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23  SUMMARY:
24 In this work, we provide a protocol to biofunctionalize magnetic nanomaterials with antibodies
25  for specific cell targeting. As examples, we utilize iron nanowires to target cancer cells.
26
27  ABSTRACT:
28  Magnetic nanomaterials have received great attention in different biomedical applications.
29 Biofunctionalizing these nanomaterials with specific targeting agents is a crucial aspect to
30 enhance their efficacy in diagnostics and treatments while minimizing the side effects. The
31 benefit of magnetic nanomaterials compared to non-magnetic ones is their ability to respond to
32 magnetic fields in a contact-free manner and over large distances. This allows to guide or
33 accumulate them, while they can also be monitored. Recently, magnetic nanowires (NWs) with
34 unique features were developed for biomedical applications. The large magnetic moment of
35 these NWs enables a more efficient remote control of their movement by a magnetic field. This
36  has been utilized with great success in cancer treatment, drug delivery, cell tracing, stem cell
37  differentiation or magnetic resonance imaging. In addition, the NW fabrication by template-
38  assisted electrochemical deposition provides a versatile method with tight control over the NW
39 properties. Especially iron NWs and iron-iron oxide (core-shell) NWs are suitable for biomedical
40  applications, due to their high magnetization and low toxicity.
41
42 In this work, we provide a method to biofunctionalize iron/iron oxide NWs with specific
43  antibodies directed against a specific cell surface marker that is overexpressed in a large number
44 of cancer cells. Since the method utilizes the properties of the iron oxide surface, it is also
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applicable to superparamagnetic iron oxide nanoparticles. The NWs are first coated with 3-
aminopropyl-tri-ethoxy-silane (APTES) acting as a linker, which the antibodies are covalently
attached to. The APTES coating and the antibody biofunctionalization are proven by electron
energy loss spectroscopy (EELS) and zeta potential measurements. In addition, the antigenicity
of the antibodies on the NWs is tested by using immunoprecipitation and western blot. The
specific targeting of the biofunctionalized NWs and their biocompatibility are studied by confocal
microscopy and a cell viability assay.

INTRODUCTION:

A unique property of magnetic nanomaterials is their ability to respond to magnetic fields?, which
can be beneficially utilized to actuate them in many ways , while they can also be monitored, for
instance, by magnetic resonance imaging (MRI). When applying an alternating magnetic field at
high frequency, they can generate heat, which can induce hyperthermia, providing a therapeutic
option!. Another approach is photothermal treatment, which can be realized with a near infrared
(NIR) laser?3.

Among the large number of magnetic nanomaterials, iron oxide has received the greatest
attention in biological applications such as magnetic separation, hyperthermia®#, cell guidance>,
drug delivery®®, and as a contrast agent in MRI>1%, This is due to their high biocompatibility'%*2,
large magnetization'¥'?, ability to be coated®'31>, ability to carry drugs®'®, ability to be
functionalized with drugs?!® or/and targeting agents!?131718 gand ability to convert optical
energy to heat?. Recently, MagForce started in clinical trials on cancer patients using iron oxide
nanoparticles for hyperthermia treatment®.

Lately, magnetic nanowires (NWs) have been increasingly exploited for biomedical
applications®1%1620-22  They have similar properties as magnetic nanobeads, but offer an
anisotropic shape and a very large magnetic moment, which enables a very efficient remote
control by a magnetic field*>?4, including low-frequency actuation to induce magneto-mechanical
effects?>2?°. As a consequence, the NWs have been implemented for different biological
applications such as exosomes isolation®® cell tracking?!, cancer treatment®!%1¢, drug
delivery'®3132 and as a MRI contrast agent3.

Biofunctionalized magnetic nanomaterials with specific cell targeting ability have great potential
for biomedical applications and in precision medicine343>, To attach these targeting agents, a
surface modification is required on the nanomaterials. Typically, they need a coating that
provides a functional group, which facilitates the attachment of the treating agents. In literature,
there is a large number of organic and inorganic coatings for magnetic nanomaterials. Based on
the functional group that can be immobilized to the nanomaterial, these coatings can be
categorized in four main groups: molecules based on carboxylic acid groups, polymers, histidine,
and molecules based on silane groups.

The molecules based on carboxylic acid groups are a surface modification method that utilizes
the high affinity between the negative carboxylic acid group on the coating and the positive
charge on the magnetic nanomaterials36-38. The binding process of a carboxylic acid to a metal
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surface may involve the generation of metal-carboxylate salts or adhesion of the carboxyl group
to the metal. However, for multi-segmented NWs, such as iron/gold or nickel/gold NWs, which
have superb properties for bio-applications3%49, this type of coating cannot be applied easily. It
requires two different coatings at the same time: thiol groups for modifying the gold segments
and carboxyl groups for magnetic segments (iron or nickel)38. Some examples of molecules based
on carboxyl groups are hematoporphyrin, pimelic acid, palmitic acid, and 3-[(2-aminoethyl)
dithio] propionic acid (AEDP)32, Surface modifications of magnetic nanomaterials using polymers
offer some distinct advantages. Due to the large molecular weight of the polymers, it enhances
the stability of the magnetic nanomaterial in a solution®. However, it will significantly increase
the size of the nanomaterial3®. Polyvinylpyrrolidone (PVP), polyethyleneimine (PEl), arginine-
glycine-D aspartic acid (RGD), and polyethylene glycol (PEG) are some examples of the most
commonly used polymers for surface modifications. Each one has its own features and uses32.
The third surface modification method is using a histidine coating. Histidine is a protein with a
histidine amino acid side chain that has a high affinity to limited number of magnetic
nanomaterials such as nickel®. It can be employed for protein purification processes3®442, A
histidine coating can also be applied to multi-segmented NWs, such as nickel/gold NWs38. The
silanization of a nanomaterial surface is a well-established process384344, It is based on a silicon
atom linked to any metal oxide surface through three single bonds, and at the same time this
silicon atom is binding to the functional group at the end through an alkyl chain3%4344 The
advantage of this coating is providing free amine groups, and it has the ability to coat both
magnetic and non-magnetic materials3®4°, such as nickel and gold, respectively. Therefore, using
molecules based on the saline group is a practical route for biofunctionalizing multi-segmented
NWs. Some example of molecules based on silane groups are (3-aminopropyl) triethoxysilane
(APTES) and (3-aminopropyl) trimethoxysilane (APTMS)3845,

The addition of a targeting agent to the coating can play a significant role in both diagnosis and
treatment of diseased cells, and, at the same time, minimize the side effects on healthy
tissues*®4’, The addition of a targeting agent on the surface of nanomaterials enhances both
cellular selective binding and internalization through endocytosis receptors’. Without these
targeting ligands, nanomaterials interact nonspecifically with cell membranes, which binds at a
lower rate compared to the nanomaterials with the ligands*. One of the challenges of targeting
cancer tissues is their characteristic similarity to healthy tissues. Therefore, the success of
targeting depends mainly on determining the appropriate ligand to use as a biological target*>>0.
Various targeting agents have been employed to direct nanomaterials to cancer cells*~! (e.g., CD44,
due to its high expression in cancer cells compared to healthy cells®>>°),

Targeting agents can be categorized into three main groups, based on the components they are made
of and their complexity: aptamer-based targeting, ligand-based targeting, and antibody-based
targeting. Aptamers are short chemically synthesized strands of DNA or RNA-oligonucleotides that are
folded into two- and three-dimensional structures, making them capable of targeting a specific
antigen, most often proteins®®. Ligand-based targeting includes peptides and short amino acid
chains®’. Antibody-based targeting involves the use of a whole antibody, or antibody fragments,
such as single-chain variable fragments or antigen-binding fragments>. Using this method has
the advantage of possessing two binding sites with a high binding affinity to its specific target
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antigen, which gives it an exceedingly high selectivity®. The binding sites are analogous to a lock
and the antigen to a key®2.

In this work, the NWs used were fabricated by electrodeposition onto aluminum oxide
membranes, a method described in detail in a previous publication®®. The focus here, is on
releasing these iron-iron oxide (core-shell) NWs from the membranes and biofunctionalizing
them with specific antibodies to provide a targeting ability. The antibodies cannot bind directly
to the iron-iron oxide NWs and require a linker. Coating the NWs with APTES provides free amine
groups, enabling the covalent attachment via the carboxyl group on the antibodies (Figure 1).
The advantage of the APTES coating is its ability to work for both magnetic?! and non-magnetic®
materials, such as iron/gold or nickel/ gold NWs*>. All the coating and biofunctionalization steps
explained in this protocol can be utilized with any iron/iron oxide nanomaterial, in general.
Iron/iron oxide NWs were used here as an example. The results show that the antibody-
functionalized NWs have a high antigenicity to specific cell surface receptors, which can be used
for different applications. Examples include cell separation, drug delivery, specific cancer cell
treatment using photothermal and/or magneto-mechanical treatments.

PROTOCOL:

CAUTION: Always consult all relevant material safety data sheets (MSDS) before use. Use all
appropriate safety practices and personal protective equipment (safety glasses, gloves, lab coat,
full length pants, closed-toe shoes). Perform all biological reactions in the biological fume hood.

NOTE: This protocol is intended to produce 2 x 10*° biofunctionalized NWs/mL equivalent to 0.36
mg of iron/mL coated with anti-CD44 antibodies with a density of 3 x 10* antibodies/NW. The
iron-iron oxide (core-shell) NWs are 2.5 um long and have a diameter of 41.5 nm.

1. Release of iron nanowires

NOTE: The fabrication process of the iron/iron oxide NWs was explained in detail in a previous
publication®?.

1.1.  On a cutting mat, cut the aluminum (Al) discs (Figure 2A) into small pieces (Figure 2B)
using a single edge blade and a small hammer to fit into a 2 mL tube. Use tweezers to transfer
the small Al pieces to the tube.

1.2.  Fill the 2 mL tube, containing the small Al pieces, with 1 mL of 1 M sodium hydroxide
(NaOH). Make sure all the Al pieces are covered with the NaOH.

1.3. Leave the solution working for 30 min at room temperature inside of a chemical fume
hood.

1.4. Remove only the Al pieces using the tweezer and keep the released NWs (black clusters,
Figure 3A) in the NaOH solution for an additional 30 min. Do not change the NaOH solution.



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

1.5. Collect the NWs by placing the 2 mL tube in a magnetic rack and wait for 2 min before
removing the old 1 M NaOH solution. Replace it with fresh NaOH solution.

1.6.  Sonicate the 2 mL tube containing the NWs for 30 s and leave it for 1 h inside a chemical
fume hood.

1.7. Repeat steps 1.5-1.6 at least four times.

1.8. Wash the NWs by placing the 2 mL tube in the magnetic rack and wait for 2 min.
1.9. Discard the NaOH solution and replace it with 1 mL of absolute ethanol.

1.10. Sonicate the tube for 30 s.

1.11. Place the 2 mL tube in the magnetic rack and wait 2 min.

1.12. Discard the old absolute ethanol solution and replace it with 1 mL of fresh absolute
ethanol and sonicate for 30 s.

1.13. Repeatstep 1.11 and 1.12 for at least four times.
1.14. Keep the NWsin 1 mL of absolute ethanol at room temperature until they are needed.

1.15. Measure the concentration of iron and hence the NWs by using inductively coupled
plasma mass spectrometry (ICP-MS).

NOTE: The protocol can be paused here. However, for long-time storage, do not release the NWs
from the Al template until needed. Keeping the released NWs precipitating in the ethanol for a

long time without frequent sonication will create aggregations that will need longer times of
sonication to be separated.

2. Coating the nanowires with APTES

NOTE: In this protocol, 100 pL of APTES solution (density of 0.946 g/mL®!) is enough to coat 1.6 x
107 m?/g of NWs. If there is a change in the ratio or the mass of the nanomaterial, the APTES
volume should be adjusted accordingly.

2.1. Transfer the NWs from step 1.14 to a 5 mL glass tube using a 1 mL pipette.

2.2. To collect any NWs left in the 2 mL tube, wash the empty 2 mL tube twice by adding 1 mL
of absolute ethanol and transfer it to the 5 mL glass tube using a 1 mL pipette.

2.3. By using the pipette, take 100 pL of APTES and add it to the NW solution directly.
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2.4. Vortex the 5 mL glass tube for 10 s.
2.5.  Adjust the 5 mL glass tube on the clamp of a laboratory retort stand.

2.6.  Place half of the 5 mL glass tube inside of the water of the ultrasonic bath and sonicate
for 1 h.

2.7.  Take out the 5 mL glass tube from the ultrasonic bath and add 400 uL of deionized (DI)
water followed by 20 uL of 1 M NaOH (basic catalysis).

CAUTION: It is important to add the DI water first.

2.8. Adjust the 5 mL glass tube, as explained in steps 2.5-2.6, and sonicate for another 1 h.
2.9. Take out the 5 mL glass tube from the ultrasonic bath.

2.10. Place a magnet next to the glass tube for 5 min to collect the NWs.

2.11. Replace the supernatant with 1 mL of fresh absolute ethanol and sonicate for 10 s.
2.12. Repeat steps 2.10-2.11 four times.

2.13. Transfer all NWs suspended ethanol to a new 5 mL glass tube using a 1 mL pipette.

NOTE: The APTES coated NWs can be stored in a glass tube with ethanol until they are needed.
The protocol can be paused here.

3. Biofunctionalization of the nanowires
3.1. Activating the antibodies

NOTE: To achieve approximately 3 x 10* parts of antibody/NW, use 30 uL of antibody (1
mg/mL) per 0.1 mg of iron.

3.1.1. In a 2 mL tube, dissolve 0.4 mg of 3-3-dimethyl-aminopropyl carbodiimide (EDC) and
1.1 mg of sulfo-N-hydroxysulfosuccinimide (Sulfo-NHS) in 1 mL of 2-N-morpholino
ethanesulfonic acid hydrate (MES) (pH 4.7).

NOTE: The EDC/sulfo-NHS mixture should be fresh and prepared before using.
3.1.2. In a new 2 mL tube, add 30 pL of anti-CD44 antibody (1 mg/mL), 960 pL of 0.1 M of

phosphate buffered saline (PBS, pH 7), and 10 uL of EDC/sulfo-NHS mixture (prepared in step
3.1.1), respectively.
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3.1.3. Place the 2 mL tube in a tube shaker at 10 x g for 15 min at room temperature.
3.2.  Preparation of the APTES coated nanowires

3.2.1. During the 15 min incubation in step 3.1.3, wash the NWs by placing a magnet next to the
APTES coated NWs tube (from step 2.13) for 2 min to collect the NWs.

3.2.2. Discard the ethanol and replace it with 1 mL of 0.1 M PBS (pH 7), and then sonicate for 10
S.

3.2.3. Repeat step 3.2.1-3.2.2 four times.

3.2.4. Collect the NWs, as explained in step 3.2.1, and discard the 0.1 M PBS. Keep the NWs in
the tube without any solution.

3.3. Attachment of the antibodies

3.3.1. Transfer all the activated antibody solution (prepared in step 3.1.3) to the NWs tube
(prepared in 3.2.4) and sonicate for 10 s.

3.3.2. Place the glass tube in the rotator overnight at 4 °C.
3.3.3. Collect the NWs using a magnet as in step 3.2.1 and discard the supernatant.

3.3.4. Adding 1 mL of 2% bovine serum albumin (BSA) solution for 1 h at 4 °C to block the
reaction.

3.3.5. Check the antigenicity of the antibody functionalized NWs, for example, using
immunoprecipitation (IP) and western blot (WB) assays.

NOTE: For better results, use the biofunctionalized NWs in the IP, WB, or biocompatibility assay
immediately after the blocking step.

4, Biocompatibility assay
NOTE: To study the biocompatibility of the NWs, various cell viability assays and different cell
lines can be employed. The concentration of the NWs used here is based on a previous

publication'®. The cell seeding should be done one day before the NW biofunctionalization.

CAUTION: All the below steps should be done under the biosafety cabinet.
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4.1. In a 96-well plate, seed nine wells with 4 x 10* of colon cancer cells (HCT116 cell line)
suspended in McCoy’s cell culture media (100 uL/well) and place it inside the incubator overnight
at 37 °C and 5% carbon dioxide (CO3).

4.2. Wash the NWs (from step 3.3.4) with PBS by collecting them using a magnet as in step
3.2.1 and replace the old solution with 1 mL of 0.01 M PBS (pH 7). Repeat this step three times.

4.3.  Wash the NWs (from step 4.2) with warmed McCoy’s media by collecting them using a
magnet as in step 3.2.1 and replace the old PBS with 1 mL of warmed McCoy’s media. Repeat this
step three times.

4.4. Collecting the NWs (from step 4.3) using a magnet as in step 3.2.1 and replace the 1 mL
of warmed McCoy’s media with 900 uL of warmed McCoy’s media. The NWs concentration
should be 0.02 mg of NWs per mL.

4.5. Take the 96-well plate (from step 4.1) from the incubator to the biosafety cabinet.

4.6. Under the biosafety cabinet, discard the old media from the cells and replace it with 100
uL of suspended NWs (prepared in step 4.4).

4.7. Shake the plate (prepared in step 4.6) by hand and then incubate it for 24 h inside the
incubator at 37 °C and 5% CO,.

4.8. The next day, take out the 96-well plate (prepared in step 4.7) from the incubator. Under
the biosafety cabinet, add 11 puL of the cell viability reagent (Table of Materials) to each well
using the multiwall pipette.

4.9. Shake the plate with the plate shaker at a speed of 10 x g for 10 s.
4.10. Incubate the plate for 1 h in the incubator.

4.11. Take out the 96-well plate (prepared in step 4.10) from the incubator. Read the plate in
the microplate reader (Table of Materials) by measuring the absorbance of the cell viability
reagent (excitation 540 nm, emission 590 nm).

REPRESENTATIVE RESULTS:

It is important to cut the aluminum (Al) discs (Figure 2A) into small pieces (Figure 2B) to fit in the
tube used. After adding 1 M NaOH to the Al pieces, a reaction should start immediately, which is
observed by the creation of bubbles. If no reaction occurs in 1 min or if the reaction is very fast
and the solution turns completely turbid with a white cloud, remove the old NaOH solution
immediately and replace it with a fresh solution. Check the pH value of the NaOH solution. It
should be pH>12. When the NWs are released from the Al pieces in the first 30 min with NaOH,
the NWs (black clusters, Figure 3A) will be floating within the NaOH solution. In the last step of
releasing the NWs, the solution should be homogeneous. No cluster of NWs should be there
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(Figure 3B). If NWs were collected with a magnet for 3 min, the solution should be clear, and the
NW pellet should be black (Figure 3C). If the pellet was gray, discard the tube and start again with
a new Al sample.

During the releasing process, the NWs obtain a native iron oxide layer with around 5 nm
thickness, which is similar to previous reportsi'!®20 This oxide layer has an important
contribution to the biocompatibility!®, functionalization!®!® and magnetic properties?® of the
NWs. However, keeping the NWs in their template (i.e., not releasing them) until needed will
prevent them from any environmental effects on them. The average diameter and length of the
NWs after the releasing process were 2.5 um and 41.5 nm, respectively. The mass of a single NW
can be calculated as explain in Table 1 and it confirmed by inductively coupled plasma mass
spectroscopy (ICP-MS). Here, each alumina disc contained around 0.3 mg of iron.

To reduce the aggregation of the NWs after releasing and enable further functionalization, the
NWs were coated with APTES. This coating provides free amine groups and has the ability to coat
both magnetic and non-magnetic materials3%#°, making it suitable for coating multi-segmented
NWs such as iron/gold NWs. During the nanowires coating, it is important to focus on two things.
First, calculate the needed volume from APTES molecules®? based on the surface area and the
mass of the NWs. These calculations were presented in Table 2. Secondly, keep the nanowires in
a continuous movement to prevent their agglomeration and the blocking of some parts of NW
surfaces from APTES coating. For instance, in this protocol, the nanowires were incubated under
the ultrasonic bath and rotator during the APTES coating and antibody functionalization,
respectively. Each APTES molecule contains a silicon atom and a terminal functional amine
group?!. Therefore, electron energy-loss spectroscopy (EELS) maps can be used to confirm the
presence of the APTES coating by showing silicon atoms (pink color) on the NW surface (Figure
4A). In contrast, the non-coated NWs show the iron atoms in bark blue (Figure 4B) and
iron/oxygen mix atoms in light blue (Figure 4B). The corresponding EELS mapping of non-coated
NWs (Figure 4C,4D) shows a higher intensity of iron vs. oxygen in the center (Figure 4C) than on
the surface (Figure 4D), indicating an iron-iron oxide (core-shell) structure. The EELS mapping
(Figure 4C,4D) was identified that the iron oxide layer on the NWs is Fe3sOs more than Fe,Os,
which is similar to a previous publication?°.

The antigenicity of the attached antibodies can be confirmed using the IP and WB assays, where
a band can be observed on the positive sample but not on the negative controls (Figure 5). Note
that to observe a clear band, do not use less than 0.1 mg of NWs/10 x 10° cells. BCA assay (Table
of Materials) in combination with some calculations presented in Table 3 was used to quantify
the antibodies number on the NW.

Furthermore, the zeta-potential measurement was used to elucidate the surface
functionalization. The terminal amine group on APTES reduced the negative charge of the non-
coated NWs, as shown in Figure 6. The antibody-functionalized NWs also changed the charge
compared to the APTES-coated NWs (Figure 6). All the zeta-potential measurements were done
atpH 7.
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The specific cell targeting of the antibody-functionalized NWs can be confirmed using confocal
microscopy (Figure 7). The biocompatibility of any new nanomaterial should be tested before
starting any application. Therefore, the cell viability assay was used, and it confirmed that the
non-coated, APTES coated-, and antibody coated-NWs were biocompatible even with a high
concentration (Figure 8).

FIGURE AND TABLE LEGENDS:

Figure 1: Schematic represents the coating and biofunctionalization method of the nanowires.
(A) Coating iron NWs with APTES. (B) Activating the antibodies by using EDC + Sulfo-NHS, to have
at the end (C) an antibody functionalized nanowire.

Figure 2: Iron deposited aluminum disc. (A) The aluminum disc before the cutting. (B) The red
lines showed where to cut the disc.

Figure 3: Nanowire release steps. (A) Clusters of nanowires are floating in NaOH solution. The
image was taken 10 min after adding the NaOH and after removing the Al membrane. (B)
Nanowires suspended in ethanol. The photo was taken in the last releasing step, immediately
after the sonication step. (C) Black nanowire pellet collected by a magnet.

Figure 4: Electron energy-loss spectroscopy (EELS) map. (A) APTES coated nanowire (APTES-
NW). The blue and pink colors represent iron and silicon atoms, respectively. (B) Non-coated
nanowire (NW). The bark blue and light blue colors represent the iron and iron/oxygen mix
mapping, respectively. The corresponding EELS mapping of (C) the core and (D) the shell of the
non-coated NWs.

Figure 5: Confirmation of functionalization and activity of antibody conjugated nanowires. The
antigenicity of CD44-NWs was confirmed by using immunoprecipitation (IP) and western blot
(WB). +Ve: represents the positive control (full cell lysate). -Ve: represents the negative control
(only non-coated NW). — CD44 cells: represents cells that do not express CD44 antigen; + CD44
cells: represents colon cancer cells that express CD44 antigen. This is a representative blot of n =
3 independent experiments.

Figure 6: Zeta potential values for NWs, APTES-NWs, and antibody. The bars represent the mean
t standard error.

Figure 7: Confocal microscopic images shows the specific targeting. CD44-NWs are shown
attaching (A and C), while the Isotype-NWs (negative control) did not attach (B and D). The red,
blue, and green colors represent the cell membrane, nucleus, and cluster of CD44-NWs,
respectively. A and B are the bright field images of C and D, respectively.

Figure 8: Cell viability study of colon cancer cells (HCT116) incubated with different
formulations of nanowires. The cells were treated with NWs after 24h of incubation and then
incubated for 24h with the NWs. All the experiments were carried out inside an incubator at 37
°C. The bars represent the mean * standard error.



439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

Table 1. Calculation of the iron NW mass.
Table 2. Calculation the number of APTES molecules required for NWs coating.
Table 3. Calculation of the number of antibodies on the nanowire.

DISCUSSION:

As with any nanomaterial fabrication and coating method, a high quality of the solutions used is
required. The release (1 M NaOH) and functionalization (MES) solutions can be reused several
times. However, checking their pH value before starting a new process is very important. In the
release step, washing the NWs with NaOH should be carried out at least four times. The better
the washing, the better the stability of the NWs and the less they are aggregate. The oxide layer
enhances the stability of the NWs upon immersion in ethanol or water®3,

The diameter and the length of the NWs were affected after coating them with APTES and
antibodies. Here, the diameter increased from 41.5 nm to 70 nm, and the length decreased from
2.5 um to 1.6 um, due to the sonication steps that break the NWs. Therefore, it is essential
characterize the morphology of the NWs after the biofunctionalization step.

The attachment of the antibodies to the NWs relies on the covalent interaction between the
amine group (on APTES) and the carboxyl group (on the antibody). Therefore, confirming the
presence of the APTES coating is an important step, for which we used EELS mapping. The coating
method is safe and straightforward. It does not need high temperatures or long incubation times.
Also, APTES coating works as a linker to enable the covalent attachment of other antibodies or
proteins that has a carboxyl group.

In the case of biofunctionalizing the NWs with an antibody, the antigenicity of the antibodies’
binding sites after the biofunctionalization process can be affected. The IP and WB method can
be used to investigate this issue. Using the biofunctionalization method mentioned in this
protocol will allow the antibodies to bind to the NWs with high antigenicity to a specific cell
receptor. Moreover, biofunctionalizing the NWs with antibodies added the ability to target the
cells with the receptor of interest, CD44 here. This was confirmed by confocal microscopy.
Although the biocompatibility of the uncoated NWs was high (>95%), adding APTES coating or
antibodies to the NWs enhanced their biocompatibility 100%.

Further, the coating and biofunctionalization protocol is efficient, economical, and reproducible.
It should be applicable to any other iron-iron oxide nanomaterial, whereby the concentration of
both the coating and the attached antibodies should be optimized based on the surface area and
the mass of the nanomaterial. This protocol can be done safely at ambient conditions in the
general laboratory. The biofunctionalization has significantly enhanced the biocompatibility of
the nanomaterial and their targeting ability. In general, the NWs are extremely promising
materials for nanomedical applications (including multi-modal or combinatorial treatments, cell
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detection or guidance, and biological sensing). Combined with biofunctionalization, as described
here, specific cell targeting can be achieved for increased precision and efficacy.
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Table 1

Table 1. Calculating the Fe NW mass

Click here to access/download;Table;Table1. Calculating the Fe

NW mass.xIsx

Parameter Value Unit
Length of Fe NW (h) 2.6 um
Radius (diameter/2) (r) 0.01679231 um
Fe density (D) 7.87 g/cm®
1 Fe NW volume (V)= rA2h 2.30E-15 cm?
1Fe NW mass=V xD 1.80E-08 ug
1 Fe NW surface area = 2t r22 + 2mrh 2.76E-01 pm?’

*
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Table 2: Calculation the number of APTES molecules required for NWs coating

Parameter Value
Density of APTES/100 pL* 9.50E-01
Moleculer wight (MW) of APTES 2.21E+02
Number of APTES mole = mass/MW 4.29E-03
Number of APTES molecules/100 pL** 2.57E+21
APTES size *** 5.00E-01
APTES surface area 2.00E-01
NW surface area**** 2.76E+05
Number of NWs in 0.3mg of NW **** 1.70E+10
Number of APTES molecules needed to creat one layer around the NW 1.38E+06
Number of APTES molecules needed for 0.3 mg of NWs 2.35E+16

*Refrence number 61

** Number of molecules = Number of mol*avogadro number (6E+23)
***Refrence number 62

****From Table 1
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Table 3. Calculating the number of antibodies on nanowire

Y-shape IgG antibody

Mass for one antibody 2.3E-13 pg
Surface area for one antibody 23 nm?
Based on BCA assay 0.3m
The number of the antibody molecule and NW in 0.3 mg of antibody per mg of NW ~1E+15 antibodies

~2E+04 antib¢
Number of antibody molecule per NW

*Calculated from table 1

** The number of the antibodies in 0.3 mg was calculated by dividing the antibody number that we received
by the average molecular weight of Y-shaped IgG antibodies (180 kDa = 3E-16 mg

***Based on the surface area of one molecule of Y-shaped IgG antibodies (~23 nm2) and the surface area c
around 1E+04 antibodies would be enough to create a monolayer on the NW. In our case, the density of antib
the expected amount. This can be related to the APTES coating that provides more arms that allows the high :

This case ensures that the NW is fully covered with the antibodies and the opportunity for the antibody to b
regardless of the orientation of the NWs will be high. However, if the antibody density is lower than the expec

of antibody), then the binding chance between the cell and the NWs will be lowel
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Table of Materials
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Name of Material/ Equipment Company Catalog Number
2 mL tube (snap-cap Microcentrifuge) Eppendorf, Fisherscientific 05-402-7
2-N-Morpholino EthaneSulfonic acid hydrate 99% (MES) Thermscientific AC172590250
3-3-Dimethyl-aminopropyl Carbodiimide (EDC) Thermofisher PG82079
3-AminoPropyl-Tri-Ethoxy-Silane (APTES) Sigma Aldrich 919302

5 mL glass tube Fisherscientific 03-339-22C
96-well plate ( flat bottom) Sigma Aldrich CLS3595
Anti-CD44 antibody BD Biosciences 550990
APTES ((3-Aminopropyl)triethoxysilane), 99% Sigma Aldrich 919-30-2

BCA assay (Pierce BCA Protein Assay Kit) Thermofisher 23225

Bovine Serum Albumin solution (BSA) Sigma Aldrich 9048-46-8
Cell incubator Thermofisher 50116047
Cell viability reagent AlamarBlue, Thermofisher DAL1025
Colon cancer cells - HCT116 cell line ATCC 430641

Hardwood Hammer

Inductively coupled plasma Mass Spectrometer (ICP-MS)

Perkin Elmer

ELAN 9000 ICP-MS

Laboratory Retort Stand with Clamp RVFM 13-0140
Magnetic rack (DynaMag-2 Magnet) Thermofisher 12321D
McCoy’s 5A Medium 1x Gibco 16600082
Microplate reader (Bio-Rad xMark Absorbance Spectrophotometer) Bio-Rad 1681150
Phosphate buffered saline (PBS) 10x Gibco 14200067
Phosphate buffered saline (PBS) 1x Gibco 14190136
Plate shaker (Microplate Genie) Scientific Industries (Genie) SI-0400
Single Edge Razor blades Polysciences 08410-1
Sodum hydrixide (NaOH) Sigma Aldrich 1310-73-2
Sulfo-N-HydroxySulfosuccinimide (sulfo-NHS) Thermofisher 106627-54-7
Trypsin ATCC 30-2101
Tube rotator VWR 10136-084
Tube shaker (Eppendorf Thermomixer R Mixer, 2.0 mL) Eppendorf, Fisherscientific 05-400-204
Ultrasonic bath (2510) Branson 2489502
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Comments/Description

Concentration 0.1 M and pH 4.7

Clone 515, concentration 1 mg/mL

Concentration 99%

Concentration 35%

Any hammer tool can be used, there is no specific brand.

The used software is "Elan instrument control session"

This is used to handle the 5 mL glass tube in the sonicator bath.

Microplate Manager 6 software (#168-9520)

Concentration 0.1 M (No calcuim, no magnesium)

Concentration 0.01 M (No calcuim, no magnesium)

Concentration 1 M, pH 13
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Manuscript number: VE61360
Response to Reviewers

Dear Dr. Nam Nguyen,

Thank you for giving us the opportunity to submit a revised draft of the manuscript
“Biofunctionalization of Magnetic Nanomaterials” for publication in the Journal of JOVE. We
appreciate the time and effort that you and the reviewers dedicated to providing feedback on our
manuscript. We have incorporated the suggestions made by you. Please see below, in blue, for a
point-by-point response to your comments and concerns.

1. Please highlight up to 2.75 pages of protocol text in the current manuscript to ensure that
videography can occur in a single day. This is a hard production limit.

Author response: Thank you for pointing this out. The essential steps have been highlighted so the
number of the highlighted steps is not more than 2.75 pages.

2. Please provide a complete reference for reference 23.

Author response: Thank you for pointing this out. This reference has been replaced with an
appropriate one with a complete format.
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