowrate of the organic stream being 10 ml/min, the
aqueous stream being 100 ml/min with a surfactant concentration of
0.1 wt.%. The error bars indicate standard deviations of triplicate mea-
surements for each independent experiment performed under the same
conditions and represented by a single bar in the figure. Our measure-
ments show high repeatability of the FNP experiments with standard
deviations of the size distributions ranging between 3 - 6 nm for the
lower and higher wt.% of the polymers respectively.

Increasing surfactant wt.% has no significant effect on the Hy of the
PNPs at both low and high polymer wt.% (Fig. A.8). It may be noted
that the surfactant concentration is well above the critical micelle con-
centration of Tween 80 (0.0016 wt.%) for all FNP experiments.

Fig. 4(d) shows that an increased aqueous flow rate leads to a de-
crease in the PNPs size for a higher polymer wt.%, while there is no
significant influence at the lower polymer wt.%. An increasing aque-
ous flow rate leads to a decreasing organic solvent fraction and hence
higher supersaturation, defined as the ratio of the concentration of the
polymer to the equilibrium concentration in the mixed solvent system.
This further leads to an enhanced nucleation rate or a higher number of
nucleation events resulting in smaller particles. [39]

Fig. 4(e) shows the Hy of PNPs obtained by varying the wt.% of the
polymer in the organic stream. As the wt.% of the polymer increases, the
H, of the PNPs increases. In this anti-solvent precipitation process, an in-
crease in wt.% of the precipitating component (polymer) will increase
the supersaturation. A higher supersaturation is expected to enhance
the nucleation rate, leading to smaller particle sizes. However, an in-
creased wt.% also leads to the confinement of a large number of polymer
chains in a reduced volume, favoring aggregation-dominated growth of
the formed PNPs, thereby leading to an increase in size.

It may be noted that these samples are collected by quenching the re-
action volume at the mixer outlet, whereby diluting the suspension ten
times by volume. When the samples are collected without quenching, all
the Hy measured are slightly higher (Fig. A.9). These smaller sizes may
be explained by the prevention of further aggregation among formed
PNPs or the measurement of more dilute suspensions (in the latter case)
using dynamic light scattering, leading to reduced interparticle interac-
tions, or a combination of both effects. However, without quenching,
the processability of the PNPs, such as solvent removal, freeze-drying,
etc. is less energy consuming, and therefore, we chose to not quench our
samples at the mixer outlet.

The effect of solvent type on the Hy of bare PNPs is reported in
Fig. 4(f). For all three solvents studied, increased polymer wt.% results
in larger Hy as explained above. Interestingly, the bare PNPs synthe-
sized in the presence of acetone show the smallest Hy, followed by those
in DMSO and finally in THF. Supersaturation levels can be impacted by
changing PLGA concentration or its solubility in the mixed solvent, both
of which will be affected by the nature of the solvent. Higher solubility
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of PLGA in acetone combined with high miscibility of acetone in water
leads to high supersaturation in the mixed solvent, resulting in smaller
particles. [40]

Although the size and colloidal stability of the bare PNPs is an impor-
tant consideration for choosing the optimum conditions to perform the
FNP for the functionalization of IONPs, it must be noted that these de-
sign conditions may be affected by the physicochemical properties of the
IONPs. In our case, the IONPs precipitate in acetone but are dispersible
in THF. THF with a low boiling point of 65 °C, enables easy removal of
the solvent either by vacuum operation or dialysis, [18] while DMSO
has a higher boiling point of 189 °C and can only be removed by dial-
ysis, complicating post-processing of the PNPs. Thus, we chose THF as
the solvent in our studies. As the surfactant concentration did not have
any significant influence on the PNPs properties, we chose 0.1 wt.%,
the lowest weight percent studied herein, albeit, the concentration was
higher than critical micelle concentration of the surfactant. While the
lowest polymer wt.% produced PNPs with the smallest size (~ 100 nm),
we chose 1 wt.% to ensure a high enough yield of NPs during the synthe-
sis process. Consequently, the aqueous flow rate was set to 100 ml/min
since, a higher flow rate leads to smaller PNPs, especially for higher
polymer wt.%.
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3.3. Functionalization of IONPs using FNP

To facilitate phase transfer of the hydrophobic IONPs, we modified
the FNP process explained above by dispersing the IONPs synthesized
via thermal decomposition in the THF stream, along with 1 wt.% PLGA.
The THF stream was allowed to mix in the multi-inlet vortex mixer
against an opposing stream of water containing 0.1 wt.% Tween 80.
After the collection of sample, a short magnetic separation was done
and the bottom product, presumably containing the uncoated IONPs
was discarded. The supernatant containing our desired functionalized
IONPs was further cleaned using centrifugation and magnetic decanta-
tion to remove bare PNPs. Fig. 5(a) shows a representative TEM image
of functionalized IONPs using IONPs synthesized in ODE, with an inset
histogram showing the particle sizes measured using ImageJ software.
The brighter particles against a dark background of PTA stain represent
PLGA spheres, similar to the bare PNPs, while the darker particles repre-
sent IONPs. To confirm the presence of IONPs inside the PLGA spheres,
an EDS analysis was carried out across several line scans cutting through
such particles. Representative spectra shown in Fig. 5(b), show that the
tungsten (W) signal drops as soon as the beam hits the brighter PLGA
sphere and picks up after reaching the edge of the sphere. Further, as
the beam strikes each IONPs inside the PLGA sphere, a bump in the iron
(Fe) as well as oxygen (O) spectra is distinctively noticed. The function-
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Table 5

TEM and Hy sizes of functionalized IONPs synthesized at two differ-
ent wt.% of IONPs. The IONPs were synthesized in three different
solvents namely, BE, ES, and ODE. Sample names of the functional-
ized IONPs are labeled as PLGA_solvent_L/H where L and H denote
low and high wt.% of IONPs. Wt.% of the IONPs used for FNP is cal-
culated based on MP-AES digestion of the IONPs. Error bars for TEM
indicate standard deviations of particle size distributions measured
using ImageJ, whereas error bars for DLS measurements are standard
deviations from triplicate measurements.

Sample labels ~ Theoretical Wt.% of TEM size  H, size
Wt.% of IONPs cal- (nm) (nm)
IONPs culated from
MP-AES
PLGA_BE_L 0.11 0.07 86+23 223+4
PLGA_BE_H 0.34 0.22 94+19 265+5
PLGA_ES L 0.11 0.08 73x15 237+4
PLGA_ES_H 0.34 0.25 79+15 250+4
PLGA_ODE_L 0.11 0.01 69+22 236+1
PLGAODEH  0.34 0.03 183+49 242+8

alized IONPs are readily dispersible in water, unlike the IONPs, and also
show a zeta potential (ZP) of -29 +1 mV, which is hypothesized to orig-
inate from the hydrolysis of surface ester end group PLGA [41]. Nuclear
magnetic resonance [47,48] was performed to confirm the presence of
ester end groups on the PLGA used (Fig. A.13) As can be seen from
Fig. 5(a), the loading of PLGA spheres with IONPs is not uniform. To fur-
ther optimize this, we chose two different sizes of hydrophobic IONPs
viz. 7+1 nm, 14+ 2 nm, synthesized in different solvents i.e. BE and
ES respectively (for further information refer to A.10) and varied their
wt.% in the organic stream. Fig. A.13 shows the Hy of the functional-
ized IONPs in comparison to the bare PNPs, synthesized under otherwise
identical conditions. The Hy of all the functionalized IONPs are higher
than the bare PNPs, indicating possible encapsulation of IONPs within
the PLGA spheres. Previous reports have shown that control of NPs size
in FNP process employing hydrophobic core material and amphiphilic
polymer, such as a block co-polymer, is accomplished through two pro-
cess variables: the percent core of the formulation and the total mass
concentration of solids in the solvent stream. [42] The total mass con-
centrations of solids in the solvent stream increase from 9.6 mg/ml to 11
mg/ml for PLGA_BE and from 9.8 mg/ml to 10.7 mg/ml for PLGA_ES for
low and high wt.% respectively, while the corresponding percent cores
change from 7.7 to 19.9 and 9.7 to 17.8 respectively, leading to an in-
crease in Hy as shown in Fig. A.13. Compared to the bare PNPs, all the
functionalized IONPs show higher colloidal stability with ZP < -30 mV.
The negative surface charge on the functionalized IONPs, originating
from the functional groups of PLGA, further confirms the successful en-
capsulation of IONPs within the PLGA spheres. The combined effects of
electrostatic and steric stabilization are likely responsible for the overall
colloidal stability of the PLGA-encapsulated IONPs.

Figs. 5(c)-(f) show representative TEM images of phase transferred
IONPs for two different wt.% i.e. 0.11 and 0.34 in the organic solvent
(see Table 5). The sizes of the PLGA-encapsulated IONPs for the different
samples range from 86 = 23 nm, 94 + 19 nm (PLGA_BE_L and PLGA_BE_H
respectively) and 73+15 nm, 79+ 15 nm (PLGA_ES_L and PLGA_ES_H,
respectively). At lower wt.% of IONPs, it is evident from Fig. 5(c) that
the PLGA spheres (in the case of PLGA_BE L) are heavily loaded with
IONPs and bare PNPs are not directly observed. A similar observation
is also noted in Fig. 5(d) for higher wt.% of IONPs ((PLGA _BE_H). On
the other hand, for PLGA_ES_L (Fig. 5(e)), i.e. when low wt.% of IONPs
is used in the FNP process, one can note the appearance of low loadings
of IONPs in the PLGA spheres and also bare PNPs. The PLGA spheres
became saturated with IONPs (sample PLGA_ES_H, Fig. 5(f)) similar to
the case of PLGA_BE_H when the wt.% of IONPs was increased theoret-
ically from 0.11 to 0.34. Digestion of these PLGA-encapsulated IONPs,
followed by analysis of elemental Fe content in the samples reveals that
encapsulation efficiency of IONPs increases from 30.3% to 43.4% for
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Table 6

Overview of measured wt.% and calculated particle numbers of
IONPs used for various encapsulation reactions in FNP. Measured
PLGA wt.% and IONPs encapsulation efficiencies are reported for
all functionalized IONPs, prepared in three different solvents at
lower and higher wt.% of IONPs.

Sample wt.% of No. of PLGA Encapsuation

IONPs IONPs wt.% Efficiency of
IONPs

PLGA BE_L 0.07 1.1E+16 68 30.3

PLGA_BE_H 0.25 2.4E+16 60 43

PLGA_ ES L 0.07 1.2E+15 90 7.6

PLGA ES_ H 0.22 2.6E+15 68 36.4

PLGA_ODE L 0.01 1.0E+16 48 8.1

PLGAODEH 0.03 3.0E+16 44 9.6

PLGA _BE _L and PLGA BE _H respectively, whereas this increases signifi-
cantly from 7.6% to 36.4% for PLGA_ES_L and PLGA_ES_H, respectively.
The significant increase in the latter case concurs well with the visual
impressions from the TEM images of PLGA_ES L and PLGA_ES_H and
suggests that a higher number of IONPs are packed per PLGA sphere
for PLGA_ES_H, with no apparent increase in the final size. Although
the focus of our work has not been to elucidate the mechanism of IONP
encapsulation, it may be hypothesized that the differences in loading
efficiencies may arise primarily from the size of the IONPs - a smaller
size, leading to higher loading efficiencies, owing to higher initial par-
ticle numbers of IONPs added to the organic solvent prior to FNP.
Varying the size of the hydrophobic IONPs interrogates the effect of
diffusion and assembly time scales in FNP, whereby for producing a
single population of PLGA-encapsulated IONPs, diffusion time scales of
the amphiphilic polymer (PLGA) globule and hydrophobic IONPs must
match.

To further understand the effect of size, we chose a third IONPs,
synthesized in ODE, having a size of 7+1 nm (similar to the IONPs
synthesized in BE, for further information refer to - A.10). When FNP
was carried out at the lower wt.%, with these IONPs, the TEM sizes of
the phase transferred IONPs were obtained to be 69+ 22 nm, similar
to those of PLGA BE L. However, it is noteworthy from the represen-
tative TEM image of PLGA_ODE_L (Fig. 5(g)), that the distribution of
IONPs per PLGA sphere is lower and non-uniform in comparison to
PLGA BE L (Fig. 5(c)), further supported by a lower encapsulation ef-
ficiency of IONPs i.e. 8.1% which is similar to PLGA_ES_L. However,
an increase in the wt.% of IONPs, leads to increased sizes (183 +49
nm), with no significant increase in encapsulation efficiency (9.6%).
These observations do not completely agree with the influence of IONPs
size as the only variable on the final particle size of the functionalized
IONPs and the resultant encapsulation efficiencies. MP-AES digestion of
the IONPs followed by determination of elemental Fe shows that the
IONPs synthesized in ODE have a higher organic content than those in
BE by 66%, (refer to Table 6). If one calculates the number of particles
added (for the same mass of IONPs) in the FNP process, it can be seen
from Table 6, that there is no significant difference between the num-
ber of IONPs added in case of PLGA_BE and PLGA_ODE. Therefore, it
may be hypothesized that the differences in the resultant properties of
PLGA_ODE emanate from the hydrophobicity differences between the
IONPs used for FNP.

To our knowledge, such reports are not abundant in the literature
when it comes to colloidal IONPs encapsulation using FNP. In the case
of the PLGA_ODE, we hypothesize that the ODE IONPs have a faster
anti-solvent precipitation tendency in comparison to BE IONPs, while
the rate of anti-solvent precipitation of PLGA (1 wt.%) remains same. In
this process, the IONPs will aggregate due to hydrophobic forces, before
they meet the polymer chains, leading to higher sizes of PLGA_ODE L in
comparison to PLGA_BE L. This hydrophobic interaction will further be
enhanced due to increasing wt.% in the case of PLGA_ODE _H leading to
higher sizes with higher loadings of IONPs. However, our calculated en-
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images is 100 nm.

capsulation efficiencies in this case do not vary significantly than in the
case of PLGA_ODE L, since, representative TEM images show that the
increase in size is directly proportional to the IONPs loading per PLGA
sphere. It may be noted that all functionalized IONPs do not show a
significant change in the nature of the magnetization curves in compar-
ison to the bare IONPs (Fig. A.11). Although a detailed understanding
of the mechanism leading to PLGA-encapsulated IONPs is beyond the
scope of this work, our preliminary findings indicate that size as well as
hydrophobicity of the IONPs combinedly controls this. In essence, the
supersaturations of the components PLGA and IONPs, influence their
precipitation tendencies while their diffusion time scales control suc-
cessful encapsulation.
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3.4. Biocompatibility studies

Cell viability assay is one of the most common methods to assess the
biocompatibility of NPs. The proliferation rate is an essential indicator
for determining the health of cells and the potential of NPs to affect
growth processes. [43] Here, we examined the viability of human der-
mal fibroblasts treated with various concentrations (5-100 ug/ml) of NPs
namely Bare PNPs, PLGA BE _L/H, PLGA ES L/H and PLGA_ODE_L/H,
through XTT assay. Results showed no effect of the NPs on cell vi-
ability after 24 hours (Fig. 6(a)). The biocompatibility of the PLGA-
encapsulated IONPs (PLGA_BE_L, PLGA_ES_L and PLGA_ODE_L and Bare
PNPs) at 100 pg/mL concentrations was confirmed by the apoptosis
assay using Annexin-V and PI staining. The results showed that all
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human dermal fibroblasts. (b) Apoptosis assays of selected NPs and corresponding (c) Fluorescence images of DAPI stained nuclei and calculated nuclear areas for

selected NPs.

PLGA-encapsulated IONPs and bare PNPs showed < 10% apoptotic and
necrotic cells, similar to the control group. In this study, DAPI analysis
was performed to assess nuclear morphology and measure the nuclear
size to detect the changes in the nuclei of cells due to the apoptotic effect.
DAPI provides specificity and quantifiable analyses of nuclear content.
[44,45] The fluorescence images of DAPI-stained nuclei showed nor-
mal morphology and no nuclear blebbing (a characteristic feature of
apoptosis) in nuclei of IONPs’ treated fibroblasts, which were similar
to untreated cells’ nuclei. The quantification data showed that the nu-
clear area and circumference of the nuclei were identical to the control
group. A previous study also reported the biocompatible behavior of
functionalized IONPs on human follicle dermal papilla cells. [46] These
outcomes indicate that these functionalized IONPs can be used effec-
tively in various biomedical applications since they did not show any
cytotoxic effect on healthy cells.

4. Conclusion

With an aim to understand the effect of various reaction condi-
tions such as the amount of ligand, ramp rate, dwell time, and sol-
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vent, in the thermal decomposition of FeOl to produce IONPs, we per-
formed a detailed design of experiments. Our study highlighted the
significance of solvent type on the size, magnetic properties, and crys-
tallinity of the IONPs. By varying the solvent type, IONPs with a tunable
size range (10-30 nm) having magnetic properties (75 to 42 Am?Kg1)
were synthesized. Three representative IONPs of different sizes were
phase-transferred and functionalized using FNP to yield polymer-coated
IONPs, a process being reported here for the first time. Previous re-
ports in the literature [42] have focused on encapsulation of organic
molecules such as drugs or collapsed polymers, whereby size control
of resultant PNPs is shown to be influenced by the percent core of the
formulation and the total mass concentration of solids in the solvent
stream. Our novel approach, focusing on encapsulation of inorganic
colloids (larger than the above reported molecules), shows that the re-
sultant particle sizes and IONPs loading efficiencies may be controlled
not only by the sizes of the IONPs but also by their hydrophobicities,
(measured through their organic contents) Our findings lay the foun-
dation for exploring the influence of the physico-chemical properties of
IONPs on the eventual encapsulation of IONPs in PLGA spheres. The
PLGA-encapsulated IONPs were observed to have high colloidal stabil-
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ity and showed no discernible cytotoxicity in human dermal fibroblasts,
thereby paving the way for their applications within biomedicine. How-
ever, future investigations should focus on deepening our understanding
of the encapsulation mechanism and the interactions between IONP
features and the PLGA matrix. Unraveling these features, will enable
precise control over particle loading, aligning with the specific needs of
various biomedical applications.
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