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5.1. Synthesis of FePt Nanoparticles

The FePt nanoparticles (FePt NP) were synthesized under inert condition using previously
described method with slight modifications [1]. Briefly, platinum acetylacetonate (0.5 mmol)
was mixed to the solution of dioctylether (20 mL) and 1,2-hexadecanediol (1.5 mmol) and heated
to 100 °C for 5 min to facilitate complete solubilization of platinum acetylacetonate. Oleic acid
(0.5 mmol), oleylamine (0.5 mmol) and iron acetylacetonate (1 mmol) were added to the mixture
and heated to reflux (265 °C). The refluxing was done for 30 min after which the heat source was
removed and the reaction mixture was allowed to cool at room temperature. The inert
environment created using nitrogen was removed and synthesized FePt nanoparticles were
obtained as black precipitate by addition of ethanol (40 mL). The obtained nanoparticles were
separated using centrifugation at 16000 rpm for 30 mins. The black precipitate was separated by
decanting the yellow brown supernatant. The black precipitate was dispersed in hexane in
presence of oleic acid (0.5 mmol) and oleylamine (0.5 mmol) and precipitated using ethanol. The
precipitated nanoparticles were finally obtained by centrifugation and redispersed in hexane.

5.2. Phase transfer of oleic acid coated FePt NP

The phase transfer of FePt NP from hydrophobic phase to aqueous phase was carried out using
base-bath-assisted procedure with slight modification [2]. Briefly, 10 mL of oleic acid coated
FePt NP dispersion in hexane (50 mg/mL) was added to 20 mL of washing solution containing
water (10 mL), 2-Propoanol (10 mL) and potassium hydroxide (1 g). The resultant mixture was
ultra-sonicated for 30 mins with occasional vortexing. The mixture was kept under stirring at
room temperature for 18 h after which the FePt NPs were separated by centrifugation at 15000
rpm for 20 min. The supernatant was discarded and obtained nanoparticles were dispersed in

water.
5.3. Surface modification of FePt Nanoparticles
5.3.1. Grafting of amine groups on FePt NP Using APTES (NH,-FePt)

Surface modification of phase transferred FePt NP was done using APTES (3-
Aminopropyl)triethoxysilane) according to previously described method with some

modifications [3]. Accurately weighed quantity of vacuum dried FePt nanoparticles (500 mg)
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were dispersed in dry toluene using ultra-sonication for 15 min under ambient conditions
followed by dropwise addition of APTES (2.1 mmol). The resultant reaction mixture was
refluxed at 80°C for 12 h under magnetic stirring. The amine modified FePt nanoparticles were
separated using NdFeB permanent magnet and washed repetitively with acetone to remove traces

of unreacted silanes and dried under vacuum for 24 h.
5.3.2. Grafting of amine groups on FePt NP Using PEI (NH,-FePt)

Surface modification of phase transferred FePt NP was done using PEI according to previously
described method with some modifications [4]. Aqueous solution (10mL) of bPEI-25kDa (20%)
was directly poured into the FePt dispersion (10mL, 5mg/mL) and heated to 90 °C and kept at
that temperature for 1 hour under magnetic stirring. The amine modified FePt nanoparticles were
separated using NdFeB permanent magnet and washed repetitively with water to remove traces

of unreacted PEI and dried under vacuum for 24 h.
5.3.3. Grafting of carboxyl groups on FePt NP using PAA (COOH-FePt)

COOH-FePt nanoparticles were synthesized by the thermal decomposition route [5]. Briefly,
platinum acetylacetonate (0.5 mmol) was mixed to the solution of dioctylether (20 mL) and 1,2-
hexadecanediol (1.5 mmol) heated to 100 °C for 5 min to facilitate complete solubilization of
platinum acetylacetonate. Oleic acid (0.5 mmol), oleylamine (0.5 mmol) and iron acetylacetonate
(2 mmol) were added to the mixture. PAA (0.4 mmol) was added to a round-bottomed flask
(equipped with a stirrer and a condenser) containing 20 mL of 2-pyrrolidone (boiling point 245
°C). Nitrogen was purged into this mixture for 30 minutes to remove any dissolved oxygen. This
mixture was subsequently held at 210 °C for 30 min. Furthermore, refluxing at 265 °C was
carried out for 60 min under vigorous mechanical stirring. The resultant dispersion was then
cooled to room temperature and a 5:1 volume ratio of diethyl ether/acetone was added to
separate out the particles. To remove any unreacted PAA, particles were washed three times with
Milli-Q water followed by diethylether and acetone (5:1) for removal of unreacted and surface

adsorbed reactants. The washed particles were dispersed in water.
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5.3.4. Grafting of thiol groups on FePt NP Using (SH-FePt)

SH-FePt nanoparticles were synthesized by the thermal decomposition route [6]. Briefly,
platinum acetylacetonate (0.5 mmol) along with 1,2-hexadecanediol (1.5 mmol)was mixed into
dioctylether (20 mL) and heated to 100 °C for 5 min to facilitate complete solubilization of
platinum acetylacetonate. Oleic acid (0.5 mmol), oleylamine (0.5 mmol) and iron acetylacetonate
(1 mmol) were added to the mixture and heated to reflux (265 °C). The refluxing was done for 30
min after which the heat source was removed and the reaction mixture was allowed to cool at
room temperature. The inert environment created using nitrogen was removed and synthesized
FePt nanoparticles were obtained as black precipitate by addition of ethanol (40 mL). Dried FePt
nanoparticles were then redispersed in a mixture of Dimethylsulfoxide (DMSO) (5mL) and 3-
mercaptopropionic acid (100uL). The nanoparticles were kept on magnetic stirring for 12 h after

which they were separated by centrifugation, and the precipitate was dispersed in water.
5.3.5. Post functionalization of NH,-FePt NP with Carboxylic acid groups (B-FePt)

Succinic anhydride (0.3 mmol) dissolved in 5 mL anhydrous DMF was added dropwise to the
dispersion of NHj,-FePt NP (200mg) in 50 mL DMF under nitrogen blanket. The resulting
reaction mixture was left for 24 h on magnetic stirring at room temperature. After 24 h, stirring
was removed and bi-functional NH,-FePt-COOH NP were separated using NdFeB permanent
magnet and washed 5 times with acetone to remove traces of DMF and unreacted succinic

anhydride and kept under vacuum at room temperature to obtain dried nanoparticles [7].
5.4. Synthesis of Fe,Os;@FePt Nanoparticles

Synthesis of Fe,Os;@FePtnanoparticles was done according to previously reported procedure by
Li and Sun et al, with slight modification [8]. Based on a colloidal template, FePt nanoparticles
were synthesized by mixing iron acetylacetonate (0.5 mmol) and platinum acetylacetonate (0.125
mmol), precursors for Fe and Pt, respectively. Platinum acetylacetonate (0.125 mmol) along with
1,2-hexadecanediol (1.5 mmol) was mixed to the solution of dioctylether (20 mL) and heated to
100 °Cfor 5 min to facilitate complete solubilization of platinum acetylacetonate followed by the
injection of oleic acid (0.08 ml, 0.6 mmol) and oleylamine (0.08 ml, 0.6 mmol). The precursor

solution was then placed into a 10 mL Teflon-lined stainless steel autoclave and gradually heated
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to 250 °C for 1 hr. The synthesized Fe,0s@FePtnanoparticles were obtained as black precipitate
by addition of ethanol (40 mL). The obtained nanoparticles were separated using centrifugation
at 16000 rpm for 30 mins. The black precipitate was separated by decanting the yellow brown
supernatant. The black precipitate was dispersed in hexane in presence of oleic acid (0.5 mmol)
and oleylamine (0.5 mmol) and precipitated using ethanol. The precipitated nanoparticles were

finally obtained by centrifugation and redispersed in hexane.

5.4.1. Synthesis of Fe,O;@FePt-SH

Fe,O;@FePt-SH nanoparticles were synthesized by the thermal decomposition route [6,8]. Dried
Fe,O;@FePt nanoparticles were then redispersed in a mixture of DMSO (5mL) and 3-
mercaptopropionic acid (100uL). The nanoparticles were kept on magnetic stirring for 12 h after

which they were separated by centrifugation, and the precipitate was dispersed in water.

5.4.2. Synthesis of Fe,O;@FePt-COOH

Fe,O;@FePt-COOH nanoparticles were synthesized by the thermal decomposition route [8].
Based on a colloidal template, FePt nanoparticles were synthesized by mixing iron
acetylacetonate (0.5 mmol) and platinum acetylacetonate (0.125 mmol), precursors for Fe and Pt,
respectively. Platinum acetylacetonate (0.125 mmol) along with 1,2-hexadecanediol (0.75 mmol)
was mixed to the solution of dioctylether (20 mL) and heated to 100 °C for 5 min to facilitate
complete solubilization of platinum acetylacetonate followed by the injection of oleic acid (0.08
ml, 0.6 mmol) and oleylamine (0.08 ml, 0.6 mmol). PAA (0.4 mmol) was added to a round-
bottomed flask (equipped with a stirrer and a condenser) containing 20 mL of 2-pyrrolidone
(boiling point 245 °C). Nitrogen was purged into this mixture for 30 minutes to remove
dissolved oxygen. This mixture was subsequently held at 210 °C for 30 min. Furthermore,
refluxing at 265 °C was carried out for 60 min under vigorous mechanical stirring. The colloidal
precursor solution was then placed into a 10 mL Teflon-lined stainless steel autoclave and
gradually heated to 250 °C for 1 hr. The synthesized Fe,Os@FePtnanoparticles were obtained as
black precipitate by addition of ethanol (40 mL). The obtained nanoparticles were separated
using centrifugation at 16000 rpm for 30 mins. The black precipitate was separated by decanting
the yellow brown supernatant. The black precipitate was dispersed in hexane in presence of oleic
acid (0.5 mmol) and oleylamine (0.5 mmol) and precipitated using ethanol. The resultant

dispersion was then cooled to room temperature and a 5:1 volume ratio of diethyl ether/acetone
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was added to separate out the particles. To remove any unreacted PAA, particles were washed
three times with Milli-Q water and diethylether: acetone mixture (5:1). The washed particles

were dispersed in water.

5.4.3. Synthesis of Fe,O;@FePt-NH,Using PEI and PLL

For synthesis of Fe,O;@FePt-NH,, aqueous solution (10mL) of bPEI-25kDa (20%) was directly
poured into the Fe,O3@FePt dispersion (10mL, 5mg/mL) and heated to 90 °C and kept at that
temperature for 1 hour under magnetic stirring. The amine modified Fe,O;@FePt nanoparticles
were separated using NdFeB permanent magnet and washed repetitively with water to remove
traces of unreacted PEI and dried under vacuum for 24 h. Synthesis of Fe,O;@FePt-NH, was
also done alternatively using Poly-I-lysine (PLL). The synthesized Fe,Oz;@FePt (5mL, 5mg/mL)
nanoparticles were dispersed in PLL (0.3 mmol) solution and stirred for 24h. The resultant
dispersion was dialyzed against distilled water with dialysis membrane (MWCO 10000) for 48 h
to remove unreacted PLL.

5.4.4. Synthesis of Fe,O;@FePt-NH,-HA

Synthesis of Fe,O;@FePt-NH,-HA was done using EDC/NHS as reported earlier [9]. Briefly,
hyaluronic acid (HA) (50 mg) was first dissolved in 5 mL distilled water and heated at 70° C for
15 min and was allowed to cool at room temperature. Fe,O;@FePt-NH, nanoparticles(5mg/mL)
were mixed in DMSO (5mL) along with EDC (7 mg) and NHS (3 mg). The mixture was kept on
stirring for 3 h and then added drop wise to HA solution. The mixture was kept on constant
stirring for 12h. The nanoparticles were separated using NdFeB permanent magnet. The obtained
nanoparticles were washed with water thrice to remove unbound HA followed by separation of
unreacted EDC/NHS following dialysis (dialysis membrane, cutoff MW 5000) against distilled

water for 24h.

5.4.5. Synthesis of Fe,O;@FePt-NH,-FITC

Synthesis of Fe,Os@FePt-NH,-HA was done as reported previously using EDC/NHS. Briefly,
Fe,Os;@FePt-NH, nanoparticles (5mg/mL) were dispersed in DMSO (5mL) along with EDC
(7mg) and NHS (3mg) and kept on stirring for 3h. After 3h, FITC solution (FITC dissolved in
ethanol (Img/mL)) was added drop wise to nanoparticles dispersion and kept on stirring for 12h

in dark. The FITC conjugated Fe,Os@FePt-NH,nanoparticles were separated using NdFeB
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permanent magnet and purified by dialysis (dialysis membrane, cutoff MW 5000) against
mixture of ethanol and distilled water (30:70) for 24h.

5.4.7. Synthesis of Fe,O;@FePt-NH,/COOH

Synthesis of Fe,O;@FePt-NH,/COOH was done using two different methods [10, 11]. In the
first method, succinic anhydride (0.3 mmol) was dissolved in 5 mL anhydrous DMF and added
dropwise to the dispersion of Fe,O;@FePt-NH, (200 mg)in 50 mL DMF under nitrogen blanket.
The resulting reaction mixture was left for 24 h on magnetic stirring at room temperature. After
24 h, stirring was stopped to obtain Fe,Os;@FePt-NH,/COOH by separating them using NdFeB
permanent magnet. They were washed 5 times with acetone (20mL) to remove traces of DMF
and unreacted succinic anhydride and kept under vacuum at room temperature to obtain dried
nanoparticles Fe,O;@FePt-NH/COOH.

In the second method, polyaspartic acid (PASA) was used to synthesize Fe,O;@FePt-
NH2/COOH. Briefly, Fe,Os@FePt (20 mg) nanoparticles were dispersed in 5 ml hexane and
added onto 5 mL PASA (25 mg/ml) solution in water to form a two phase mixture. The mixture
was sonicated for 15 min and then centrifuged. The aqueous phase was washed three times with
hexane (20mL) and the passed through a PD-10 column for purification and solvent exchange.
Briefly, nanoparticle dispersion (10 mL) was loaded onto a column. Borate buffer (3.5 mL) (50
mM, pH 8.5) was added to the column and deepest colored fraction at the bottom of column was

collected.

5.4.8. Synthesis of Fe,O;@FePt-NH,-TPP

Synthesis of Fe,O;@FePt-NH,-TPP was done using (3-carboxypropyl) triphenylphosphonium
bromide (CTPB) as per previously reported literature [12]. For conjugation of TPP, CTPB and
EDC were dissolved in 0.1M 4-morpholineethanesulfonic (MES) at concentration of 20 mmol L
! To 5 mL dispersion Fe,0s@FePt-NH, (10pg mL™), 300pL of CTPB was added followed by
300uL of EDC. The reaction mixture was left for stirring at room temperature for 4h. The
formed Fe,O;@FePt-NH,-TPP was separated using NdFeB permanent magnet and purified by
dialysis (dialysis membrane, MW cutoff 5000) against distilled water for 24h to remove

unreacted reagents.
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5.4.9. Synthesis of Fe,O;@FePt-NH,-TPP-COOH

For conjugation of TPP, CTPB and EDC were dissolved in 0.1M MES at concentration of 20
mmol L™. To 5 mL dispersion Fe,O3@FePt-NH,/COOH (10pug mL™), 300uL of CTPB was
added followed by 300uL of EDC. The reaction mixture was left for stirring at room temperature
for 4h. The formed Fe,O;@FePt-NH,/COOH-TPP was separated using NdFeB permanent
magnet and purified by dialysis (dialysis membrane, MW cutoff 5000) against distilled water for
24h to remove unreacted reagents.

5.4.10. Synthesis of Fe,Os@FePt-NH,-TPP-COOH-Ctx

The Fe,O;@FePt-NH,/COOH-TPP nanoparticles were separated by centrifuging purified
dispersion at 16000 rpm for 30 min. To the Fe,O;@FePt-NH,/COOH-TPP suspension in PBS
(10 mL, 0.01 M), a solution of NHS (2.3 mM), EDC (0.28 M) and NHS-PEG-MAL was added
under magnetic stirring for 15 min followed by addition of 50 pg of chlorotoxin (Ctx) dissolved
in 1 mL water and was left to incubate for 24h at room temperature [13]. The Fe,Os;@FePt-
NH2/COOH-TPP-Ctx nanoparticles were obtained by dialysis (dialysis membrane, MW cutoff
5000) against distilled water for 24h and centrifugation at 16000 rpm for 30 min.

5.4.11. Synthesis of Fe,O;@FePt-NH,/COOH-Drug Conjugate

A solution of EDC (35 mg) and NHS (25 mg) was prepared by dissolving them in 5 mL of
distilled water. Lenalidomide (Ld) (10 mg) was dissolved in 5 mL DMSO while Fe,O;@FePt-
NH2/COOH (100 mg) were dispersed in 5 mL DMSO using ultrasonication [14]. The solution of
EDC/NHS was added to Fe,Oz;@FePt-NH,/COOH dispersion and kept at room temperature for 3
h after which drug solution was added to the above reaction mixture dropwise and kept for
stirring for 12 h at room temperature. The Fe,O3;@FePt-NH,/COOH-Drug Conjugates were
separated using NdFeB permanent magnet, washed with acetone/water (30mL, 40:50) to remove
traces of DMSO and unconjugated drug. The obtained Fe,Os3@FePt-NH,/COOH-Drug

conjugates were freeze dried (as per protocol given in section 4.6) and stored for further use.

5.4.12. Synthesis of Fe,O;@FePt-NH,-TPP-COOH-Drug Conjugate

For synthesis of Fe,Os;@FePt-NH,/COOH-TPP-drug conjugate, same procedure was followed as
described above except, Fe,O;@FePt-NH,/COOH-TPP nanoparticles were used in place
ofFe,O;@FePt-NH,/COOH nanoparticles.
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5.4.13. Synthesis of Fe,O;@FePt-COOH-DOTA-NH;

For conjugation of DOTA-NH; to Fe,O;@FePt-COOH, DOTA-NH,(25mg) was activated using
EDC and NHS at pH 5.5 (MES buffer, 20mL) for 30 min with DOTA: EDC: NHS molar ratio of
10:5:4 [15]. The activated mixture was added to Fe,O;@FePt-COOH (10mL, 5mg/mL) and
incubated overnight at 4 °C. The unreacted EDC and NHS were removed through PD-10 column
and dialysis membrane (MWCO 10000). The obtained Fe,O;@FePt-COOH-DOTA-NH,

nanoparticles were freeze dried (as per protocol given in section 4.6) and stored for further use.

5.4.14. Synthesis of Fe,O3@FePt-NH,-DOTA-NCS

For conjugation of DOTA-NCS to Fe,O;@FePt-NH,, DOTA-NH, (25mg) was activated using
EDC and NHS at pH 5.5 (MES buffer, 10mL) for 30 min with DOTA: EDC: NHS molar ratio of
10:5:4 [15]. The activated mixture was added to Fe,O;@FePt-NHznanoparticles (10mL,
5mg/mL) and incubated overnight at 4 °C. The unreacted EDC and NHS were removed through
PD-10 column and dialysis membrane (MWCO 10,000).The obtained Fe,O;@FePt-COOH-
DOTA-NCSnanoparticles were freeze dried (as per protocol given in section 4.6) and stored for

further use.

5.4.15. Synthesis of Fe,O;@FePt-NH,/COOH-TPP-Drug-HA-Ctx

Synthesis of Fe,0;@FePt-NH,/COOH-TPP-Drug-HA-Ctx nanoparticles was done in three steps.
In the first step, Fe,O;@FePt-NH,/COOH-TPP nanoparticles were synthesized as described
before (section 5.4.9). The nanoparticles were purified using dialysis (MWCO 10,000) and
separated using magnet. In the second step, the conjugation of LND to Fe,O;@FePt-
NH./COOH-TPP was done using EDC/NHS [16]. Briefly, LND (10 mg) was dissolved in
distilled water (4 mL) and cooled on ice. For conjugation of LND to Fe,O;@FePt-NH,/COOH-
TPP, LND (10mg), EDC (7 mg), and NHS (3 mg) were dissolved in distilled water (3 mL) and
stirred at room temperature for 4 h. The LND solution was then mixed with Fe,O;@FePt-
NH2/COOH-TPP (2 mL of 20 mg/mL in distilled water), and was stirred continuously for 16 h at
room temperature. After the reaction, the dispersion was purified by passage through Sephadex
G-25. In the third and final step, HA (10mg) was mixed in to the suspension of obtained
Fe,O3@FePt-NH,/COOH-TPP-drug in PBS (10 mL, 0.01 M), a solution (5mL) of NHS (2.3
mM), EDC (0.28 mM) and NHS-PEG-MAL (5mg) was added under magnetic stirring for 15 min

followed by addition of 50 pg of chlorotoxin dissolved in 1 mL water and was left to incubate
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for 24h at room temperature. The Fe,O;@FePt-NH,/COOH-TPP-drug-HA-Ctx nanoparticles
were obtained by dialysis against distilled water for 24h and centrifugation at 16000 rpm for 30

min.

5.4.16. Synthesis of Fe,O;@FePt-NH,/COOH-TPP-Drug-HA-Ctx (pH responsive HA-Drug
Conjugate)

Synthesis of Fe,O;@FePt-NH,/COOH-TPP-Drug-HA-Ctx nanoparticles was done using two
different approaches. The first approach involved three steps. In the first step, Fe,O;@FePt-
NH,/COOH-TPP nanoparticles were synthesized as reported previously (section 5.4.9). The
synthesized nanoparticles were purified using dialysis and separated using magnet. In the second
step, the conjugation of LND to Fe,O;@FePt-NH,/COOH-TPP was done using a cis-aconityl
bond [17]. Briefly, LND (10 mg) was dissolved in distilled water (4 mL) and cooled on ice. Cis-
aconityl anhydride (5 mg) dissolved in 1,4-dioxane (200 mL) was slowly added to the LND
solution (4mL) with continuous stirring. The pH of the reaction mixture was adjusted to 9.0
using NaOH (0.5 M) keeping the reaction mixture in ice. After 30 min, the pH of reaction
mixture was adjusted to 7.0 using 1M HCI and the mixture was stirred for another 30 min
followed by addition of HCI (1 M) till precipitate of cis-aconitic anhydride-LND conjugate was
formed. After 15 min on ice, the precipitate was recovered by centrifugation (8000 rpm, 10 min).
For conjugation of aconitic anhydride-LND conjugate to Fe,O3;@FePt-NH,/COOH-TPP, aconitic
anhydride-LND conjugate (10mg), EDC (7 mg), and NHS (3 mg) were dissolved in distilled
water (3 mL) and stirred at room temperature for 4 h. The solution was then mixed with
Fe,O3;@FePt-NH,/COOH-TPP (2 mL of 20 mg/mL in distilled water), and was stirred
continuously for 16 h at room temperature. After the reaction, the dispersion was purified by
passage through Sephadex G-25. In the third and final step, HA (10mg) was dissolved in distilled
water (5mL) and heated at 70° C for 15 min and was allowed to cool at room temperature. It was
then added to the suspension of obtained Fe,O;@FePt-NH,/COOH-TPP-drug in PBS (10 mL,
0.01 M), a solution of NHS (2.3 mM), EDC (0.28 M) and NHS-PEG-MAL (Maleimide) (5mg)
was added under magnetic stirring for 15 min followed by addition of 50 pg of chlorotoxin
dissolved in 1 mL water and was left to incubate for 24h at room temperature. The Fe,O;@FePt-
NH,/COOH-TPP-drug-HA-Ctx nanoparticles were obtained by dialysis against distilled water
for 24h and centrifugation at 16000 rpm for 30 min.
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In the second approach, pH sensitive HA-LND conjugate was synthesized. Firstly,
carboxymethyl HA (CMHA) was synthesized according to previously described method [18].
For this synthesis, 500mg Hyaluronic acid was dissolved in 45% NaOH(5ml) and stirred using
magnetic stirrer at room temperature for 2 hours to deprotonate the HA. The deprotonated HA
was then reacted with chloroacetic acid (500mg) in Isopropanol (12.5 ml) for 2.5 hours, followed
by precipitation with methanol for 30 minutes. pH was adjusted to 7.0 using methanol. The
precipitates were separated by filtration and the obtained CMHA was dissolved in deionized
water (20ml). After this, it was purified against deionized water by dialysis (dialysis tubing) for
24 hrs and lyophilized to obtain CMHA (Carboxymethylated Hyaluronic Acid). For
lyophilisation, first step included deep freezing of content of dialysis bag at -70° C for 24 hours
in deep freezer to form dry ice cake. The formed dry ice cake containing vials were then
transferred to the Freeze Dryer (AdVantage 2.0 BenchTop Freeze Dryer / Lyophilizer, SP
Scientific, USA.) and lyophilized at -70° C for 24 hrs. [19]. In the second step, accurately
weighed amount of CMHA(100mg) and Hydrazine hydrate (3.0ml) were subsequently dissolved
in 4ml deionized water. The mixture was stirred using magnetic stirrer until absolutely dissolved
solution was formed. After that 60 mg EDC.HCL was added to the above solution and stirred at
room temperature for 2 hours. Finally, CMHA-LND conjugate was synthesized by dropwise
addition of different amount of drug (40 mg, 60 mg and 80 mg in 5ml of DMSO) to the above
polymer solution and it was reacted at room temperature for next 16hrs.The resultant solution
was then precipitated using methanol (30ml) and the precipitates were collected by
centrifugation at 3500 rpm for 15 minutes. After this, precipitates were washed thrice with
methanol (15ml) to remove unreacted LND. The obtained precipitates were subjected to vacuum
drying and the supernatant was used to calculate the amount of unconjugated drug. In the third
step,Fe,Os;@FePt-NH,/COOH-TPP nanoparticles (50mg) were dispersed in5 ml of distilled
water and 5 ml of DMSO in a beaker. Different quantities of CMHA-drug conjugates (100mg,
120mg, 140mg) were separately dispersed in 5 ml distilled water in another beaker. Both the
dispersions were mixed and incubated with stirring on magnetic stirrer for 16 hours. Prepared
final nanoparticles were separated using magnet. They were dispersed in distilled water and
lyophilized to obtain Fe,O;@FePt-NH,/COOH-TPP-Drug-HA. To the suspension of obtained
Fe,O3@FePt-NH,/COOH-TPP-Drug-HA in PBS (10 mL, 0.01 M), a solution of NHS (2.3 mM),
EDC (0.28 M) and NHS-PEG-MAL (Maleimide) (5mg) was added under magnetic stirring for
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15 min followed by addition of 50 pg of chlorotoxin dissolved in 1 mL water and was left to
incubate for 24h at room temperature [20]. The Fe,O;@FePt-NH,/COOH-TPP-drug-HA-Ctx
nanoparticles were obtained by dialysis against distilled water for 24h and centrifugation at
16000 rpm for 30 min.

5.5. Optimization of FePt core using Quality by Design Approach (QbD)

Risk analysis on the synthesized FePt nanoparticles with respect to particle size, and elemental
composition was done to identify potential high risk factors for further optimization studies. Risk
assessment study was done using fishbone diagram to select critical variables which will provide
valuable information related to critical formulation and process variables which should be

controlled to obtain quality product.

5.5.1. Experimental design

5.5.1.1.Risk analysis (Identification of critical variables)

In order to identify the critical processing variables, Ishikawa diagrams were used [21]. Ishikawa
diagrams were constructed to establish relation between the different process/formulation
variables and the characteristics affected by them, for identifying factors with potential risk of
affecting final product quality attribute. Two final product quality attributes were selected for

study (particle size and elemental composition of alloy nanoparticles).
5.5.1.2.Preliminary investigation of critical variables

After identifying the variables which might affect the product quality attribute, preliminary
investigation of variables based on previous research and risk priority was done. Effect of
selected variables was studied on particle size and elemental composition for calculating optimal

lower and upper value for screening study [21].

5.5.1.3.0ptimization using Response surface methodology

Box-Behnken design (BBD) is a response surface methodology (RSM) involving a group of
statistical and mathematical methods useful for the modeling and analyzing problems associated
with method or experimental work. It serves as a tool to optimize the response that is influenced
by various parameters/factors either related to process or formulation [22]. It also quantifies the

relationship between the independent parameters/factors and the obtained response surfaces.
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BBD is rotatable or nearly rotatable second-order design based on three-level incomplete
factorial design. In the present investigation, a three variable BB-RSM was used to study the
effect of selected factors on desired response. BBD was generated by SAS JMP software,

Versionl6, which gave a total of 15 experimental runs.
5.5.1.4.Establishment of design space

Overlay plot was plotted for establishing design space. Overlay plot gives a range within which,
variation in the value of CPP will not affect the final response (in present case is the final product
quality attribute). An overlay plot was plotted between the significant critical variables affecting
product quality attributes, identified after screening phase [23]. The design space was analyzed
for repeatability.

5.5.1.5.Analysis of design space robustness

Analysis of established design space is very necessary from the scale up point of view. It is very
important to check and analyze if obtained design space holds correct and the area upper and
lower to establish design space yields response which is undesired [24]. With respect to above
consideration, analysis of design space was done by plotting overlay plot using JMP (SAS) 16
with response higher and lower to the established design space. The software gave values for
variables in and around established design space along with expected value of the desired

responses
5.5.1.6. Statistical analysis

All results were analyzed using statistical software package Minitab 16 and JMP (SAS). The
experimental data obtained were validated by ANOVA combined with the F-test. The
determination coefficient (R?, agreement between the experimental results and predicted values
obtained from the model) and the model F-value (Fisher variation ratio, the ratio of mean square
for regression to mean square for residual) were applied for statistical evaluation.

5.6. Characterization of Synthesized Nanoparticles
The various synthesized FePt and Fe,Os;@FePt nanoparticles were characterized for particle size

and surface potential using Malvern Zetasizer (USA).
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5.6.1. Particle size and Zeta Potential

For particle size analysis, each sample was diluted ten times with filtered double distilled water
to avoid multi-scattering phenomena and placed in disposable sizing cuvette. Polydispersity
index was noted to determine the narrowness of particle size distribution. Analysis was
performed in triplicate and the results were expressed as mean = SD. For zeta potential, each
sample was suitably diluted 10 times with filtered double distilled water and placed in a
disposable zeta cell. The magnitude of the zeta potential gives an indication of the potential
stability of the colloidal system [25].

5.6.2. Spectroscopic Analysis:

FTIR analysis was performed for Fe,O;@FePt, Fe,Os@FePt-NH,-HA, Fe,Os@FePt-
NH,/COOH, Fe,Os@FePt-NH,-TPP, Fe,Os@FePt-NH,-TPP-COOH, Fe,O;@FePt-NH,-TPP-
COOH-Ctx, Fe,0;@FePt-NH,/COOH-Drug,Fe,O;@FePt-NH,-TPP-COOH-Drug, Fe,O;@FePt-
COOH-DOTA-NH,, and Fe203@FePt-NH,-DOTA-NCS and Fe,O;@FePt-NH,/COOH-TPP-
drug-HA-Ctx. 100 scans in the region from 400 to 4000 cm™ with a resolution of 4 cm™ were
accumulated to obtain FT-IR spectra (FTIR spectrometer, IR Affinity -1S (Shimadzu, Japan).
FTIR-spectrum of prepared nanoparticle was measured in the solid state by preparing a
Potassium Bromide (KBr) pellet. The sample was previously ground and mixed thoroughly with
KBr, an infrared transparent matrix at 1:100 (sample KBr) ratio. The KBr pellets were prepared
by applying 10-12 metric ton of pressure in a motorized pellet press (Kimaya engineers, India).
The pellets were then scanned over a wavelength range of 4000-400 cm™ and a spectrum was
obtained by using a FTIR spectrometer, IR Affinity -1S (Shimadzu, Japan) [26].

5.6.3. X-Ray diffraction and Thermometric Analysis

PXRD data was obtained using an X-ray diffractometer (BrukerAxs, D8 Advance; Germany).
Patterns were obtained using the X-ray diffractometer (Bruker D8 advance) with Cu source of
radiation. Measurements were performed at a voltage of 40kV and 25 mA [27]. Thermo
gravimetric analysis (TGA) was carried out using a TA instrument Q600 thermal balance.
Typically 5-10 mg of nanoparticles were heated to 600 °C with 10 °C min™ in air and kept
isothermal at 600 °C for 30 min to determine the amount of organic content on the nanoparticles
surface carried out between RT and 700 °C at a heating rate of 10 "C /min in air atmosphere
using the a-Al,O3 standard [28].
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5.6.4. Electron Microscopy, Elemental Analysis and Magnetic Susceptibility

Elemental analysis of FePt and Fe,O;@FePt nanoparticles was also performed by energy
dispersive spectroscopy using Philips LEO 1530-2 FESEM/EDS, with 15 kV accelerating
voltages. The morphology of nanoparticles was observed using Transmission Electron
Microscopy (TEM). XPS was done to study the chemical states of Fe and Pt in FePt
nanoparticles using PHI 5000 Versa Probe II, FEI Inc. Atomic force microscopy was done
using Atomic Force Microscope (NT-MDT-INTEGRA, INTEGRA, USA). For this, the
samples were dispersed in water and directly used for analysis. Surface topology of a
sample in x, y as well as z direction was checked using sharp tip at the end of cantilever
that moves over the sample.AFM measurements were performed in contact mode.
Magnetic susceptibility of nanoparticles was studied by measuring the magnetic susceptibility as
a function of the applied magnetic field H using a vibrating sample magnetometer (Lakeshore
VSM 7410) with a maximum applied magnetic field of 20 kOe. The hysteresis of the
magnetization was obtained by varying H between +20000 and —20000 Oe at 300 K. Raman
spectroscopy was performed using Horiba JobinVVyon, Model LabRam HR [29].

5.6.5. NMR Spectroscopy

The NMR spectra were recorded on a Bruker Advance 11 400 MHz NMR spectrometer equipped
with a 5 mm*H cryo probe head with a z-gradient (Bruker BioSpin, GmBH, Germany)in CDCl;
at 25 °C. The data was acquired and processed using the TopSpin 3.1 software (Bruker). The
pulse sequences from the Bruker pulse sequence library were used for'H NMR. A line
broadening factor of 0.3 Hz was applied and base line correction was performed prior to
integration of the 'H NMR signals. Sample quantities of lyophilized CMHA and (typically 50

mg), was used for recording NMR spectrum [30].

5.6.6. DSC Analysis

DSC analysis was carried out using a Differential Scanning Calorimeter (Shimadzu, Japan) at a
heating rate of 10°C per minute in the range of 30 “C to 200 °C under inert nitrogen atmosphere
at a flow rate of 40ml/min. Sample (LND, HA, CMHA, CMHA-LND conjugate and cis-aconitic
anhydride-LND conjugate was taken (~4-8 mg) in an aluminium pan, crimped and sealed. An

empty aluminium pan was used as reference.
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5.6.7. Electron Spin Resonance Spectrometry (ESR)

ESR spectra were measured at room temperature with JES-FA200, JEOL spectrometer. The
conditions for ESR were as follows: X-band, 100 kHz modulation with 3.2-G amplitude;
microwave power 0.99500 mW, central magnetic field 3385 G with scan 400 G, scan time 200 s.
The mean height of the three peaks in each signal is taken as the relative intensity of the NO and

ROS signal. 5mg of sample was used for analysis [31].

5.6.8. Raman Spectroscopy

Raman spectrum was recorded on a LabRam HR, Horiba JobinYvon, Japan spectrometer. The
excitation sources were 325 nm (HeCd laser), 442 nm (HeCd laser), 514.5 nm (Ar ion laser), and
632.8 nm (HeNe laser). The scattered light was detected with a Peltier-cooled CCD detector
(Renishaw) with spectral resolution ~2cm '.Raman spectrum was calibrated using the
520 cm *silicon band. The spectrum was recorded in wave numbers. Spectral manipulations
such as baseline adjustment, smoothing, and normalization were performed with the WIRE 3.3
software [32].

5.7. Determination of carboxyl modification

To determine the degree of carboxyl modification of CMHA, a modified titration assay was used
with slight modifications. Dry CMHA (12.5 mg) was dissolved in 1.0 ml of 0.1N NaOH and
diluted with 1.5ml of DI water. This solution was then titrated with 0.05N HCI, using
phenolphthalein as an indicator [33]. Blank titrations contained no CMHA. The degree of

substitution was calculated using the equation 5.1 & 5.2.

Ncoon = (V — V) * Cye; (Equation 4.1)
Where, ncoon= moles of carboxyl groups
Vp=volume of HCI needed to titrate blank
V = volume of HCI needed to titrate sample
Chci = conc. of HCI

DS = Wpsu*ncooH
Mary—MW1*NcooH

(Equation 5.2)

Where, DS = degree of substitution
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MWpsu =MW of an unsubstituted disaccharide unit
Mary = Mass of dry CMHA
MW, = increase in MW due to carboxyl group substitution

The percent carboxyl modification was then calculated DS x 100%.

5.8. Estimation and optimization of Conjugation Efficiency of CMHA-Lenalidomide

conjugates

The extent of LND conjugation on CMHA was determined by measuring amount of
unconjugated LND using ultraviolet (UV) spectrophotometric analysis. After every
centrifugation cycle of the conjugates, the supernatant was collected and stored in a stoppered
vial. The analysis was performed by measuring the absorbance of the supernatant in methanol at
220nm after diluting it with sufficient quantity of methanol. This will give the amount of
unconjugated LND. From the amount of unconjugated LND, conjugated amount of LND was
calculated and % conjugation efficiency was finally obtained using following equation;

% Conjugation Efficiency = (Conjugated amount of LND) / (Total amount of LND added) * 100

5.9. Estimation of drug loading

The quantity of lenalidomide (LND) conjugated on Fe,O;@FePt-NH,/COOH-TPP-drug was
determined indirectly by measuring the quantity of lenalidomide remaining in the supernatant
based on the absorbance of the samples at 250 nm. The standard curve was obtained (as
mentioned in analytical method development section) and the sample absorbance was measured
using UV-visible spectrophotometer (Shimadzu UV-1700). The percentage entrapment
efficiency (%EE) and conjugation efficiency (%CE) was calculated using the formula:

Dt — Df

oocE =2, 100

= *

° Wt

Where, Dt= total amount of drug added to Fe,O;@FePt-NH,/COOH-TPP; Df=amount of free
drug in solution; Wit=total weight of Ilyophilized Fe,O;@FePt-NH,/COOH-TPP-
drugnanoparticles; Wc=weight of lyophilizedFe,O;@FePt-NH,/COOH-TPP nanoparticles.
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5.10.Redispersibility  of lyophilized Fe,Os;@FePt-NH,/COOH-TPP-Drug-HA-Ctx
nanoparticles.

Manual shaking method was employed to check the redispersibility of Fe,Os;@FePt-
NH2/COOH-TPP-Drug-HA-Ctx nanoparticles [34]. For this, lyophilized Fe,Os@FePt-
NH2/COOH-TPP-Drug-HA-Ctx nanoparticles (10mg) were taken in eppendorf containing 3 ml
of double distilled water. It was then shaked manually and time required for complete
redispersibility of Fe,Os@FePt-NH,/COOH-TPP-Drug-HA-Ctx nanoparticles was noted. For
measurement of particle size and zeta potential, weighed quantity of lyophilized Fe,O;@FePt-
NH2/COOH-TPP-Drug-HA-Ctx nanoparticles (100 mg) were taken in a test tube containing 5 ml
of double distilled water and sonicated for 3 minutes using a bath sonicator. The resulting
dispersion was subjected to particle size and zeta potential measurement using Malvern
Zetasizer.

5.11.1n vitro Magnetic Hyperthermia

The heating ability of FePt and Fe,Os;@FePt nanoparticles was evaluated by time dependent
calorimetric measurements using an induction heating unit (Note: heating ability of surface
functionalized nanoparticles was not assessed as the functional groups attached to synthesized
nanoparticles have no effect on magnetic hyperthermia). Induction heating of FePt and
Fe,Os@FePt nanoparticles (2.5, 5, 10 and 20 mg/mL) for hyperthermia application was
performed in eppendorf tube (2 mL) with an induction heating unit (Easy Heat 8310, Ambrell;
UK) having a 6 cm diameter (4 turns) heating coil. The FePt and Fe,Os;@FePt nanoparticles
were dispersed in 1 mL of distilled water in Eppendorf tube with ultrasonication for 30 min for
uniform and efficient dispersion of nanoparticles. The tube was then placed in the centre of the
coil with applied frequency of 265 kHz [35]. Heating of nanoparticle samples was carried out for
10 min with current between 200-400A. The calculation of developed magnetic field by current
of 200, 300 and 400A was calculated according to the given formula (Eq. 4.3):

_1.257ni

H = - inOe Eqg. 4.3

Where “n”= number of turns; “i”=applied current and “L” denote the diameter of the turn in

centimetre.
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5.12.1n vitro NIR triggered Hyperthermia (Photothermal) and Dual Magnetophotothermal

Measurement

Laser triggered hyperthermia was induced by a near infrared continuous laser at 808 and 1024
nm with external adjustable power supply as per previously reported literature [36]. The aqueous
dispersion of FePt and Fe,O;@FePt nanoparticles contained in a 0.5 mL Eppendorf tubes were
irradiated by laser source alone and in combination with magnetic hyperthermia by placing
Eppendorf tubes in same sample holder used for only magnetic hyperthermia (the distance
between Eppendorf tubes and laser source was 2-3 cm and the laser spot was 1 cm? The laser
power range employed was 0.8 and 2.5 W/cm?).

5.13.LND Release in Tumor Mimicking Environment

The in vitro pH triggered drug release studies were carried out in a water bath at 37 °C under
mild shaking motion (50 rpm) [37]. Free LND and the drug loaded FePt and drug loaded
Fe,O;@FePt nanoparticles were taken into dialysis bags (MWCO = 6000), and were immerged
into tubes containing 20 ml phosphate buffer saline (PBS, pH 7.4, pH 6.5, pH 5.5 and 4.5) as the
release media. The tubes were incubated in a shaking water bath at 37 °C during the test.
Sampling was done at a predetermined period by removing 2.0 ml of the buffer solution from the
tubes and 2.0 ml fresh buffer solution was added into the tubes to maintain the total solution
volume. The amount of LND released was determined using UV spectrophotometer at the
absorbance wavelength of 250 nm.

5.14.Release of Iron (Fe) from SPANs

A portion of the aqueous suspension of drug loaded FePt and drug loaded Fe,O;@FePt
nanoparticles containing 1 mg of Fe equivalent was dispersed in dialysis tubing (MWCO) 1000,
Spectrum Laboratories, Inc.), and was further immersed into a 30 mL PBS (pH 7.4 and 4.8)
maintained at 37 °C [38]. Samples were withdrawn (1 mL) after pre-determined time intervals
from the PBS solution and the concentration of Iron was analyzed using ICP-OES (as described

in material and protocol section 4.3.10).
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5.15. Mucus penetration Study

For studying mucus penetrating ability of SPANs (Fe,Os;@FePt alloy nanoconjugates
(Fe,03;@FePt-NH,/COOH-Drug-HA-Ctx)) and M-SPANs (Fe,Os;@FePt-NH,/COOH-TPP-
Drug-HA-Ctx) nanoparticles, mucin (350 mg) was equilibrated in a constant temperature culture
vibrator at 37°C for 15 minutes at a speed of 100 rpm to ensure homogeneous dispersion of
mucin. It was then placed in the donor chamber of a modified Franz diffusion cell with a
polycarbonate membrane (pore size 2 um) located between the donor and receptor chambers to
support the mucus [39]. Then 50 uL of FITC conjugated SPANs and M-SPANSs nanoparticles
(5mg/mL) were added onto the surface of the mucin and equilibrated for another 15 minutes in
the vibrator under the same conditions. The receptor chamber was filled with 6.4 Phosphate
Buffered Saline (PBS). At fixed time intervals, 1 mL samples from the receptor chamber were
withdrawn and replaced with the same volume of pre-warmed fresh phosphate-buffered saline.
The concentration of FITC was determined using a microplate reader (Fluoroskan Ascent CF
(Labsystems, USA).

5.16. Interactions

The interaction of synthesized nanoparticles (Fe.Os;@FePt-NH>-HA, Fe,Oz@FePt-NH,-FITC,
Fe,03@FePt-NH,/COOH, Fe,0;@FePt-NH,-TPP, Fe,03@FePt-NH,-TPP-COOH, Fe,0;@FePt-
NH,-TPP-COOH-Ctx, Fe,O;@FePt-NH,/COOH-Drug, Fe,O;@FePt-NH,-TPP-COOH-Drug,
Fe,0;@FePt-COOH-DOTA-NH,, Fe,0;@FePt-NH,-DOTA-NCS andFe,O;@FePt-NH,/COOH-
TPP-Drug-HA-Ctx) with mucin, plasma and extracellular matrix protein [40, 41] was studied.
The effect on surface charge due to the interaction between nanoparticles and mucin was studied
according to previously reported method with slight modifications. 1% w/w dispersion of
nanoparticles and mucin in PBS (pH 6.4) were prepared separately. The dispersions were
sonicated on a bath sonicator for 30 min followed by centrifugation at 50,000 rpm for 15 min.
The supernatants were separated and dispersion of obtained pellet of nanoparticles and mucin
were suspended in PBS (pH 6.4). The two dispersions were mixed and incubated for 1 h
followed by particle size and zeta potential measurement.

For studying the interaction of nanoparticles with extracellular matrix proteins, brain

extracellular matrix (ECM) proteins were isolated from freshly collected mouse brain as
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previously described. Nanoparticles were dispersed in PBS (pH 7.4) by sonication for 15 min
and then added to ECM protein solution and stirred for 1 h at 37° C. After 1 h, the mixture was
centrifuged at 15000 rpm and obtained pellet was redispersed in double distilled water. The
nanoparticle dispersion was analyzed for change in particle size and zeta potential.

Hemolysis study was performed to study the interaction of prepared nanoparticles with
erythrocytes [42]. In brief, blood was collected from rat by retro-orbital plexus puncture into
EDTA solution containing tubes and was centrifuged at 2000 rpm for 10 min. Obtain pellet of
erythrocytes were washed thrice with PBS (7.4) and then dispersed in PBS. The test samples
were incubated at 37 °C for 2 h. NaCl (0.1M) was used as negative control (as it is isotonic with
the intracellular solute concentration). After incubation for 2 h, absorbance of the sample
solution was measured at 540 nm by UV-Vis spectrophotometer (UV-Vis, Shimadzu UV-1601).
The percentage hemolysis was calculated using formula given below:

At — An

— %100
Ac—An*

% Hemolysis =

Where: At=absorbance of test samples at 540 nm; An= absorbance of negative control at 540 nm
and Ac= absorbance of positive control at 540 nm.

The hemolytic index was also calculated according to ASTM F756-00 standards, according to
which, 0-2 % is non-hemolytic; 2-5 % is mildly hemolytic and >5 % is hemolytic [43].

5.17.Stability Studies

Stability of synthesized nanoparticles (Fe,Os@FePt-NH,-HA, Fe,Os@FePt-NH,-FITC,
Fe,03@FePt-NH,/COOH, Fe,03@FePt-NH,-TPP, Fe,0;@FePt-NH,-TPP-COOH, Fe,0;@FePt-
NH,-TPP-COOH-Ctx, Fe,O;@FePt-NH,/COOH-Drug, Fe,O;@FePt-NH,-TPP-COOH-Drug,
Fe,O;@FePt-COOH-DOTA-NH,, Fe;0O3@FePt-NH,-DOTA-NCS andFe,O3@FePt-NH,/COOH-
TPP-Drug-HA-Ctx) was assessed in simulated nasal fluid (SNF) and DMEM. Stability was
assessed with respect to change in particle size (aggregation) and zeta potential. Simulated nasal
fluid was prepared according to previously reported literature [44, 45]. The synthesized
nanoparticles (2mL, 5mg/mL; Fe,Os@FePt-NH,-HA, Fe,O;@FePt-NH,-FITC, Fe,Os@FePt-
NH,/COOH, Fe,Os@FePt-NH,-TPP, Fe,Os@FePt-NH,-TPP-COOH, Fe,O;@FePt-NH,-TPP-
COOH-Ctx, Fe,O;@FePt-NH,/COOH-Drug, Fe,O;@FePt-NH,-TPP-COOH-Drug,
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Fe,0;@FePt-COOH-DOTA-NH,, Fe,Os@FePt-NH,-DOTA-NCS and Fe,Os;@FePt-
NH2/COOH-TPP-Drug-HA-Ctx) were added to SNF and DMEM (5 mL) and incubated for 2 hr.
After incubation, the nanoparticles were separated and were analyzed by Zetasizer (Nano ZS 90,

Malvern Instruments Ltd., Malvern, UK).
5.18.Nanoparticles and Protein Corona

The interaction between nanoparticles and proteins present in biological medium is inevitable.
Following in vivo administration, nanoparticles get covered by a protein corona as they interact
with proteins present in biological media which influences its behavior at cellular level [46]. To
assess the interaction of SPANs (Fe,Oz;@FePt alloy nanoconjugates (Fe,O;@FePt-NH,/COOH-
Drug-HA-Ctx)) and M-SPANs (Fe,O;@FePt-NH,/COOH-TPP-Drug-HA-Ctx) with serum
proteins, nanoparticles (2 mL, 5 mg/mL) were incubated with 50 % (v/v) human plasma (5 mL)
at physiological body temperature followed by size and surface potential measurement at

predetermined time intervals up to 48 h.
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