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Introduction

Human serum transferrin (Tf) is an 80 kDa bilobal iron-trans-
port glycoprotein, which circulates in blood at a concentration
of about 35 mm. In blood, Tf is only �30 % saturated with iron
(ferric iron, Fe3+) and its half-life in the body is about seven to
eight days.[1] Fully iron-saturated Fe2-Tf binds to transferrin re-
ceptors on cells and is taken up by endocytosis. An interesting
feature of Fe3+ binding is the requirement for a (bi)carbonate
synergistic anion, which coordinates to each Fe3 + ion in its
interdomain binding site. The other four ligands that complete
the octahedral coordination are recruited from protein side
chains (2 � Tyr, His and Asp).

There is much current interest in the flexibility of protein
structures and in particular in aggregation, which can have
serious physiological consequences: amyloid formation, for
example.[2]

Previously we have shown that Tf can form fibres while
standing in solution and we have studied their morphology on
various surfaces, such as formvar-coated EM grids and mica, by
several microscopy techniques.[3] However, precise conditions

that support fibre formation, and how they could be related to
the nature of Tf samples, were not clear. In particular, struc-
tures containing aggregated transferrin as models for the
curious pea-pod-like fibres (containing periodic electron-dense
deposits, some of which contained iron) were difficult to con-
struct. In subsequent atomic force microscopy (AFM) experi-
ments,[2a] we demonstrated that the Tf structure is indeed flexi-
ble, because it can undergo significant flattening when depos-
ited on mica surfaces. Interestingly, aggregation into ordered
rounded structures also appeared to be related to pre-dimeri-
sation of Tf in solution.

In this work, we have made detailed investigations concern-
ing the dependence of fibre formation on surfaces by Tf on
the extent of iron loading of transferrin, by comparing apo-Tf,
partially-saturated Tf and holo-Fe2Tf. We have also studied the
dependence of fibre formation within a particular batch of
transferrin provided by a commercial supplier. This led to the
discovery of effects of Tf on bacterial growth and ensuing mor-
phologies, and to interesting effects of the protein on red
blood cells. Unambiguous identification of nanometre-sized
objects imaged on electron microscope grids by TEM was diffi-
cult, but we have made considerable effort to distinguish be-
tween possible microbial presence as contamination and pro-
tein deposits.

Results

Deposition of transferrin on surfaces

We first investigated the morphology of deposits formed by
human transferrin dissolved at various concentrations in
sodium bicarbonate solution that was allowed to stand for var-

Fibrils formed by human serum transferrin [(1–3 mm) apo-Tf,
partially iron-saturated (Fe0.6-Tf) and holo-Tf (Fe2-Tf) forms],
from dilute bicarbonate solutions, were deposited on formvar
surfaces and studied by electron microscopy. We observed
that possible bacterial contamination appears to give rise to
long, pea-pod-like (PPL) structures for Fe2-Tf, attributable to
the formation of polyhydroxybutyrate (PHB) storage granules,
under the nutrient-limiting conditions used. These PPL struc-
tures contained periodic nanomineralisation sites susceptible
to uranyl stain. Extended incubation of transferrin solutions

(about four days) gave rise to extensive transferrin fibril struc-
tures. Optical microscopy and AFM studies showed that red
blood cells (RBCs) readily adhere to these fibrils. Moreover, the
fibrils appear to penetrate RBC membranes and to induce
rapid cell destruction (within about 5 h). It is speculated that in
situations in vivo where transferrin fibrils can form, such inter-
actions might have adverse physiological consequences, and
further studies could aid the understanding of related patho-
logical events.
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ious periods of time after deposition on carbon-coated formvar
surfaces of copper TEM grids. Six different batches of transfer-
rin, all commercial and supplied by Sigma–Aldrich, were used
(Table 1). They differ as follows: samples 1, 3, 4 and 6 are fully
iron-saturated (Fe2Tf), sample 2 is apo-Tf, and sample 5 is satu-
rated with iron to a similar level as circulating Tf (about
Fe0.6Tf). Samples 3 and 6 are different batches of the same
material (Table 1).

TEM pictures of sample 1 (Fe2Tf, 3 mm in 3 mm NaHCO3),
were obtained after incubation at 37 8C for 0–48 h, followed by
deposition on formvar. Microscopy images showed only PPL
structures containing electron-dense deposits, similar to those
we had previously observed (Figure S2 in the Supporting Infor-
mation).[3] However, a longer incubation of 72 h afforded for-
mation of branched fibre-like growth patterns, as visualised by
TEM images (Figure 1).

A solution of apo-transferrin sample 2 (3 mm in 3 mm

NaHCO3) was incubated at 37 8C for 24 h. Microscopy analysis
showed thin fibre-like growth features with accompanying de-
posits of salt crystals (Figure 2 A and B). Their appearance re-
mained unchanged after 72 h of incubation, affording a highly
branched, dendritic morphology (Figure 2 C), along with some
protein precipitate (Figure 2 D). The absence of PPL deposits
from this sample suggested that the presence of iron in trans-
ferrin is required to promote their formation. This was further
confirmed through the studies of two more batches of Fe2Tf.

Sample 3 was diluted to 1 mm (1 mm NH4CO3, pH 7.4) and in-
cubated at 37 8C. After 48 h, a 6 mL portion of this solution was
spotted onto a formvar-coated copper grid, stained with 0.5 %
uranyl acetate, washed thoroughly, and dried. TEM images
showed prominent PPL structures of widths of about 400–
500 nm and lengths of about 10–15 mm or more (Figure 3 A
and B). They contained dark periodic bands/spots spaced at
intervals of about 300 nm along the length. When the initial
sample pH was 8.5, incubation for 48 h gave similar TEM
images (Figure 3 C and D), except that the dark bands were
more resolved into distinct periodic spots. Energy-dispersive X-
ray analysis (EDX) of the dark spots showed the presence of
uranium (from the uranyl stain), but no iron (Figure S3).

There appears to be no other precedent for protein fibres
with this type of PPL structure in the literature. On the other

Figure 1. Sample 1 (T4132) after 72 h incubation showing thin fibrillar
shapes along with some sodium bicarbonate microcrystals on the fibres.
Scale bars: A) 2 mm, B) 1 mm.

Figure 2. TEM images of 2 (T1147) in 3 mm NaHCO3 at 37 8C A), B) after incu-
bation for 24 h, and C), D) after incubation for 72 h, showing the thin fibre-
like morphologies. Scale bars: A), C), D) 2 mm, B) 0.5 mm.

Figure 3. TEM images of 3 (T3400, Sigma) in 1 mm NaHCO3 at 37 8C after
incubation for 48 h: A), B) incubation at pH 7.4, and C), D) incubation at
pH 8.5, showing bacteria-like morphologies of about 500 nm in diameter
with periodic spots. Scale bars: A), C) 1 mm, B), D) 0.2 mm.

Table 1. Description of human serum transferrin samples supplied by
Sigma–Aldrich.

Transferrin Cat no./ Sample Supplier description
lot no. no.

holo-transferrin 1 (Fe2Tf) �98 %; iron content 1100–1600 mg g�1

T4132/038K1107
apo-transferrin 2 (Tf) �98 % (agarose gel electrophoresis) ;
T1147/068K1571 iron content �0.005 %
holo-transferrin 3 (Fe2Tf) �98 % (agarose gel electrophoresis),
T3400/68F_9468 iron-saturated
holo-transferrin (lot 4 (Fe2Tf) heat-treated at 60 8C (minimum) for
no. T0665/107K1182) a minimum of 10 h, iron-saturated
human transferrin 5 (Fe0.6Tf) endotoxin level <1.5 ng g�1 of
T6549/24H9310 protein, iron content 30 %
human transferrin 6 (Fe2Tf) �98 % (agarose gel electrophoresis),
T3400/14H9320 iron saturated
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hand, there are a few reports of bacteria that display related
morphologies.[4] Thus, it could be considered that these Tf PPL
structures might possibly arise from bacterial contamination of
the samples, leading to unusual Tf solution-phase morpholo-
gies.

In order to probe bacterial contamination, we prepared solu-
tions of sample 3, followed by incubation for 24 h at 60 8C, to
curtail bacterial growth. TEM studies of this sample showed
globule-like shapes along with fine networked fibrillar precipi-
tates (Figure S4). The latter structures might be precursors of
PPL structures; they also suggest that incubation itself was not
solely responsible for such morphologies (or that they are ther-
mophilic bacteria). Incubation of the solution of sample 3 at
37 8C for about 48–72 h did give rise to some thin fibrillar de-
posits (Figure 4) similar to those seen with sample 1. Sample 6
also gave PPL deposits on the grids (Figure 5).

Bacterial growth in transferrin samples

TEM data suggested that commercial transferrin samples
might contain bacterial contamination. To confirm this, sam-
ples 1–6 were streaked onto sterile LB agar plates containing

no antibiotic and incubated at 37 8C. We found visible bacterial
growth in about 18–48 h. Fe2-Tf samples 1, 3 and 6 gave dis-
tinct bacterial colonies in about 18 h (Figure S6 A, C and F),
whereas samples 2 (apo-Tf) and 5 (partially iron-saturatedTf,
Fe0.6-Tf) did not give rise to visible growth within 18 h, al-
though bacterial colonies were observed after about 36 h (Fig-
ure S6 B and E). Fe2-Tf sample 4 showed bacterial growth only
after 48 h at 37 8C (Figure S6 D). Hence, as might be expected,
iron saturation of transferrin provides more favourable condi-
tions for bacterial growth except in the case of sample 4.

Examination of these bacterial colonies by TEM with uranyl
acetate staining showed mostly round shapes from the bacte-
ria grown on LB agar plates (Figure S7), distinctly different
from the PPL structures obtained above after incubation of
iron Tf samples. In comparison, we found that bacteria taken
from a non-sterile buffer solution left at room temperature for
a week showed long filaments of bacteria with periodic dark
bands (Figure S7). These results are in line with the expectation
that bacterial growth and morphology are affected by growth,
under the conditions of nutrient depletion. The subtle differen-
ces between the filamentous form of bacteria, from buffer
alone and transferrin samples, show that the observed mor-
phological changes might be due to the influence of transfer-
rin, under nutrient-depleted conditions.

Interaction of transferrin with red blood cells

Transferrin (Tf) is known to deliver iron for the maturation of
red blood cells.[5] The process of cellular iron uptake from
transferrin starts with the binding of transferrin to its cognate
receptors on the cell surface (through receptor-mediated en-
docytosis), and the release of iron from Tf then proceeds
through endosomal acidification.[6] Early studies carried out
with holo-transferrin demonstrated a high affinity for binding
to its receptor on the cell membrane at neutral pH.[7]

Red blood cells (RBCs), the most abundant cells in the
human body, are also cells with maximum mobility, moving
constantly throughout the body and functioning as oxygen
carriers.[8] Human erythrocytes are biconcave disks with an
average diameter of 6–8 mm and a thickness of about 2 mm.
Time-dependent morphological changes of RBCs under physio-
logical buffer conditions have been well reported in the litera-
ture.[9] The negative charge on RBCs is known to resist their ag-
gregation and sedimentation, whereas interaction with fibrino-
gens assists sedimentation. We modelled a situation in which
fibres of transferrin might form on a surface in the circulatory
system and come into contact with RBCs.

Fresh transferrin solutions of Fe2-Tf (sample 3, 12.5 mm) were
prepared in 24 mm sodium bicarbonate buffer (mimicking
blood concentration), and a 20 mL aliquot of the sample was
spread onto a glass coverslip and allowed to dry at room tem-
perature for visualisation under an optical microscope. After 4
days incubation, a dense fibrillar network was observed. At this
concentration, the aggregates formed were not isolated fibre
bundles, as was the case for a 1 mm solution of transferrin on
the mica surface we studied previously.[3] On staining with rho-
damine B, bright red branched fibrils were seen (Figure 6 A).

Figure 4. TEM images of sample 3 holo-transferrin (3 mm in 3 mm NaHCO3)
after incubation for 24–72 h at 37 8C. A) Fern-like fibrillar growth, scale bar :
2 mm, and B) thin fibre shapes with salt crystals, scale bar : 1 mm.

Figure 5. TEM images of sample 6 holo-transferrin (3 mm in 3 mm NaHCO3)
after incubation for 24–72 h at 37 8C. A), B) Thin fibre-like growths with salt
crystals on them, and C), D) tubular shapes with dark bands. Scale bars : A),
C) 2 mm, B), D) 1 mm.
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We further confirmed the formation of fibrils by scanning elec-
tron microscopy (SEM) and AFM (Figure 6 B and C). In the SEM
images, small crystallites of sodium bicarbonate deposited on
the surface of the protein fibrils were also clearly observed
(Figure 6 B).

RBC binding to transferrin fibres was studied by incubating
fresh human RBCs with a 4-day-old transferrin solution, fol-
lowed by visualisation under an optical microscope. Attach-
ment of transferrin fibres to the surfaces of human erythro-
cytes was observed by optical microscopy (Figure 7 A), fol-
lowed by AFM (Figure 7 C, D). AFM images of fresh RBCs show
biconcave disc shapes (Figure S8). Changes in shape and size
of RBCs on co-incubation with transferrin were monitored peri-
odically by optical microscopy and atomic force microscopy.
After 3 h, significant changes in the shapes and sizes of the
RBCs were observed (Figure 8 A). After 5 h, it was even more
difficult to discern the shapes of RBCs (Figure 8 B). An AFM
micrograph of a 1-day-old sample revealed leakage of cellular
material from RBCs (Figure 8 C).

These observations show that transferrin fibrils initially
attach to the RBCs and then penetrate cells, resulting in cell
lysis (Figure 8 D). Repetition of these experiments at different
concentrations of transferrin (10, 12.5 mm) and buffer (10 mm,
24 mm) resulted in similar observations (Figure S9).

Discussion

Our results confirmed that transferrin can form fibrils from
dilute bicarbonate solutions on carbon-coated formvar surfaces
(Figures 1 and 2). At physiologically relevant temperature and
pH, serum transferrin can also form networked fibrillar struc-

tures. The results also emphasise that PPL structures might not
necessarily consist of transferrin protein, but might be bacteria
with uranyl deposits (Figure 3). However, we did not detect
any iron deposits as we had found earlier in such PPL struc-
tures. The morphology of the structures found earlier[3] was
very similar but not identical to those found in the present
work. Changes in morphology can arise from changes in bacte-
rial texture as a result of changes in factors such as salt con-

Figure 6. A) Fluorescence optical micrograph of Rhodamine-B-bound holo-
transferrin fibres in sodium bicarbonate buffer. B) SEM image of sample 3
holo-transferrin in sodium bicarbonate buffer (aggregates of sodium bi-
carbonate on transferrin fibres are also visible). C), D) Contact mode AFM
images of holo-transferrin in sodium bicarbonate buffer and its magnified
view, respectively.

Figure 7. Images of fresh RBCs co-incubated with sample 3 holo-transferrin.
A) Optical microscopy, B) SEM, C) contact mode topographic AFM, and
D) corresponding 3D micrograph, showing transferrin (fresh solution) that
penetrates inside the erythrocyte cell membrane. All the images were taken
under dry conditions.

Figure 8. A) Optical microscope image of a 3-h-old RBC-holo-transferrin solu-
tion. B) Optical microscope image of 5-h-old RBC-holo-transferrin solution.
C) Contact mode AFM image of 1-day-old RBC-holo-transferrin solution
showing the leakage of cellular material from RBC. D) Magnified marked
area from C).
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centrations, protein content, nature of the surface, and envi-
ronment in the locations in which the data were collected
(India versus the UK).

There is no evidence in the literature for aggregated protein
structures that look like PPL structures, but there are reports of
bacteria that do have related morphologies. For example, it
has been found that bacteria grown on renewable carbon
feedstock or nitrogen-depleted media shows visible deposits
of polyhydroxyalkanoates (PHAs) that appear similar to peas in
a pod,[10] and their morphology has some similarity to the fila-
mentous structures observed in our experiments. In addition,
TEM micrographs of bacteria are also sometimes found to
have periodic spots.[11] It is also known that bacteria can exhibit
filamentous growth and show asymmetric septa while growing
in various media.[12] We found asymmetric septa in some of
our PPL structures (Figure 3).

Studies of cultures of bacteria under nutrient-limiting condi-
tions have shown that the permeability barriers of their mem-
branes might be compromised and that the bacteria might
enter a non-culturable state.[13] Polyphosphate-deficient cells
can become filamentous during the stationery phase of
growth and may develop a similar morphology as we ob-
serve.[14] In our samples the protein was incubated with bicar-
bonate at physiological pH without other nutrients. Bacteria in
the sample might have their membrane permeability compro-
mised so as to take up transferrin as a nutrient, leading to the
filamentous structures with periodic spots or dark bands as we
have observed. Intake of transferrin by bacteria is possible be-
cause many have transferrin receptors.[15]

Transferrin solutions, when plated onto LB agar dishes in
presence of nutrients, gave rise to a bacterial growth pattern
with a morphology different from that observed in the TEM
images involving only transferrin and a nutrient-depleted
medium containing bicarbonate. The TEM images of the bacte-
ria from the transferrin-containing LB agar plates showed bac-
terial shapes that were mostly discs or round tablet type (Fig-
ure S7). In comparison, bacteria from the non-sterile buffer so-
lution without transferrin, but left at 25 8C for a week, showed
long filaments of bacteria with periodic dark bands (Figure S7),
somewhat similar to our results with holo-transferrin solutions.
The results support the conjecture that, under nutrient-deplet-
ed conditions, the bacterial growth and morphology (which is
found in our case as well) and the observed morphological
changes might be due to the presence of transferrin.

When solutions of sample 3 were incubated for 24 h at
60 8C—conditions expected to be unfavourable for bacterial
growth—the long shapes were no longer present; rather glob-
ule-like, almost spherical shapes and some fine networked
fibrillar precipitates formed (Figure S4). These globule-like
shapes might be precursors of the PPL structures.

Intriguingly there appear to be nanomineralisation sites for
metal ions between the pods. Previously we detected some
iron nanominerals that we presumed had formed from iron
that had dissociated from holo-transferrin. Perhaps this indi-
cates a route for iron uptake by the starved bacteria. Here, we
detected only uranium nanominerals from the uranyl acetate
stain used for microscopy staining, which might bind in a simi-

lar fashion to iron. The generation of polyhydroxybutyrate
(PHB) by bacteria under stress is well known[16] but there
appear to be few reported TEM studies of bacteria under such
growth conditions. However, it is interesting to note that the
uranyl stain shows a selectively higher uptake in certain zones
in the bacteria signifying sites of hydroxybutyrate accumula-
tion and polymerisation.

Our studies on the interaction of transferrin fibrils with RBCs
therefore focussed on interactions with the long thin fibrous
deposits of transferrin. Association of Tf molecules presents an
extended binding surface for cells and a potentially iron-rich
region. This might lead not only to destabilisation of RBC
membranes, but also to opening of the iron-binding clefts of
transferrin (due to carbonate release). The liberated iron might
initiate free radical reactions and the production of reactive
oxygen species (ROS). Such a situation might be of importance
in diseases such as thalassemia, where there is an abundance
of iron-loaded transferrin in circulation.[17]

This appears to be the first report of interactions between
transferrin fibres and human erythrocytes. The timescale ob-
served here in vitro is quite short: about 4–5 h. In vivo, RBCs
have a long lifetime of about 120 days. As yet there appear to
be no reports of transferrin fibres being formed in the body,
although the higher concentrations in the blood relative to
those used here might favour fibril formation. Fibril formation
in the body might require surfaces with particular composi-
tions, such as mineral deposits or modified membranes, and
would be worthy of further investigation.

There might be mechanisms in the body that prevent fibrili-
sation of transferrin in the blood, thereby mitigating its harm-
ful interaction with erythrocytes. Investigating this mechanism
might also yield important insight into preventing fibrilisation
of proteins that are already known to be linked to diseases,
thus resulting in new approaches to combat diseases aggravat-
ed by fibrillar protein aggregates such as Alzheimer’s disease,
Parkinson’s disease and type II diabetes.[18]

Conclusion

Deposition of solutions of human serum holo(Fe2)-transferrin
on formvar surfaces can lead to the formation of long pea-
pod-like structures attributable to bacterial contamination and
the presence of PHB storage granules, under the nutrient-limit-
ing conditions used. Such deposits were not observed for apo-
or partially saturated transferrin, in which iron availability is
more limited.

Interestingly, the pea-pod-like structures contained periodic
nanomineralisation sites for uranyl stain, and extended incuba-
tion gave rise to extensive transferrin fibril structures. Optical
microscopy and AFM studies showed that red blood cells read-
ily adhere to these fibrils, which appeared to penetrate RBC
membranes and to induce rapid cell destruction. In future
work it will be interesting to investigate the conditions under
which transferrin fibrils might form in vivo, because such fibrils
might have physiological effects relevant to diseases.
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Experimental Section

Materials : All the solutions used were sterile. The solutions used
were all passed through Chelex resin prior to sterilisation. Chelex
resin, 12 000 MWCO dialysis membrane, NaHCO3, (NH4)2CO3 and
human serum transferrins [T4132 (1), T1147 (2), T3400 (3), T0665
(4), T3400 (5), T6549 (6)] were purchased from Sigma. NuPAGE
Novex 12 % Bis-Tris Gels (1.0 mm thick, 10-well) and NuPAGE MOPS
SDS running buffer (20 �) were purchased from Invitrogen. The
carbon-formvar coated 200 mesh copper grids were purchased
from Agar scientific, UK.

General sample preparation method : Stock solutions of hTf
(10 mm) were prepared in a sterile NaHCO3 solution (10 mm), and
then this stock was dialysed once against a sterile solution of
NaHCO3 (10 mm) by using a 12 000 MWCO membrane. Due care
was taken to dialyse the apo- and holo-Tf separately so that no
metal exchange could take place. The dialysis was carried out at
room temperature (24—27 8C). Protein concentrations in the dia-
lysed solutions were determined from the known molar extinction
coefficients for transferrin: e280 = 103 900 cm�1

m
�1 for diferric-hTf

and 84 000 cm�1
m
�1 for apo-hTf.[19] The stock solutions were dilut-

ed to the necessary concentration for the TEM experiments. The
solutions used to dissolve the protein were sterile, but after dis-
solving of the lyophilised protein the resulting solutions were not
passed through any sterile filter membrane or sterilised by any
other method.

Sample preparation for electron microscopy : The stock solution
of hTf was diluted to 3 mm in bicarbonate solution (pH 7.4, 3 mm)
and incubated at 37 8C from 0–3 days. The TEM images were re-
corded by taking aliquots (8 mL) after 24, 48 and 72 h intervals
during this incubation period [sample codes: T4132 (1), T1147 (2),
T3400 (3), T0665 (4), T3400 (5), T6549 (6)] . The loading of the
sample onto carbon-coated formvar surfaces, staining and drying
were done inside a class-I biosafety cabinet. Aliquots (8 mL) were
loaded onto carbon-formvar-coated copper grids and dried. After
drying, the samples were negatively stained with uranyl acetate
solution (2 %) for 30 s, and the excess uranyl acetate solution was
absorbed by capillary action on a filter paper. Water (8 mL) was
added, and again after 3 min the drop was blotted off as earlier.
The water washing steps were repeated twice to wash out excess
salt and stain from the samples, and the air-dried samples were
stored in a desiccator for use in TEM experiments. Sample 2 was
used for TEM after reduction with DTT (dithiothreitol; see sample
preparation section for electrophoresis). The resulting sample 2
was diluted to 3 mm in NaHCO3 (3 mm), and 7 mL was spotted onto
a carbon-coated formvar surface (300 mesh Cu grid) and washed
and then stained as described in the sample preparation section
for electron microscopy.

The one-week-old buffer sample on which the TEM was performed
was prepared by using a 6 mL drop of a 1000-times-diluted 10 mm

physiologically relevant buffer of pH 7.4 [buffer ingredients: disodi-
um hydrogen phosphate (10 mm), NaHCO3 (5 mm), KCl (10 mm),
MgCl2 (1 mm), pH adjusted to 7.4 with HCl (1 m)] and incubated at
25 8C for a week.

Electrophoresis : SDS-PAGE studies were performed with dena-
tured protein samples without the use of any reducing agent (i.e. ,
DTT) during denaturation. Denaturation was carried out by heating
the protein solution at 60 8C for 5 min. Samples were loaded on
Novex 12 % Bis·Tris gels. Electrophoresis was carried out with 1 �
MOPS-SDS buffer at 125 mV for 45 min. The reduction of sample 2
was carried out with DTT (60 mol equiv.) in apo-hTF solution (2,
T1147 Sigma, 10 mm, 1 mL) made up in the physiologically relevant

buffer (pH 7.4, 10 mm). The mixture was then incubated at 37 8C
for a day, followed by centrifugation with a 10 000 MWCO centrifu-
gal filter at 4 8C, and washed with NaHCO3 solution (5 � 3 mm, Fig-
ure S1).

Incubation on LB agar plates : Sterile LB agar plates were made by
a standard procedure with sterile LB agar broth without any added
antibiotics. These plates were used for testing the protein samples
for bacterial contamination. Samples 1–6 [hTf solution (3 mm) in
NaHCO3 (3 mm), 50 mL] were streaked on the LB agar plates and
incubated at 37 8C for up to 48 h.

Isolation of red blood cells : Blood samples were collected from
healthy human volunteers with informed consent. The blood sam-
ples were centrifuged at 2800 g for about 10–15 min at room tem-
perature. Plasma and buffy coat were removed after each centrifu-
gation. This was repeated about 3–4 times, and then the blood
cells were suspended in phosphate-buffered saline solution [PBS,
pH 7.4, NaCl (137 mm), KCl (2.7 mm), Na2HPO4 (4.3 mm), NaH2PO4

(1.47 mm)] . The isolated red blood cells were stored at 4 8C sus-
pended in PBS solution.

Immobilisation of red blood cells on surfaces : Several methods
to immobilise red blood cells on glass or mica surfaces have been
developed. Most of them involve chemical fixing with glutaralde-
hyde solution (1 %). To obtain an image free from artefacts, we fol-
lowed the method of an earlier report with small modifications.[18]

An aliquot of the blood cells in PBS solution (5 mL) was manually
spread on a clean microscope glass coverslip to form a thin blood
film. The samples were air-fixed by vigorous manual gesticulation
and then dried under dust-free conditions at room temperature.
The regions of interest without any overlap with neighbouring
cells were marked and visualised under an optical microscope.

Transferrin binding to erythrocytes : Transferrin solutions
(12.5 mm) in sodium bicarbonate buffer were incubated with blood
cells at 5 % hematocrit and an optimum temperature of 37 8C.

Optical microscopy : An aliquot of blood cells (2–5 mL) in PBS solu-
tion was spread onto the surfaces of clean microscope glass cover-
slips. The samples were dried at room temperature and viewed
under an optical microscope (Leica DM2500M). Images obtained
were electronically captured and transferred to computer with the
aid of Leica Application Suite software.

Atomic force microscopy : Microscope glass coverslips were
washed with detergent and water and then dried. An aliquot of
the blood cells in PBS solution was spread on to the glass surface
to form a thin blood film. The samples were air-fixed by vigorous
manual gesticulation and then dried at room temperature. The
regions of interest were marked under an optical microscope.
Atomic force microscopy was carried out in air with an Agilent
Technologies AFM (5500 AFM/SPM) operating in contact mode.
The glass slide bearing the blood film was mounted on the XY
stage of the AFM, and the integral video camera (NAVITAR, Model
N9451A-USO6310233 with the Fiber-light source, MI-150 high-in-
tensity illuminator from Dolan–Jenner Industries) was used. Silicon
nitride cantilevers with resonant frequency of 87 kHz were used.
The average dimension thickness, width and length of cantilever
were about 2.0, 51 and 446 mm, respectively. The scanner model
N9524A-USO7480132.xml/N9520A-USO7480152.xml was calibrated
and used for imaging. The images were taken at room tempera-
ture in air with a scan speed of 2.0 lines s�1. Data acquisition and
analysis were carried out with PicoView 1.8.2 and Pico Image Basic
software, respectively.
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Transmission electron microscopy : The transmission electron mi-
croscopy studies were performed with a JEOL 1200FX-II transmis-
sion electron microscope with an operating voltage of 80–100 kV.
Carbon-formvar-coated 200 mesh copper grids, purchased from
Agar scientific, UK, were used as received. The samples were drop
cast onto the grids and dried in a bio safety cabinet (level-I).

Samples were imaged under bright-field conditions with an insert-
ed objective aperture large enough to encompass the 3.44 � main
diffraction ring from the carbon-formvar grid. The dominant condi-
tions for the image contrast obtained from the transferrins were of
a kinematic nature and resulted either from variance in the sample
thickness along the typical beam path or from expected variances
in the atomic number (Z-contrast) within the transferrin structure.

EDX analysis was performed in standard TEM mode, but with em-
ployment of a convergent probe and a selection of small probe
sizes more suitable to microanalysis, particularly on the darker
structures noted within the transferrins.
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