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ARTICLE INFO ABSTRACT

Keywords: Iron deficiency anaemia is a widespread global nutritional disorder, affecting almost a quarter of the global
Anaemia population and contributing to impaired cognitive development, adverse pregnancy outcomes, and weakened
EleCtrf’fpi'}“i“g immune function. Despite its prevalence, oral iron supplementation remains problematic due to the poor solu-
Isioel;?;hsatmn bility and low bioavailability of ferric supplements, coupled with the frequently experienced gastrointestinal side
Self-assembly effects associated with ferrous iron salt supplements. Hemin, a chloride-ligated ferric analogue of heme, presents
Nanoparticles a potentially safer alternative. However, its poor solubility at neutral pH limits its practical application in oral
Nanofibres supplementation. Here, we aimed to develop a novel formulation for hemin using electrospun poly-

vinylpyrrolidone (PVP) nanofibres, as a platform to enhance the aqueous solubility of hemin and thereby
improve its bioavailability. Hemin at various concentrations was successfully encapsulated within PVP nano-
fibres. The nanofibres were characterised for their morphology, physicochemical properties, encapsulation ef-
ficiency and dissolution properties. Notably, the nanofibres dissolved rapidly in phosphate-buffered saline (pH
7.4), forming hemin-PVP nanoparticles (10-80 nm in diameter) and larger aggregates (200-2000 nm in
diameter) that maintained hemin in a soluble form. This approach achieved a total solubilised hemin concen-
tration of 273 pM, representing an approximately 200-fold enhancement in solubility. These findings highlight
the potential of electrospun hemin-PVP nanofibres as a promising component of an oral iron supplement, of-
fering enhanced solubility and the potential of improved bioavailability for cellular uptake.

1. Introduction ferric iron, Fe(III), it must first be reduced to ferrous iron by intestinal

enzymes or dietary reductants such as vitamin C. Heme iron, derived

Anaemia is a widespread global health issue which in 2021 was
estimated to affect 24.3 % of the world’s population and crosses all age
groups (GBD 2021 Anaemia Collaborators, 2023). It commonly leads to
fatigue and, in more severe cases, can result in developmental, neuro-
logical, and immunological impairments (Obeagu et al., 2025; Shah
etal., 2021; Xudayberganov et al., 2017). The primary cause of anaemia
is believed to be dietary iron deficiency, accounting for approximately
66 % of total cases or 1.3 billion cases globally. To maintain adequate
iron levels, the human body requires daily absorption of 1-2 mg of iron
from dietary sources, therefore poor dietary intake is a major contrib-
utor to iron deficiency (Auerbach et al., 2025). Iron is absorbed in the
duodenum via transporter proteins expressed on the surface of epithelial
cells, either in the form of ferrous iron, Fe(II), or as heme. In the case of

* Corresponding authors.

from animal sources, is generally absorbed more efficiently than inor-
ganic iron, via a mechanism still not fully understood, and its subsequent
catalysed degradation by the inducible enzyme heme oxygenase-1, HO-
1, frees the iron for utilisation or storage (Charlebois and Pantopoulos,
2023; Galy et al., 2024; Stec and Hinds, 2020).

Iron replacement therapy, typically administered via oral supple-
ments, is a common treatment for iron deficiency. Most commercially
available oral iron supplements are based on ferrous salts such as sulfate,
fumarate, and gluconate, or ferric complexes with carriers like poly-
saccharides, succinate, maltol, or citrate. While ferrous salts are inex-
pensive, they are often poorly tolerated due to their ability to catalyse
Fenton reactions, leading to gastrointestinal side effects including
abdominal pain, constipation, nausea, and vomiting. Ferric salts tend to
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Fig. 1. The structures of Heme b and Hemin complexes.

Table 1
Previously studied hemin formulations.
Formulation Hemin Bioactivity Limitations Reference
Solubility

Complexes with Up to Ferritin Polymer not Span
PEG-lactate 200 pM increased commercially etal.,
polymer to form 10x in available; several 2016
micelles; up to Caco-2 cells  steps in
3.9 % w/w preparation;
incorporation DMF:DMSO
hemin and up to removed.

61 %
encapsulation
efficiency.

NPs 75-140 nm.

Hemin: Up to Not toxic to  Preparation by Yu et al.,
cyclodextrin 250 pM IEC-6 cells mixing solutions 2024
(CD) complexes up to 50 of hemin and CD,
prepared in 1:2 nys drying, washing
M ratio. with acetone,
Encapsulation final drying.
efficiency 68-72
%;

FeONP-hemin No data Ferritin Four chemical Jahn
coupled increased steps, dialysis, etal.,
compound; by 10x in repeated 2011
hydrodynamic Caco-2 cells  ultrafiltration to
diameter 29 nm prepare

be better tolerated but are comparatively more costly (Fiitterer et al.,
2013).

A recent review of 16 oral iron supplements identified only one
heme-based formulation: Proferrin-ES®, a heme polypeptide complex

(Pantopoulos, 2024). Despite heme’s superior absorption profile
compared to inorganic iron, its poor solubility and tendency to aggre-
gate into insoluble complexes in the acidic gastric environment limit its
effectiveness as an oral supplement (Hooda et al., 2014).

Hemin, a ferric protoporphyrin IX chloride, is structurally similar to
heme and shares many of its physicochemical properties (Fig. 1). It is an
FDA-approved drug used to treat acute intermittent porphyria, mar-
keted under the brand name Panhematin® (Siegert and Holt, 2008).
Like heme, hemin is virtually insoluble in water at neutral pH (Morrison
and Williams, 1941), posing similar challenges for its oral delivery.

Nonetheless, several studies have explored strategies to formulate
hemin for oral administration. As outlined in Table 1, three of these
formulations include conjugation with iron oxide nanoparticles (Jahn
et al., 2011), complexation with y-cyclodextrin (Yu et al., 2024), and
encapsulation within micelles (Span et al., 2016). All formulations were
evaluated using intestinal cell culture models for iron uptake and
toxicity, and each demonstrated potential to enhance iron absorption
(Jahn et al., 2011; Span et al., 2016; Yu et al., 2024).

The dissolution of poorly water-soluble drugs has remained one of
the most persistent challenges in pharmaceutics for more than half a
century, with over 40 % of marketed drugs and up to 90 % of pipeline
candidates exhibiting low aqueous solubility, resulting in compromised
bioavailability and therapeutic performance (Kale and Shinde, 2024).
Numerous formulation strategies have been explored to overcome this
barrier, including solid dispersions, lipid-based systems, and
nanotechnology-driven approaches (Parmar and Patel, 2025).

Among these, electrospun nanofibres have emerged as a trans-
formative platform due to their unique physicochemical properties such
as high surface area, rapid wetting, and the ability to stabilise drugs in
an amorphous state, leading to significantly enhanced dissolution rates
and improved absorption profiles (Castillo-Henriquez et al., 2020; Yu
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Fig. 2. Schematic diagram of the experimental set-up for extended electric field electrospinning (EEF). Figure reproduced from (Anderson et al., 2025). A photograph

of the experimental set-up is shown in Fig. S1.1 (supplementary data).

et al., 2018). Beyond solubility enhancement, electrospinning offers
precise control over drug release kinetics and enables patient-centric
dosage forms such as fast-disintegrating oral films and localised de-
livery systems (Topuz and Uyar, 2025).

Therefore, an alternative way to deliver hemin could be encapsula-
tion within a nanofibre polymer matrix to facilitate increased solubility.
This study employed electrospinning of polymeric nanofibers using a
modified electrospinning set-up as previously reported (Anderson et al.,
2025). In conventional electrospinning, a polymer solution is passed
through a syringe with a spinneret that is directly attached to a posi-
tively charged high-voltage supply, with an earthed metal collector
directly opposite (Greiner and Wendorff, 2007). In the modified
approach, the point of voltage supply is placed behind the electro-
spinning solution and needle tip, and the earthing-rod of the collector
plate extended further behind the collector plate position. The resulting
“extended electrical field” yields electrospinning parameters that
require significantly lower power input (Anderson et al., 2025). The
hydrophilic polymer polyvinylpyrrolidone (PVP) was chosen as the
nanofibre matrix, as it has been shown to enhance the solubility of
hemin in water (Nishide et al., 1977). A range of hemin-loaded PVP
nanofibres were formulated and characterised in the solid state. On their
dissolution in aqueous solution (pH 7.4), hemin-PVP nanoparticles
(NPs) were found to self-assemble rapidly in solution. The formation of
these NPs was found to significantly enhance the solubility of hemin
within aqueous media at physiological pH. The reproducibility of
nanoparticle formation from aged nanofibre formulations demonstrated
in this study underscores their potential for long-term storage and on-
demand preparation, aligning with the growing need for scalable,
GMP-compatible manufacturing solutions in modern drug development
(Omer et al., 2021; Vass et al., 2020).

2. Methods
2.1. Materials

Iron (III) chloride hexahydrate (99+%) was purchased from Acros
Organics. Ethanol (EtOH, 99.8 %), hydrochloric acid (HCl, 37 %),
methanol (MeOH, 99+%), and nitric acid (HNOs, 70 %), were pur-
chased from Fisher Scientific. N, N-dimethylformamide (DMF, 99+%)
was purchased from Honeywell. Dimethyl sulfoxide (DMSO, 99.7+%),
hemin chloride (96+%), phosphate buffered saline (PBS), and poly-
vinylpyrrolidone (PVP) (M, = 360,000) were purchased from Sigma-
Aldrich. All chemicals were used as supplied. All water was purified
using a Suez Purite purification system prior to use.

Table 2
Sample identification codes and respective electrospinning parameters.
Sample Hemin concentration Flow Applied Humidity
code (wW/wW)% rate voltage (%)
(ml hr kv)
P
HO0.00 0 0.4 7.5 31.5
HO0.25 0.25 0.5 7.5 317
HO0.50 0.5 0.5 8.0 33.3
HO0.75 0.75 0.5 8.0 32.5
H1.00 1.0 0.5 8.0 34.0
H2.00 2.0 0.5 8.0 35.1
H3.00 3.0 0.5 8.0 34.6
H4.00 4.0 0.5 8.2 32.8
H5.00 5.0 0.5 10 317

2.2. Electrospinning

2.2.1. Preparation of solutions for electrospinning

15 % (w/v) stock solutions of PVP polymer were prepared by dis-
solving 75 g of polymer in MeOH, made up to 500 mL, with continual
stirring over 24 h until fully dissolved. A second stock solution of hemin
(16.67 mg mL™!) was prepared in DMF. From these stock solutions,10
mL of 10 % (w/v) PVP electrospinning solutions containing hemin were
prepared for a range of hemin content from 0 to 5 % (w/w), maintaining
a ratio of MeOH:DMF of 7:3 by adjustment with pure MeOH or DMF as
appropriate.

2.2.2. Extended electric field electrospinning (EEF)

Electrospinning solutions were transferred to a 10 mL syringe and
secured onto a syringe pump (WPI AL-1010). A 1.0 mm diameter square-
cut spinneret (Linari Engineering) was attached to the syringe end, with
the pump arranged facing the collection plate. A copper wire (0.1 mm
diameter, length ca. 200 mm) was secured at the spinneret base before
wrapping it several times around the syringe body length. A positive
voltage supply was applied to the copper wire using a 0 to 20 kV power
unit (FuG Elektronik HCP 35-20000) at a position extending beyond the
syringe. Additionally, a conductive steel extension was attached to the
collector plate rear and earthed (Fig. 2). Nanofibres were collected onto
squares of aluminium foil wrapped around the metal collection plate.
Continuous electrospinning was achieved for all solutions using a tip-to-
collector distance of 14 cm, at ambient temperature (24C), and negli-
gible current (< 0.0001 mA). Sample identification codes are detailed in
Table 2, together with respective hemin concentration of electro-
spinning solutions, flow rates, and applied voltages.
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Fig. 3. (a-c) SEM micrographs of nanofibres prepared by EEF electrospinning of H0.00 (al), H1.00 (b1), and H5.00 (c1) at 3000x magnification (scale bar 10 pym).
Histograms of nanofibre diameter distributions to the respective SEM micrographs are shown under each for H0.00 (a2), H1.00 (b2), and H5.00 (c2). SEM mi-
crographs and nanofibre diameter histograms for all formulations are shown in Fig. S2.1 (supplementary data). (d) Illustrates nanofibre mean diameters across the
sample range following ImageJ analysis (DiameterJ plugin) of SEM micrograph data. Data are mean + S.E.M diameter for 3x measurements per sample in um Data is

shown tabulated in Table S2.1 (supplementary data).

2.3. Characterisation

2.3.1. Scanning electron microscopy (SEM)

SEM was conducted on a Zeiss SUPRA 55-VP at 3 kV accelerating
voltage. Samples (circa. 0.5 x 0.5 cm) were cut from each nanofibre mat,
placed onto a carbon pad, and secured on a SEM specimen stub. The
samples were then gold coated and imaged. Average nanofibre di-
ameters were measured using ImageJ software (v1.52; National In-
stitutes of Health) and the DiameterJ plugin (Hotaling et al., 2015).

2.3.2. Transmission electron microscopy (TEM)

TEM was conducted on a JEM-1400 (JEOL). Nanofibres were directly
spun onto carbon-coated copper TEM grids (TAAB) held at the collector
plate for 40 s during electrospinning. Nanoparticles (NPs) prepared from
dissolved fibres were dialysed against water over a period of 5 days, with
daily changes of water, using 3.5 kDa MWCO SnakeSkin™ dialysis

tubing (Thermo Scientific) to remove salts from the dissolution media.
Samples of dialysed NPs were pipetted onto holey carbon-coated copper
TEM grids and left to dry for 2 h before imaging.

2.3.3. Energy dispersive X-ray (EDX)
EDX mapping was achieved on a JEM-2100 (JEOL) using an AME-
TEK EDAX TSL set at 200 kV and magnification x250,000.

2.3.4. Simultaneous thermal analysis (STA)

STA was performed on a Rheometric Scientific STA 1500 system
(Rheometric Scientific Ltd). Samples (5-20 mg) were placed within
aluminium crucibles (40 uL) and secured within the STA instrument
balance. Once the system was sealed and settled (30 s) the sample
weight was measured before running STA at the following settings: No
(30 mL min~1), ramp to 600 °C at 10 °C min™'.



L.R. Anderson et al.

International Journal of Pharmaceutics 687 (2026) 126396

s — HO.00

 — H0.25

Intensity (a.u)

. s
. H1.00
P H5.00

— Hemin

20 (degrees)

Fig. 4. XRD diffraction patterns of H0.00, HO.25, H1.00, H5.00, and hemin powder (Hemin). XRD diffraction patterns for formulations H0.50, H0.75, and hemin:PVP

(1:99) physical powder mixture (HPX) is shown in Fig. S4.1 (supplementary data).

2.3.5. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra were obtained using a Thermo Nicolet NEXUS 470 FTIR
over the wavenumber range 700-4000 cm ! and with resolution of 4
-1
cm .

2.3.6. X-ray diffraction (XRD)

XRD analysis of fibres and chemicals was conducted on a Rigaku
Miniflex 600 instrument. Nanofibre samples were cut to sample holder
disk size. Powder reagents and samples were spread evenly across the
sample holder. XRD parameters used were; Cu-Ko radiation (A =
0.15418 nm; 40 kV; 15 mA). Patterns were recorded over the 20 range
from 3° to 50° at 2.5° min " in 0.01° steps.

2.3.7. Dynamic light scattering (DLS)

DLS was obtained with a Nanotrac flex (Microtrac Retsch GmbH).
Sample solutions (10 mL) were probed with the Nanotrac flex sensor and
intensity measurements performed over 30 s per measurement. The data
presented is the mean of 10x replicate measurements per sample.

2.4. Dissolution studies

2.4.1. Nanofibre dissolution

Dissolution tests were conducted on hemin-PVP nanofibre samples
(65.2 mg) added to isotonic PBS (10 mL), before stirring between time
ranges of 1 h to 72 h. Sample aliquots were drawn from the solution at
volumes required for respective analysis.

2.4.2. Physical-mixture dissolution

Hemin powder was added to pre-dissolved PVP within a beaker of
PBS (10 mL), maintaining total mass content of 65.2 mg 10 mL’l, at
hemin:PVP ratios; 0:100, 0.1:99.9, 0.25:99.75, 0.5:99.5, 0.75:99.25,

1.0:99.0, and 5.0:95.0. The mixtures were continually stirred over 72 h.
Sample aliquots were drawn from the solution at volumes required for
respective analysis.

2.4.3. UV-vis spectroscopy

The UV-visible spectra of hemin preparations were obtained using a
JASCO V-530 spectrophotometer over a wavelength range of 250-700
nm.

2.4.4. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
The iron content of dissolved fibre solutions was measured by ICP-
OES using an Agilent 5110 instrument. Dissolution aliquots of each
sample and repeats were diluted 10x with 0.3 M HNOs. Final iron
concentrations were corrected for dilution of dissolution volume.

2.5. Statistical analysis

GraphPad PRISM 9 software was used for graphical representation
and statistical analysis. Outliers were removed for all datasets before
D’Agostino & Pearson and Shapiro-Wilk tests for assessment of normal
distribution. The data are presented within charts representing the mean
of each datapoint and error bars representing the standard error of the
mean (£+S.E.M). Parametric comparison between two datasets was per-
formed using one-way ANOVA and comparison between three, or more,
datasets was performed using two-way ANOVA.

3. Results
3.1. Hemin-loaded PVP nanofibres

Homogeneous PVP fibres containing hemin from 0.25 % to 5 % (w/
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Fig. 5. FTIR spectra of blank PVP nanofibres (H0.00), PVP powder (PVP), hemin powder (Hemin), H0.25, H0.50, H0.75, H1.00, H5.00, and hemin:PVP (1:99)

physical powder mixture (HPX).

w) were prepared readily using extended electric field electrospinning
(EEF). The proportion of hemin incorporated into the nanofibres was
limited by the relatively low solubility of hemin in DMF, and the
requirement to use compatible solvents for electrospinning, therefore an
electrospinning solution of 5 % (w/w) hemin was a practical maximum
concentration. Representative SEM micrographs of nanofibres prepared
via EEF electrospinning, along with histograms of their diameter dis-
tributions, are presented in Fig. 3(a-c). Additional formulations are
shown in the supplementary data (Fig. S2.1). Across all hemin concen-
trations, the nanofibres appeared visually smooth and well-formed. The
histograms reveal a relatively narrow diameter distribution at low or no
hemin concentrations, which progressively broadens with increasing
hemin content, up to 5 % (w/w).

Fig. 3(d) compares the diameters of nanofibres produced at the
varying hemin loadings. Previous studies have reported that increasing
hemin concentration tends to reduce fibre diameter (Tyubaeva et al.,
2024, 202.3), likely due to enhanced conductivity of the electrospinning
solutions. A similar trend is observed in samples H0.00 to H1.00.
However, at higher hemin concentrations (e.g., H5.00), an increase in
mean fibre diameter is noted, which may be attributed to the different
polymer system used in this study.

Transmission electron microscopy (TEM) imaging and energy-
dispersive X-ray (EDX) mapping of sample H1.00 were performed to
examine morphology at higher magnification and to detect the distri-
bution of iron within the nanofibre (Fig. S3.1, supplementary data). Iron
signals were detected along the nanofibre path suggesting that hemin
molecules are relatively well encapsulated and uniformly distributed.
Subsequent X-ray diffraction (XRD) analysis (Fig. 4) revealed that hemin
was amorphously dispersed within nanofibres at lower concentrations
(0.25-0.75 % w/w; samples H0.25 to H0.75, Fig. S4.1, supplementary

data). However, at higher hemin loadings (1.0 and 5.0 % w/w; samples
H1.00 and H5.00), a prominent diffraction peak at approximately 6.5°
was observed, along with several smaller but distinct peaks at higher 20
values. These features are indicative of crystalline hemin domains
forming within the nanofibre matrix at elevated concentrations.

Increased hemin crystallinity at higher concentrations has been
observed previously (Tyubaeva et al., 2024), most likely due to the
tendency of hemin to aggregate in the solution feed at larger measures
(Golnak et al., 2015). Here, the strong small angle reflection ca. 6.5° is
likely due to long-range ordering of the porphyrin rings in the nanofibre
formulation, as this peak intensifies in correlation with increased hemin
concentration (comparing H1.00 with H5.00).

The increase in crystallinity/aggregation of hemin at higher con-
centrations is potentially reflected in the FTIR spectra of the formula-
tions (Fig. 5). Increasing hemin concentration is seen to reduce the PVP
C=0 stretching frequency from 1655 cm ™' for H0.25 shifting to 1649
em™! in sample H5.00. This red-shift could be due to enhanced H-
bonding between the carboxylic acid groups in the hemin aggregate and
the carbonyl groups of PVP (Aljabri et al., 2019; Taylor and Zografi,
1997). When hemin powder and PVP powder are physically mixed in a
1:99 ratio (“HPX”), mimicking the theoretical composition of sample
H1.00, characteristic hemin vibrations C=0 (1697 cm’l), C-N (1275
cm’l), and C-O (1115 cm™!) are identifiable, comparable to those
observed in pure hemin powder. In contrast, these bands are absent in
sample H1.00, supporting the hypothesis that electrospinning promotes
effective encapsulation of hemin, and red-shift of hemin’s C=0
stretching frequencies following H-bonding.

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) of hemin and the polymer composites as powder or as
nanofibres is shown in Fig. 6. The thermal analysis of hemin shows it is
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Fig. 6. DSC (a) and TGA (b) analysis of hemin powder (Hemin), blank PVP nanofibres (H0.00), hemin-loaded PVP monoaxial nanofibre samples (H0.25, HO0.50,

HO.75, H1.00, and H5.00), and hemin:PVP (1:99) physical powder mixture (HPX).

stable up to about 320 °C. The small endotherm peak measured by DSC
at ~ 340 °C (Fig. 6a) corresponds to weight loss measured by TGA
(Fig. 6b) at the same temperature, possibly owing to decarboxylation of
the acid groups and loss of two CO; for each hemin complex. The high
residual mass observed for hemin (~70 %) by the TGA is likely due to
the formation of complex organometallic species including polymers
(rather than iron oxides) as the thermal analysis was conducted under
nitrogen (Said and Al-Sammerrai, 1985). The DSC data of the polymer
materials reveals a broad endothermic peak between 50 and 100 °C,
attributed to evaporation, and a second endothermic peak around
400-450 °C corresponding to substantial weight loss as the polymer
decomposes.

This endotherm incrementally shifts to a slightly higher temperature
with increasing hemin content, potentially owing to greater hemin
crystallinity in alignment with the XRD findings. However, further
investigation is required to understand this observed effect of hemin

loading on thermal behaviour. The residual masses increase broadly in
line with expected hemin loading, however due to the complexity of the
residual products formed (Said and Al-Sammerrai, 1985), these masses
cannot be used to estimate hemin content in the fibre formulations. In
sample HPX there is small endotherm ca.170C due to the transition from
glassy to state to the rubbery state (Dong et al., 2024) — this transition is
surprisingly still present in the electrospun materials (Fig. S5.1). We
speculate that ordering of the hemin molecules in our electrospun
nanocomposites has influenced this thermal behaviour, perhaps by
encouraging segmental motion of the polymer chain (Bailey and Winey,
2020).

The TGA data in Fig. 6(b) indicate that the nanofibre samples exhibit
thermal stability up to approximately 300 °C, beyond which decompo-
sition begins as evidenced by weight loss. This suggests that the nano-
fibres are thermally stable. To assess their long-term stability under
ambient conditions, samples H0.00 to H5.00 were stored in a sealed
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Fig. 7. PBS solutions of dissolved nanofibre formulations H0.00 (a), H0.25 (b), H0.50 (c), HO.75 (d), H1.00 (e), and H5.00 (f) (65.2 mg of each sample in 10 mL PBS),
with thin layers of smeared microparticulate hemin pellets at the falcon tube conical tip (g).

container within a cool, dark cupboard for 24 months. As expected, due
to the hygroscopic nature of PVP, XRD analysis of the aged samples
revealed broadening of the amorphous halo across all formulations
(Fig. S6.1), consistent with water uptake. This observation aligns with
previous studies showing diffraction curve changes in PVP correspond-
ing to oxygen—oxygen distances in absorbed water molecules (Benmore
et al., 2023).

Samples with higher hemin loadings (1.0 and 5.0 % w/w; H1.00 and
H5.00) retained the characteristic diffraction peak at ~ 6.5°, along with
weaker peaks at higher 20 values indicative of crystalline hemin do-
mains. However, the intensities of these peaks were markedly reduced
compared to freshly prepared samples, suggesting a loss of crystallinity
likely due to water-induced plasticisation and increased polymer chain
mobility disrupting long-range order.

FTIR analysis further confirmed water absorption over the 24-month
period, showing up to a 17 % decrease in O-H stretching band trans-
mittance (3700-3100 cm_l) and red-shifts of several cm ™! in the C=0
stretching bands across all samples (Fig. S6.2). These shifts reflect
hydrogen bonding between PVP’s carbonyl groups and absorbed water
(Mishra et al., 2008).

Despite these changes, SEM imaging after the 24 month-period
revealed well-formed cylindrical fibres with diameters comparable to
their freshly prepared counterparts (Fig. S6.3). These findings confirm
that while atmospheric moisture was absorbed, no significant structural
damage or defects were observed. Notably, the nanofibres returned to
their original state after overnight drying at 30 °C, indicating reversible
moisture effects.

3.2. Nanofibre dissolution studies

Samples of hemin nanofibres (65.2 mg in each case) were dissolved
in PBS (10 mL) at room temperature. All nanofibre samples dissolved
completely within 1 h, producing green-brown solutions of increasing
intensity with increasing hemin concentration (Fig. 7(a-f)). Precipitation
of microparticulate hemin was observed in small amounts after stirring
for 1 h, which could be collected by pelleting through centrifugation
(Fig. 7(g)). UV-Vis measurement at 396 nm of sample H1.00 during
dissolution reveals that equilibrium solubility is reached within 30 min,
as no further increase in maximum absorbance is observed even when
stirring is continued for up to 72 h (Fig. S7.1). As a comparative study,
physical mixtures were prepared by adding hemin powder to pre-
dissolved PVP in PBS, using the same hemin:PVP weight % ratios as
the hemin-PVP nanofibres (0:99 to 5.0:95.0). After one hour of stirring,
no noticeable colour change was observed, in contrast to the swift colour
changes seen upon nanofibre dissolution. The mixtures were left under
continuous stirring, with slight colour changes emerging after 24 h.
These changes gradually intensified over time. After 72 h of stirring, no
further deepening of colour was observed, and the mixtures visually
resembled their corresponding hemin-PVP nanofibre solutions as illus-
trated in Fig. S8.1 (supplementary data).

Fig. 8 shows the UV-visible spectra of dissolved nanofibres and
hemin powder in PBS. All hemin-loaded nanofibre samples exhibit a
broad Soret peak (around 390 nm), indicative of hemin dimerization
(Nath et al., 2017). The Apax peaks for dissolved hemin-PVP fibres are in
the Soret band, as is the case for hemin powder (387.5 nm) (Fig. 8). The
Mmax for the nanofibre formulations shift hypsochromically with
increasing hemin concentration; H0.25 (395.0 nm), H0.50 (394.0 nm),
HO0.75 (394.0 nm), H1.00 (393.5 nm), and H5.00 (392.5 nm). This blue
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Fig. 8. UV-visible spectra for hemin powder (1.00 mg), H0.00, H0.25, H0.50, H0.75, H1.00, and H5.00 (65.2 mg for each nanofibre sample) in PBS (10 mL), post-

centrifugation.

shift is possibly an effect of increasing hemin H-aggregation, the face-to-
face arrangement of porphyrin n—n stacking, as the Soret peak intensities
increase linearly (Suzuki et al., 2016).

Dissolved samples of nanofibre solutions were analysed for their iron
content by ICP-OES (Fig. 9). Samples were analysed before and after
centrifugation to quantify the level of both soluble and insoluble iron
(Fig. 9(a), left y-axis). The level of insoluble iron was low for samples
HO.25 to H3.00 making only small, statistically insignificant, differences
to the concentration of soluble hemin before and after centrifuging. In
comparison, solutions of H4.00 and H5.00 had 5-10 % less hemin after
centrifugation. An indication of encapsulation efficiency (EE) is given by
% iron measured in the dissolved nanofibre solutions against the theo-
retical maximum iron concentration within the nanofibres, calculated
from the known hemin concentrations within the original electro-
spinning solutions (100 %, Fig. 9(a), right y-axis), measuring from ~ 35
% for H1.00 fibres to ~ 80 % for H0.25 and H5.00. Due to the higher
solubility of hemin within DMSO to that of aqueous media, EE was
measured more precisely by dissolving the nanofibre samples in DMSO
and measuring Fe content of solutions by ICP-OES (Fig. 9(b)).

The DMSO solutions were free of particulate Fe and the EE’s ranged
from 43 % to 83 %, with the highest achieved from nanofibres with the
lowest proportion of hemin, H0.25. The hemin-PVP nanofibres were
able to facilitate enhanced aqueous solubility (Fig. 10) with approxi-
mately 200-fold increased solubilised Fe (H5.00, pH 7.4, PBS) in com-
parison with hemin alone in the same media. The concentration of
soluble hemin prepared from nanofibres increased as the content of
hemin in the nanofibre increased, with dissolved H5.00 creating a so-
lution of ca. 273 pM.

The markedly enhanced aqueous solubility of hemin in these solu-
tions suggested the possibility of soluble nanoparticle formation

(Inamura et al., 1989). Each of the PBS solutions containing dissolved
nanofibres was analysed by DLS (Fig. 11). All samples dissolved to create
a distribution of nano-sized particles between 10-100 nm diameter
(median diameter range 20-40 nm). For all samples, there are also
populations of larger nanoparticles. However, the proportion of smaller
nanoparticles decreased as the content of hemin increased, and the
proportions of larger-sized particles grew correspondingly.

PVP is known to solubilise porphyrins and related molecules,
including chlorin-type photosensitizers, through the formation of
nanoparticles (Paul et al., 2013). The two driving forces for this process
are a) hydrophobic interactions involving the C-H moieties on the
polymer backbone, and non-polar regions of the solute on the interior of
the nanoparticle and b) hydrogen bonds between the exposed carbonyl
groups on PVP and solvent water molecules (Tsvetkov et al., 2014). We
presume similar processes are at play when the nanofibre samples
described here dissolve. Aggregation of PVP NPs loaded with chlorins
has also been observed previously (Batov et al., 2019). We speculate that
that extent of hemin aggregation in the nanofibre samples plays a role in
the various NP populations observed in the DLS.

Time-resolved DLS measurements were attempted to monitor
nanoparticle formation during nanofibre dissolution. However, these
proved unreliable for due the presence of large particles which obscure
the signal from the small particles. Based on combined XRD, UV-Vis,
and DLS data recorded, Fig. 12 provides a summary of the potential
factors which influence the varying nanoparticle populations when the
different formulations are dissolved in aqueous media.

Samples with low hemin loading most probably contain dispersed
hemin molecules, which are released upon dissolution in PBS generating
nanoparticles of small diameter. Molecular interactions between hemin
and PVP promote association leading to formation of nanoparticles that
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Fig. 9. (a) Fe concentration (ppm) (left y-axis) of centrifuged (green) and uncentrifuged (brown) nanofibre samples (H0.25, H0.50, H0.75, H1.00, H2.00, H3.00,
H4.00, and H5.00) dissolved in PBS, together with % of theoretical iron concentration (right y-axis) for centrifuged (red arrows) and uncentrifuged (blue arrows)
samples. Data were analysed with two-way ANOVA comparing mean centrifuged iron and mean uncentrifuged iron within each formulation, where **** = p <
0.0001, *** = p < 0.0003, n = 3, data are the mean + S.E.M for three independent preparations and measurements. (b) Encapsulation efficiency of hemin in fibres.
Iron concentration (ppm) was measured in solutions of 65.2 mg of fibres in 10 mL DMSO by ICP-OES. Data are expressed as the % ratio of measured / expected iron.

shield the hemin complex from the aqueous environment in similar
manner to that described previously (Tsvetkov et al., 2014).. These small
nanoparticles can further associate into larger aggregates (~400 nm).

The hemin-loaded nanofibres with intermediate loading (0.75-2.00
% w/w) exhibit some hemin aggregation, as supported by XRD and
UV-Vis analysis. This may be providing larger nucleation sites for PVP
association during nanofibre dissolution, producing larger nanoparticles
(~450 nm), especially when multiple hemin clusters are encapsulated
within a single particle. These nanoparticles also aggregate into larger
structures (~2000 nm) that still preserve solubility within the PBS
solution.

Nanofibres with > 3.00 % w/w hemin appear even more crystalline
in XRD, so are likely to form even larger nucleation centres for PVP
association. This results in nanoparticles (~500 nm) that aggregate into
soluble populations around 1500 nm. Overall, this suggests a dynamic
system where increasing hemin concentration drives greater hemin ag-
gregation during electrospinning, creating larger nucleation sites and
leading to three distinct nanoparticle size distributions, with aggregate
size correlating with hemin content.

DLS measurements of the hemin:PVP physical mixtures provide
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further insight (Fig. S9.1, Table S9.2, supplementary data). Although
nanoparticle formation required over 72 h of continuous stirring
following hemin powder addition to pre-dissolved PVP, the emergence
of similarly coloured solutions to those of the dissolved nanofibres
suggested comparable nanoparticle generation. For mixtures with
hemin:PVP ratios equivalent to H0.25 through H5.00, the majority of
nanoparticles formed were between 200-2000 nm in diameter (> 64 %),
with only minor populations observed in the 10-80 nm range (< 23 %)
— unlike the low hemin-loaded nanofibre samples themselves, H0.25-
HO0.75, which predominantly yielded sub-100 nm particles. This
disparity likely arises from the high levels of aggregated and insoluble
hemin in the physical mixtures, which may provide larger nucleation
sites for PVP association and subsequent nanoparticle formation. This
highlights the advantage of the dispersed hemin content in lower-loaded
nanofibres, where their dissolution promotes the formation of smaller
nanoparticles. These findings suggest that the physical state and
dispersion of hemin prior to nanoparticle formation play a critical role in
determining particle size, with nanofibre dissolution offering a more
controlled route to sub-100 nm particles.

Transmission electron microscopy (TEM) was used to further
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Fig. 11. DLS histograms of particle size populations found in PBS solutions of
dissolved hemin-PVP nanofibres (H0.25-H5.00), following centrifugation.
Purple lines represent overall distribution curve for pooled particle sizes.
Measurements are mean particle size distributions of 10x measurements per
sample. Tabulated data including standard deviations and polydispersive in-
dexes (PDI) is shown in Table S8.1 (supplementary data).
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= p < 0.0001, n = 3, data are the mean + S.E.M for three independent preparations and

characterise the self-assembled nanoparticles following nanofibre
dissolution (Fig. 13). Two visually distinct nanoparticle populations
were observed in each sample. TEM micrographs in the top two win-
dows of each panel (Fig. 13(a—f1) and (a-f2)) show irregular clusters
composed of small, dense, asymmetrical nanoparticles with a mean
diameter of 44.3 + 17.1 nm (n = 213), corresponding to the smallest
size distribution (10-80 nm) measured by DLS (Fig. 11). A second
population, visible in the bottom two windows (Fig. 13(a—f3) and
(a—f4)), consists of larger, more spherical particles with a mean diameter
of 198.0 £+ 25.3 nm (n = 255), aligning more with the second largest
population observed in the DLS.

In the higher concentration samples (H1.00, H3.00, and H5.00),
increased agglomeration of this second largest type was observed,
potentially correlating with the largest diameter population observed in
the DLS (Fig. 11). This trend suggests that increasing hemin concen-
tration promotes the formation of larger particles, consistent with
Langmuir-type adsorption dynamics in which saturation of polymer-
—drug interactions reduce encapsulation efficiency and promotes ag-
gregation to form larger particles (Lee et al., 2021).

Additionally, EDX was used to map iron signals within the nano-
particles (Fig. S10.1, supplementary data). Iron signals were found
throughout the map surface, but a small majority of the signal, 59 %,
was found within the boundaries of nanoparticles, suggesting the pres-
ence of hemin within. The presence of Fe signals outside the boundaries
of the particles could be due to the loss of hemin-PVP complexes from
the nanoparticles, rather than free hemin which would have been
removed during dialysis.

To assess the reproducibility of hemin-PVP nanoparticle formation,
the 24-month aged samples previously discussed in Section 3.1 were
placed in PBS (65.2 mg 10 mL-1) and stirred over 1 h. Aged samples of
HO0.25, H1.00, and H5.00 were dissolved in the same manor as their
freshly prepared counterparts, as previously detailed within Section 3.2,
producing comparable hemin-PVP nanoparticle populations (Fig. S11.1
(a-c), supplementary data). This confirms that the nanoparticle forma-
tion process is reproducible even after prolonged storage, indicating that
the structural integrity of the hemin-PVP nanofibre formulations is
maintained over 24 months.
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Fig. 12. A schematic illustration of hemin-PVP nanofibre dissolution in PBS and subsequent nanoparticle and aggregate formation. Low hemin loading (<0.50 % w/w,
left): Narrow nanofibres with dispersed hemin form small hemin—PVP nanoparticles (~30 nm) that further associate into aggregates (~400 nm). Medium loading
(0.75-2.00 % w/w, middle): Hemin aggregation within the nanofibre creates larger nucleation sites upon dissolution, leading to bigger nanoparticles and aggregates.
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into populations of ~ 1500 nm, while maintaining solubility in PBS.

4. Discussion

We report a novel formulation of hemin based on electrospun hem-
in-PVP fibres, which dissolve rapidly in physiological pH aqueous media
to form nano- and micro-particles of hemin-PVP. This approach mark-
edly enhances the solubility of hemin, achieving concentrations up to
273 uM. Previous strategies for oral hemin delivery have included
coupling to iron oxide nanoparticles (average diameter 29 nm) (Jahn
et al., 2011), complexation with y-cyclodextrin (70 % encapsulation,
240-fold solubility enhancement) (Yu et al., 2024), and encapsulation
into micelles (75-140 nm diameter, 25-60 % encapsulation, solubility
up to 200 uM) (Span et al., 2016). All these formulations were evaluated
in intestinal cell cultures for iron uptake or toxicity and showed promise
in enhancing iron absorption (Jahn et al., 2011; Span et al., 2016; Yu
et al., 2024).

Attempts to improve hemin solubility using PVP or other excipients
yielded only 15.3 uM in neutral pH solutions (Inamura et al., 1989),
requiring multiple steps including neutralisation with ammonia. In
contrast, the electrospinning method offers a facile route to produce
hemin-PVP fibres that dissolve rapidly in physiological buffers, making
it an attractive strategy for enhancing hemin solubility.

Electrospun hemin fibres have also been developed by other groups
for different applications. For instance, poly-3-hydroxybutyrate (PHB)-
based fibres were designed for wound healing and antimicrobial activity
(Tyubaeva et al., 2023), while polyacrylonitrile (PAN)-based fibres were
used in electrocatalysis (Dong et al., 2020). Our PVP fibres incorporated
hemin up to 5 % (w/w), a limit also reported for PHB fibres (Tyubaeva
et al., 2023). PAC fibres contained up to 2 % (w/w) hemin (Dong et al.,
2020). The PVP fibres in this study had smaller diameters (0.19-0.44

um; Table S2.1, supplementary data) than PHB fibres (1.77-3.50 pm)
(Nishide et al., 1977; Tyubaeva et al., 2021), but were larger than PAN
fibres (0.10-0.20 um) (Dong et al., 2020).

Hemin distribution within fibres was uniform in PVP and PAN (Dong
etal., 2020), whereas PHB fibres showed homogeneous distribution only
at 5 % (w/w) (Tyubaeva et al., 2021). At lower concentrations (1-3 %
w/w), PHB fibres exhibited large hemin aggregates forming nodal
structures (Tyubaeva et al., 2021), likely due to stronger interactions
with the more crystalline PHB matrix. XRD analysis revealed that hemin
tends to crystallize at low concentrations in both PVP (1 % w/w; Fig. 4)
and PAN (2 % w/w) (Dong et al., 2020). The increasing hemin crystal-
linity at higher concentrations described here may explain the increased
size of nanoparticles formed upon dissolution.

Hemin loading into PVP nanofibres, followed by the self-assembly of
soluble hemin-PVP nanoparticles upon dissolution, shows promise as
potential component of an oral formulation to treat iron deficiency
anaemia. However, the effectiveness of hemin-PVP formulations as iron
delivery vehicles remains to be determined. Future studies will focus on
evaluating the bioavailability, cytotoxicity, uptake, and processing of
soluble hemin nano- and micro-particles in cell culture models.
Furthermore, it will be necessary to formulate the nanofibres platform
further so that the hemin-PVP nanoparticles are released in a controlled
manner for effective iron absorption.

Beyond this, two promising directions could expand the pharma-
ceutical utility of this platform. First, combining PVP-based fibres with
other insoluble polymeric nanofibres in advanced architectures such as
core-sheath or Janus structures could enable tailored drug release
profiles, including sustained release, biphasic release, and even zero-
order release for depot-like systems (Hu et al., 2025; Yang et al.,
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40000x (al, f2). Individual nanoparticle diameters were measured using ImageJ with the scale calibrated to each micrograph scale bar, and the mean diameters

calculated from n = > 213 measurements.

2025; Yu et al., 2025). These designs have been widely explored for
controlled release applications in electrospun systems, offering spatial
separation of drug and excipients to modulate release kinetics (Yang
et al., 2025).

Second, co-loading excipients such as lipids alongside hemin within
the PVP matrix could promote self-assembly into liposomes or self-
emulsifying structures upon dissolution, potentially enhancing trans-
membrane transport and improving oral absorption (Ge et al., 2023).
Lipid-based excipients are well known to form colloidal structures in
aqueous environments, improving solubilisation and facilitating
lymphatic uptake, which can significantly enhance bioavailability of
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poorly soluble drugs (Mohite et al., 2023). These strategies align with
current trends in nanofibre-based drug delivery systems and could
significantly broaden the clinical applicability of electrospun
formulations.

5. Conclusion

The potential to enhance the aqueous solubility of hemin through
encapsulation in PVP nanofibres was investigated. The results demon-
strated that a series of PVP-hemin nanofibres with differing loading were
successfully prepared using a modified electrospinning approach.
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Encapsulation efficiencies of 43-83 % were achieved, with increasing
hemin crystallinity at higher loadings. Upon dissolution in PBS (pH 7.4),
fibres dissolved within one hour, producing PVP-hemin nanoparticles
primarily in the 10-80 nm range, alongside secondary populations of
larger aggregates (200-2000 nm). In contrast, physical mixtures of
hemin and PVP required over 72 h of stirring and yielding negligible
sub-100 nm particles, instead forming aggregates predominantly >200
nm. The nanofibre formulations achieved a >200-fold increase (273
uM) in aqueous solubility relative to free hemin, surpassing all values
reported with other solubilizing agents. This works demonstrates the
potential of these electrospun materials as a component of an oral
formulation for the treatment of iron deficiency anaemia. Future work
will focus on the toxicity, cellular uptake and processing of the PVP-
hemin nanoparticles reported in this study.
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