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Drug delivery systems (DDSs), despite extensive research, have yet to achieve optimal therapeutic out-
comes. In this study, we synthesized amino acid-coated iron oxide nanoparticles (IONPs) to investigate a
nano-bio interface through thermodynamic analysis and assess how surface coating influences DDS
efficiency. The synthesized systems were characterized using FTIR, XRD, BET, SEM, and DLS techniques.
Isothermal titration calorimetry in combination with spectroscopy was employed for interaction studies and
to obtain data on the binding and thermodynamics of interaction. Thermodynamic parameters and thera-
peutic efficiency were correlated with the functional groups of the coating material of the IONPs.
Experimental findings imply that coating IONPs with amino acids improves their interactions with DNA and
drug-loading efficiency. Comparison of the efficiency of different amino acid-coated IONPs based on the
functional group of the coating material reveals the importance of the —OH group over other functional
groups. Additionally, results demonstrated how the efficiency of the DDSs changes in the homologous
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series of amino acids and highlight how the size and length of the side substituent as well as the type of
amino acid impact their interaction with DNA and drug loading efficiency with 5-fluorouracil. Correlating the
energetics of the interactions with the structure and physical characteristics of amino acids enabled quanti-
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1. Introduction

Drug delivery systems (DDSs) have gained significant interest
in the diagnosis and treatment of cancer, yet despite numer-
ous formulations explored, requisite results have still not been
attained.'” For the application of nanoformulation techniques
for diagnosis and therapeutics, crucial parameters such as
coating material, formulation size, and interactions with
nucleic acids need to be precisely correlated with the efficiency
of nanoformulations. These correlations provide an under-
standing of the nano-bio interface, through which quantitative
structure-activity relationships (QSARs) can be obtained to
guide Al-driven design of effective DDSs.®®

Iron oxide nanoparticles (IONPs), such as ferumoxytol
(Feraheme™), ferucarbotran, and Feridex®, are clinically
approved DDSs, due to their biocompatibility and non-toxic
nature, which has led to a breakthrough in cancer
treatment.” "> Thus, in the present study, six different amino
acid-coated IONPs, namely, glycine-, alanine-, aspartic acid-,
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tative structure—activity relationship (QSAR) studies and will facilitate the Al-based design of efficient DDSs.

tryptophan-, serine-, and threonine-coated IONPs, along with
bare IONPs, are synthesized and used as DDSs. Coating IONPs
with amino acids offers several benefits by making the system
more biocompatible, boosting colloidal stability, and prevent-
ing agglomeration. Literature reports suggest that amino acids
are promising candidates for surface coating of IONPs and can
be used in different biomedical applications. A report by
Barick et al. suggested that the carboxylate group of glycine
chemisorbs onto IONPs, leaving the amine group free for
further functionalization; glycine-coated IONPs thus have
strong potential to be used for drug delivery and magnetic
hyperthermia applications."* A similar report by Salehiabar
et al. also demonstrated that aspartic acid-coated IONPs
exhibit promising characteristics for drug delivery appli-
cations."> Additionally, amino acid-coated IONPs further con-
jugated with anti-cancer drugs have been shown to exhibit
remarkable anti-cancer effects. A report by Nosrati et al
showed that lysine-coated and methotrexate-conjugated IONPs
are excellent candidates for drug delivery applications.*®

Thus, in this study, amino acids from different structural
categories have been chosen as coating materials to assess the
effect of functional groups on the therapeutic efficacy of DDSs.
Glycine and alanine are small and non-polar amino acids with
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-H and -CH; a-substituents, respectively (Fig. S1(a) and (b)).
Aspartic acid, serine, and threonine are polar amino acids with
—-CH,-COOH, -CH,-OH, and -CH(OH)-CH; a-substituted R
groups, respectively (Fig. S1(c), (e) and (f)). Tryptophan was
chosen from the neutral amino acid category, with an indole
side chain as the p-substituent (Fig. S1(d)). Correlation of
these structural properties of different amino acids with the
energetics of their interactions with biomolecules is a topic of
interest to derive QSAR.

To understand and gain quantitative insights into the
nano-bio interface, it is imperative to study how synthesized
DDSs interact with biomolecules when administered
intravenously.»>'”?° Accordingly, to understand the thermo-
dynamics of the interaction of the synthesized DDSs with the
biomolecule DNA, isothermal titration calorimetry (ITC) and
fluorescence spectroscopy techniques are used. ITC offers a
very precise measurement of the heat change in the system
and is used to address NP-biomolecule interactions. Analysis
of the heat obtained can provide necessary insights into the
mechanism and mode of interaction. Quantitative aspects of
interactions in terms of a binding constant (K;,), stoichiometry
(n), and complete thermodynamics of interaction, ie.,
enthalpy change (AH,)), free energy change (AG, ), and entropy
change (4S,) are obtained from ITC studies.*’ Fluorescence
spectroscopy is utilized as an additional method to study NP-
biomolecule interactions. Using the modified Stern-Volmer
equation, the Ky, value for interactions between the synthesized
systems and DNA is investigated.>* Furthermore, the essential
prerequisites and fundamental standards for an effective DDS
are summarized as: retain, evade, target, and release.
Therefore, drug loading experiments with anticancer drugs,
i.e., 5-fluorouracil (5-FU) (Fig. S1(g)), are carried out to investi-
gate the therapeutic effectiveness of the synthesized nanofor-
mulations. 5-FU hampers nucleoside metabolism of DNA/RNA,
leading to cancer cell death.?***

Thus, in the present study, bare and structurally different
amino acids, ie., glycine, alanine, serine, threonine, aspartic
acid, and tryptophan-coated IONPs, have been synthesized and
systematically characterized with different spectroscopic and
microscopic techniques. Their interaction with DNA was
studied using a combination of ITC and fluorescence spectro-
scopic techniques, and their structural characteristics were cor-
related with the interaction thermodynamics for the develop-
ment of QSAR. The study focused on understanding how the
functional groups present in the amino acids influence inter-
actions with DNA. Additionally, in relation to their biomedical
applications, the therapeutic efficacy of the synthesized nano-
formulations was investigated and correlated with the amino
acid structure for future Al-based designs of efficient DDSs.

2. Materials and methods

Ferric (Fe’) chloride (97%), ferrous (Fe**) chloride tetrahy-
drate (>99%) from Sigma-Aldrich Chemicals Pvt. Ltd, were
used as reaction precursors to synthesize bare IONPs, and
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aqueous ammonia solution (25%) from Molychem Chemicals
Pvt. Ltd was used as a precipitating agent. Glycine (>99%, mol.
wt 75.07 ¢ mol™"), r-alanine (>98%, mol. wt 89.09 g mol™?),
L-serine (>99%, mol. wt 105.09 g mol™"), r-threonine (>98%,
mol. wt 119.12 g mol™"), r-aspartic acid (>98%, mol. wt
133.103 g mol™"), and r-tryptophan (>98%, mol. wt 204.23 g
mol ') were used as coating materials, sourced from Sigma-
Aldrich Chemicals Pvt. Ltd, to synthesize different amino acid-
coated IONPs. For interaction and drug loading studies on the
synthesized nanosystems, all solutions were prepared in phos-
phate-buffered saline (PBS ACS reagent >99.0%), at pH 7.4.
Calf thymus DNA (ct-DNA), intercalating dye ethidium
bromide (EtBr, Bioreagent), and anti-cancer drug 5-fluorouracil
(=99%), were also obtained from Sigma-Aldrich Chemicals Pvt.
Ltd. All reagents and chemicals utilized in the experimental
analysis were of analytical grade purity and used as received
without purification.

2.1. Synthesis of bare IONPs and different amino acid-coated
IONPs

Water-dispersible, biomolecule-coated IONPs were prepared by
a one-pot synthesis method.'* Attempts were made to syn-
thesize different amino acid-coated IONPs with a similar
method to make it feasible to assess the effect of coating
material on the efficacy of IONPs, as synthesis methods affect
the physical properties of nanoformulations significantly. In
brief, Fe(ur) and Fe(u) salts were dissolved in 100 mL of water
in a ratio of 2:1 and mechanically stirred in a nitrogen atmo-
sphere to prevent further oxidation. After maintaining the
temperature at 70 °C for 30 min, 30 mL of 25% aqueous
ammonia was gradually introduced to the reaction mixture,
and the reaction was allowed to proceed for 30 min under
similar conditions. After the reaction, the formed black pre-
cipitates of magnetic bare IONPs were magnetically separated
from the supernatant, washed, and dried in an oven.

For surface functionalization of the IONPs with different
amino acids, a similar method was used to evaluate the effect
of the coating material. The ratio (w/w) of Fe*" : Fe*" was taken
as 2:1, and ammonia solution was used to precipitate the iron
salts. The obtained black precipitate indicated successful syn-
thesis of the IONPs. The selected amino acids were then intro-
duced to the reaction with precise Fe** : Fe**: amino acid (w/w)
as 2:1:n, where n was varied as 0.5, 0.25, 0.5, 0.25, 0.125, and
0.25 for glycine, alanine, serine, threonine, aspartic acid, and
tryptophan, respectively. Thereafter, all the finally prepared
amino acid-coated systems were separated magnetically,
washed with double-distilled water several times to remove any
uncoordinated amino acid residues, and dried in an oven.

2.2. Characterization of bare IONPs and different amino-
acid-coated IONPs

To confirm the successful synthesis of the nanoformulations,
the following characterization techniques were employed.
2.2.1. Structural and functional group characterization via
XRD and FTIR. To investigate and analyze the structure and
phase pattern of all the synthesized nanosystems, X-ray diffrac-
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tion patterns were recorded on a D-8 diffractometer from
Bruker Avance using radiation with a wavelength of 1.5406 A
(i.e., Cu K,) operated at 40 mA and 40 kV, ensuring optimal
signal intensity and resolution. XRD patterns were recorded
over a wide angular range of 26 from 10° to 80°, to capture all
potential diffraction peaks associated with the crystalline
phases present. A PerkinElmer FTIR spectrometer was used to
record IR spectra in the 4500-500 cm™" range using the attenu-
ated total reflectance (ATR) method to confirm the coating of
amino acids in the formulations. With this method, solid
samples are directly analyzed, ensuring precise and reproduci-
ble results. Scanning data was accumulated from an average of
16 scans at a resolution of 4 cm™". Comparative IR spectra of
pure amino acids, bare IONPs, and amino acid-coated IONPs
were recorded to confirm the successful surface functionali-
zation of the IONPs.

2.2.2. Particle size, specific surface area, and morphologi-
cal characterization by DLS, BET, and SEM. For the compre-
hensive analysis of how the physiochemical properties of the
nanoparticles influence their biological effects, detailed
characterization of the synthesized IONPs is essential. Thus,
surface characterization methods, such as DLS, BET, and SEM,
were employed to ascertain the surface characteristics of the
synthesized DDSs.

The Zetasizer instrument uses the DLS technique to deter-
mine hydrodynamic diameter (size) and zeta potential values
of dispersed nanosystems. A Zetasizer from Malvern (B.2590
nano series), equipped with a 4 mW He-Ne laser (1 = 633 nm),
was used to perform DLS measurements with a dispersant
(water) refractive index of 1.330, ensuring accurate data acqui-
sition. These parameters provide insights into the particle size
distribution and colloidal stability of the synthesized IONPs.
For analysis, all the sample solutions were prepared in a buffer
at pH 7.4. Studies were performed at 25 °C with a quartz
cuvette with a 3 mL sample volume. The hydrodynamic dia-
meters of bare IONPs and different amino acid-coated IONPs
were observed to study changes in the hydrodynamic diameter
of the IONPs upon coating. Furthermore, zeta potential
measurement studies were conducted to assess the effect of
coating material on the colloidal stability of the synthesized
systems. Comparative studies between bare IONPs and amino
acid-coated IONPs highlight the impact of the coating
materials on the overall stability of the nanoparticles.

In addition to this, studies related to the specific surface
area of the synthesized formulations provide information
about their effectiveness as DDSs. BET analysis enables
specific surface area measurements of materials by employing
a completely automated analyzer to evaluate nitrogen multi-
layer adsorption as a function of relative pressure. A BET
instrument (Quanta Chrome version 5.0 — Autosorb iQ) was
used to study the specific surface area of the synthesized
systems and to examine how the surface coating affects their
specific surface area. Prior to measurement, samples were
degassed under vacuum for at least 8 hours at 60 °C, to remove
any adsorbed moisture or contaminants, ensuring the accuracy
of the results. The specific surface area was determined by N,
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adsorption-desorption isotherm analysis under cryogenic con-
ditions utilizing the multi-point BET method as a function of
relative pressure (p/po). A graph was plotted showing the
amount of nitrogen gas adsorbed by the particles (cm® g™* at
STP, on the y-axis) against relative pressure of the gas (P/P,, on
the x-axis), with an R* value of 0.99. The study examined the
effects of surface coatings on specific surface area, specifically
the presence of amino acids in the synthesized systems. This
data is essential for evaluating the potential effects of surface
modifications on the functional characteristics of IONPs, such
as drug loading efficiency and interaction with biomolecules.

Furthermore, to understand the morphology and topogra-
phical patterns, i.e., information about the surface features of
the bare IONPs and the amino acid-coated IONPs, SEM ana-
lysis was performed. For analysis, a field emission scanning
electron microscope (MIRA3 TESCAN) was employed. For
sample preparation, a small amount of sample was simply
dropped on a copper grid that had been coated with carbon to
ensure good conductivity and reduce charging effects during
imaging. Excess sample was wiped away to create a thin film of
the sample, and images were then recorded.

2.2.3. Mass spectrometry analysis. Mass spectrometry
studies provide the accurate molecular weight of the samples
being studied. Accurate molecular weight data is required for
the nanoparticle-biomolecule interaction studies; therefore,
Matrix-Assisted Laser Desorption/Ionization — Time of Flight
(MALDI - TOF) spectrometric analysis was performed. The
obtained molecular weight profile of the amino acid-coated
IONPs was studied to assess the change in the molecular
weight of the amino acids on coating. For sample analysis,
dihydrobenzoic acid (DHB) matrix solution (2 pL, 5 mg mL ™)
was mixed with each sample of amino acid-coated IONPs
(1 pL, 1 mg mL™"). From each resulting solution, spotting was
made onto the MALDI plate to ensure optimal sample ioniza-
tion during analysis. MALDI data were acquired over a mass
range of 399-1004 Da in the positive-ion reflector mode on a
4800 plus MALDI/TOF analyzer (AB Sciex, Singapore), enabling
the precise detection of molecular weights within the relevant
range. This analysis provided detailed molecular weight infor-
mation and confirmed the successful coating of IONPs with
amino acids.

2.3. Interaction studies of the synthesized nanoformulations
with biomolecules

Knowledge of nano-bio interfaces is linked to the intelligent
design of safe and effective DDSs. Therefore, it is important to
study how nanoformulations interact with biomolecules.
Calorimetric and spectroscopic investigations have been per-
formed to gain a comprehensive understanding of the inter-
actions taking place at the nano-bio interface.

2.3.1. Calorimetric study: isothermal titration calorimetric
study. An isothermal titration calorimetry instrument from
Malvern (MICRO CAL PEAQ-ITC) was used to determine the
thermodynamics of the interaction of the synthesized amino
acid-coated IONPs with DNA. For calorimetric experiments,
the exact concentration of biomolecules is required. To deter-
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mine the exact concentration of DNA, a UV-visible spectro-
photometer from SHIMADZU was used. The absorption
spectra were recorded at 260 nm for DNA (¢ = 13200 bp cm™"
M ").*® purity of DNA was ascertained by studying the absor-
bance ratio at 260 and 280 nm. An absorbance ratio (i.e., A0/
A,s0) of 1.85 signifies the essence of protein-free DNA.*

To determine the thermodynamic parameters of the inter-
actions, a DNA solution was prepared in PBS of 20 mM concen-
tration, and the same buffer solution was filled in a reference
cell. The sample cell was loaded with DNA at set concen-
trations of 100 pM, and a syringe was filled with variously pro-
duced IONP solutions. Different IONP solutions were also pre-
pared in the same buffer solution and injected into the sample
cell containing 200 pL of biomolecules using a computer-oper-
ated 40 pL syringe. The syringe concentration was optimized
for each experiment to obtain saturated heat on completion of
each titration. Each experimental analysis involved nineteen
sequential injections, starting with an initial 0.4 pL injection,
followed by eighteen, 2 pL injections with an interval of 150 s
between successive injections. All titrations were carried out at
a controlled stirring speed of 750 rpm throughout the experi-
ments, to ensure proper mixing of the solutions.

Calorimetric data analysis was performed by using the ITC
analysis software provided with the instrument. By integration
of the area under the peaks of the power-versus-time curve over
the entire course of the experiment, the enthalpy change
associated with each injection was determined. Dilution
experiments were carried out for each experimental analysis,
and dilution-corrected heats of interaction were plotted
against molar ratio and fitted to a single-site binding model to
obtain thermodynamic interaction parameters. To test the
reproducibility of results, all experiments were performed in
duplicate.

2.3.2. Spectroscopic study: fluorescence quenching assay.
Interactions between ligands and biomolecules were also
investigated by using fluorescence quenching experiments as
an additional tool. Experiments involving fluorescence
quenching were performed on a PerkinElmer LS-45 fluo-
rescence spectrometer. By its nature, DNA shows weak fluo-
rescent properties, which are insufficient to study fluorescence
quenching; therefore, a conventional intercalating fluorescent
dye, i.e., EtBr (ethidium bromide), was used to render DNA
fluorescent.>® Experiments were carried out with a cell made
up of quartz (path length = 1 cm) containing DNA and EtBr at
a set ratio of 5: 1. For this, DNA was used at a concentration of
50 pg mL~', while EtBr was maintained at 10 pg mL™". The
scanning rate was fixed at 900 nm min~*, and both the emis-
sion and excitation slit widths were precisely set at 10 nm.
Excitation was performed at 470 nm, and the emission spectra
were recorded over the range of 500 to 700 nm. Bare IONPs
and different amino acid-coated IONPs were incrementally
added to the DNA-EtBr solution, and the IONP concentration
was systematically varied to achieve significant quenching. The
fluorescence quenching spectra of DNA both in the absence
and in the presence of quencher molecules were recorded, and
the binding constant of interactions of the synthesized bare
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IONPs and different amino acid-coated IONPs with DNA was
calculated by using a modified Stern-Volmer equation.>®*’

In {@} =In k, + n In[Q] (1)

here, K, is the binding constant, [Q] corresponds to the molar
concentration of the quencher (i.e., synthesized IONPs), F, rep-
resents the fluorescence intensity of the DNA-EtBr complex in
the absence of a quencher, F represents the fluorescence inten-
sity of the DNA-EtBr complex in the presence of a quencher,
and n denotes the number of binding sites on the DNA.

2.4. Therapeutic efficiency determination of the synthesized
DDSs

DDSs offer the potential to improve therapeutic efficacy,
decrease toxicity, increase patient compliance, and facilitate
the development of novel medical therapies. Drug loading
studies in this regard can explain the efficiency of synthesized
nanoformulations as DDSs. Therefore, to ascertain the
efficiency of the synthesized IONPs, drug-loading studies with
the anti-cancer drug 5-FU were conducted. For this, a
Shimadzu UV-VIS spectrophotometer was employed, and the
absorbance of both 5-FU and 5-FU-loaded IONP samples was
recorded. These experimental analyses were based on the
determinations of the absorbance of 5-FU-loaded nano-
particles compared with free 5-FU.>® For this, different
aqueous solutions of IONPs and 5-FU were prepared in a
20 mM phosphate buffer solution in four different ratios, i.e.,
1:1,1:0.75,1:0.5, and 1:0.25. The absorbance maximum for
5-FU was recorded at 266 nm. To assess the drug-loading
efficiency over time, the absorbance of the supernatant of
5-FU-loaded IONP samples was studied at different time inter-
vals, i.e., 0 h, 2 h, 8 h, and 24 h of mixing, and the percentage
5-FU loading efficiency was calculated by using the equation:

. - Ay —A
Percentage 5-FU loading efficiency = ( OA ) x 100  (2)
0
here, A, represents the absorbance of 5-FU, and A represents
the absorbance of the supernatant solution of the 5FU-loaded
IONP systems.

3. Results and discussion

3.1. Comprehensive physiochemical characterization of bare
IONPs and amino-acid-coated IONPs

All the nanoformulations, ie., bare IONPs and amino acid-
coated IONP-based DDSs, were systematically prepared by co-
precipitation of Fe*" and Fe*" (2:1 molar ratio) in an alkaline
medium followed by in situ functionalization with the amino
acids. The formation of a black precipitate indicated the com-
pletion of the reaction and the formation of IONPs. For confir-
mation of the successful synthesis of the nanoformulations,
different spectroscopic and surface analysis techniques were
used.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.1.1. XRD and FTIR data analysis. Characterization tech-
niques such as XRD and FTIR are used for evaluating the
internal structure of synthesized systems. The XRD pattern
obtained for bare IONPs is shown in Fig. 1(b). Six diffraction
peaks were observed in the XRD pattern of the synthesized
nanosystems at 26 values around 30°, 35°, 43°, 53°, 57° and
62°, which corresponded to (220), (311), (400), (422), (511) and
(440) crystallographic lattice planes of the iron oxide structure.
The sharpness, relative intensity, and precise position of all
the diffraction peaks are in good agreement with standard
JCPDS Card No. 88-0315 for Fe;0, and confirm the successful
synthesis of the nanoparticles."””?*° Sharp peaks further
imply the good crystalline structure of the Fe;0, nanoparticles.
Further evidence from the data obtained for all the synthesized
systems, including glycine (Fig. 1(c)), alanine, aspartic acid,
tryptophan, serine, and threonine-coated IONPs, points to the
minimal impact of the coating material on the crystal structure
of the NP core in all the amino acid-coated samples (Fig. S2).
These results suggest that the amino acid coating on the
surface of the IONPs does not affect the crystal structure.

The FTIR spectra of bare IONPs are shown in Fig. 1(a)-(i).
The FTIR vibrational peak observed at around 570 cm™" is
ascribed to the Fe-O vibrational mode of Fe;O, and further
suggests the successful synthesis of the IONPs. The coating of
amino acids on the surface of the IONPs is confirmed by com-
paring the spectra of bare IONPs, pure amino acids, and
amino acid-coated IONPs. On comparing the FTIR spectra of

observed that the FTIR spectrum of glycine-coated IONPs exhi-

() (b)
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bits vibrational modes primarily corresponding to the charac-
teristic functional groups of glycine, with little shift.>"** The
asymmetric and symmetric stretching vibrations of the COO™
group in glycine, which are initially observed at 1600 cm™" and
1406 cm™ ', respectively, exhibited a shift to 1583 cm™" and
1393 cm™" upon surface coating of the IONPs with glycine.'
Therefore, the wavenumber separation between the shifted
asymmetric and symmetric stretching bands of the COO™
group, e, A = 190 cm™ ", is in accordance with the reported
value and implies a bridging bidentate type linkage of the
COO~ group to the Fe;0,.'* This complexation imparts a
partial single-bond character to C=0, due to which a slight
shift in frequency value was observed. In addition to this, the
absorption bands observed for pure glycine were sharp and
well-defined, whereas those corresponding to glycine-coated
IONPs were rather broad and shifted, suggesting interactions
between glycine molecules and the nanoparticle surface. A
broad band observed at around 3000 cm™' and a peak at
around 3118 cm™' correspond to the v; and v, vibration
modes of the NH;" group. These peaks were also observed in
the spectra of glycine-coated IONPs, without any change in
their position. These observations suggest that glycine is
linked to the IONP surface primarily through the COO™ group,
resulting in the amine (-NH,) group being freely exposed.
Similarly, on comparing the FTIR spectra of pure glycine and
pure alanine, it was observed that both amino acids exhibit
similar FTIR spectra. For this reason, alanine-coated IONPs
(Fig. S3(a)) also showed similarity in their spectra with glycine-
coated IONPs.
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Fig. 1 Characterization of bare IONPs and glycine-coated IONPs: (a) FTIR spectra of bare IONPs (i), glycine (i), and glycine IONPs (iii). XRD patterns
of (b) bare IONPs and (c) glycine IONPs. Multi-point BET plots of (d) bare IONPs and (e) glycine IONPs.
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Similar patterns of peaks were observed with aspartic acid,
serine, threonine, and tryptophan-coated IONPs, which
suggests the coating of different sets of amino acids onto the
surface of IONPs by bidentate chelation (Fig. S3). As an illus-
tration, distinctive groups of aspartic acid are -COOH and
NH,, therefore its spectrum shows peaks at around 3300 cm™,
2994 cm™, 1685 cm™", 1400 cm™", and 1112 cm™ " assigned to
N-H (vn.n), O-H (vo.n), C=0 (vc—o0), COO- (vcoon), and
C-NH, (vc_n), respectively.’*>* These peaks are also observed
in the FTIR spectra of aspartic acid-coated IONPs with a slight
shift in their absorption frequency and width of peaks
(Fig. S3(b)). Equivalently, for tryptophan-coated IONPs, in
addition to the characteristic bands of amino acids, modes
associated with pyrrole and benzene rings (1464 cm™,
1371-797 cm™'), are also observed in the spectra of trypto-
phan-coated IONPs (Fig. $3(c)).*® This again suggests the suc-
cessful coating of the amino acid tryptophan on the surface of
the IONPs. In a continuation of this, serine- and threonine-
coated IONPs display all the distinctive peaks of the amino
acids, and a vibrational mode with the frequency of the -O-H
group was also seen in the spectra of both serine- and threo-
nine-coated IONPs at around 3300 cm™" (Fig. S3(d) and (e)).
Thus, the FTIR results confirm the coating of amino acids
onto the surface of the IONPs through the carboxylate group,
whereas the amine group is freely exposed. From the obtained
FTIR spectra, it can be concluded that the respective amino
acids are linked to the IONP surface.

3.1.2. DLS, BET, and SEM data analysis. To elucidate the
effect of surface coating on the size and specific surface area
of IONPs, DLS and BET analyses were performed on different
amino acid-coated IONPs and bare IONPs. The average hydro-
dynamic diameter and corresponding specific surface area
value obtained for the synthesized systems are listed in
Table 1. From the data obtained, it was observed that the
hydrodynamic diameters of the different amino acid-coated
IONPs were greater than that of the bare IONPs. This provides
additional evidence that the nanoparticle surface has been
coated with the required amino acids. Additionally, the results
indicate that the hydrodynamic diameter of the alanine-coated
IONPs was greater than that of the glycine-coated IONPs, and
the hydrodynamic diameter of the threonine-coated IONPs was
greater than that of the serine-coated IONPs. In a continuation

Table 1 Hydrodynamic diameter, zeta potential, and specific surface
obtained from DLS and BET data for different amino acid-coated IONPs
adsorbed volume

Specific Zeta
S.  Synthesized Hydrodynamic surface potential
no. systems diameter (nm) area (m®>g™") (mV)
1 Bare IONPs 101.4 4.1 205.27 £ 14 -11.7 £ 1.1
2 Glycine IONPs 130.4 = 3.2 152.47 £ 11 —-29.6 £ 1.3
3 Alanine IONPs 138.1+3.1 128.58 £ 8 —-26.2+£1.9
4 Aspartic acid IONPs  170.9 + 2.2 112.27 +7 —-37.4+1.1
5  Tryptophan IONPs  181.5 +3.5 111.44+9  —21.5+3.7
6 Serine IONPs 155.5+4.3 122.46 £ 5 —-35.5£2.1
7 Threonine IONPs 167.5+ 3.3 118.68 £ 4 -33.9+£1.5
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of this, the tryptophan-coated IONPs were observed to have the
highest hydrodynamic diameter among all the synthesized
systems. This suggested that as the size of the amino acid used
for coating IONPs increases, the size of the resulting amino
acid-coated IONPs also increases. Consistent with the DLS
results, the results obtained from BET analysis show a decrease
in the specific surface area of the amino acid-coated IONPs
compared to that of the bare IONPs. The data also suggest that
alanine- and threonine-coated IONPs show lower specific
surface areas than their structural analogs glycine- and serine-
coated IONPs, respectively (Fig. S5). Additionally, tryptophan-
coated IONPs, which have the highest hydrodynamic diameter
among all the synthesized systems, presented the lowest
specific surface area value. Thus, findings from DLS and BET
analyses provide additional support for the successful surface
coating of IONPs with the respective amino acids.

Furthermore, results of zeta potential studies, listed in
Table 1, indicate that the zeta potential values of the amino
acid-coated IONPs were more negative than that of the bare
IONPs. This suggests that surface coating IONPs with amino
acids increases their colloidal stability. The obtained data also
suggest that the zeta potential values of polar amino acid-
coated IONPs, ie., aspartic acid, serine, and threonine-coated
IONPs, were more negative than non-polar amino acid-coated
IONPs, ie., glycine, alanine, and tryptophan-coated IONPs.

Thus, comprehensive statistical analysis of the hydro-
dynamic diameter, specific surface area, and zeta potential
demonstrates that amino acids used as coating material sig-
nificantly influence the physicochemical properties of IONPs.
Coating IONPs with larger amino acids markedly increases
their particle size while reducing their specific surface area,
and polar coatings further enhance negative surface charge,
boosting colloidal stability and effectively preventing aggrega-
tion. These trends provide compelling evidence for the suc-
cessful and controlled coating of IONPs, highlighting how
small variations in coating chemistry significantly influence
the physicochemical properties. Collectively, results offer criti-
cal insights for optimizing IONPs for highly efficient drug
delivery applications.

Additionally, images of the sample surface were obtained
with a targeted electron beam under SEM examination to
study the surface topography and composition. The acquired
images of bare IONPs (Fig. 2(a)) indicate that there is a positive
signature of agglomeration. In contrast, IONPs with glycine
and other amino acid coatings are all well dispersed and have
a spherical form in comparison to bare IONPs (Fig. 2(b)). From
the acquired images, it is also clear that the synthesized amino
acid-coated nanoformulations exhibit improved stability as
clearer images are obtained. Therefore, the observed SEM
images of bare IONPs and IONPs coated with amino acids
indicate the increased stability of IONPs on surface coating,
supporting the zeta potential results.

3.2. MALDI/TOF analysis

The exact molecular weight of amino acid-coated IONPs is fun-
damental to calculating the binding and thermodynamic para-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of bare and glycine-coated IONPs by SEM: SEM image of (a) bare IONPs and (b) glycine-coated IONPs.

meters of interactions in ITC and fluorescence quenching
studies. Therefore, MALDI/TOF analysis was used to obtain the
accurate molecular weight of amino acid-coated IONPs and
facilitate their direct comparison with bare IONPs. Fig. 3
shows the normalized signal intensity systematically plotted
against the molecular weight-to-charge ratio (m/z) of alanine-
coated IONPs. Previous studies demonstrated that the molar
mass of bare IONPs is 231.5 g mol *.*>*?*” Results obtained
from MALDI analysis suggested that the molecular weight of
alanine (Fig. 3), glycine, aspartic acid, tryptophan, serine, and
threonine-coated IONPs were 453.3, 414.2, 697.7, 717.6, 485.1,
and 525.2 g mol ™", respectively (Fig. S4). The increased mole-
cular weight of all the amino acid-coated IONPs further con-
firms the coating of the respective amino acids on the IONPs.
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Fig. 3 MALDI-TOF mass spectrum of alanine-coated IONPs.
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Subsequently, ITC and fluorescence quenching studies were
performed using the obtained molecular weight of the syn-
thesized amino acid-coated IONPs.

3.3. Calorimetric and spectroscopic insights into the nano-
bio-interface: comparative analysis of the effect of coating
material on DNA binding affinity of amino acid-coated IONPs
and bare IONPs

Understanding the nano-bio interface and the interaction
mechanism is important for determining the applicability of
the synthesized DDSs for biomedical applications. To develop
QSAR by quantitatively understanding the nano-bio interface,
it is crucial to correlate interaction parameters with the func-
tional groups of the coating material. ITC and fluorescence
emission techniques were employed to study the interaction
parameters of the different amino acid-coated IONPs and bare
IONPs with DNA. Comparison of the interaction parameters
between structurally different amino acid-coated IONPs and
bare IONPs with DNA can provide guidelines for developing
efficient coating materials for IONPs for different biomedical
applications. Fig. 4(a) represents ITC profiles illustrating the
binding interaction of the synthesized bare IONPs with DNA.
Raw data for heat rate (4W min~") is shown in the top panel of
the figure, whereas the bottom panel shows dilution-corrected
heat as a function of gradually increasing molar ratio of IONPs
to DNA. The solid bold line shows that the data points are
fitted with a single binding site interaction model, and quanti-
tative thermodynamic parameters are obtained.

Associated quantitative insights into the interactions of
bare IONPs with DNA are summarised in Table 2. The
obtained K;, = 1.3 x 10 * M™", with positive 4S;, and negative
AG, , suggests intercalative binding of bare IONPs with DNA,
which is both entropically favorable and spontaneous in
nature.”® The obtained AH,, and stoichiometry value (n)

RSC Pharm., 2025, 2,1603-1615 | 1609
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Table 2 Quantitative insights obtained into the interaction of bare and different amino acid-coated IONPs with DNA from isothermal titration

calorimetry studies (i) and fluorescence emission quenching studies (ii)

(i) Results obtained from isothermal titration calorimetry studies at pH 7.4 and 298 K

S.no.  Synthesized iron oxide nanoparticles K, (M™") AH;, (kJ mol™") AG;, (k] mol™) TAS, (K mol™") n

1 Bare IONPs (1.3+£0.1) x 10* (0.15 £ 0.01) (-23.5£0.2) (23.6 £ 0.2) (4.6 £0.31)
2 Glycine IONPs (1.4 £ 0.05) x 10° (-=1.02 £ 0.01) (-29.3 £0.11) (28.3 £ 0.21) (2.7+0.1)
3 Alanine IONPs (1.2 £ 0.03) x 10° (-0.56 + 0.02) (—28.9 £0.13) (28.4£0.11) (2.5+0.2)
4 Aspartic acid IONPs (5.1 £ 0.02) x 10° (—0.55 £ 0.6) (—32.6 £ 0.22) (32.0+0.14) (3.9+0.5)
5 Tryptophan IONPs (2.3 £0.9) x 10* (0.88 £ 0.09) (—25.0 £ 0.41) (25.9 £ 0.35) (1.9 £0.1)
6 Serine IONPs (6.4 +£0.2) x 10° (—0.63 £ 0.6) (—33.2 £0.21) (32.5+0.16) (2.7 £ 0.6)
7 Threonine IONPs (5.6 +0.09) x 10° (-1.60 = 0.5) (-32.9£0.12) (31.3+£0.21) (1.8+£0.2)
(ii) Results obtained from fluorescence quenching studies at pH 7.4 and 298 K

S. no. Synthesized iron oxide nanoparticles Ky M)

1 Bare IONPs (1.8 +0.2) x 10*
2 Glycine IONPs (2.0 £0.3) x 10°
3 Alanine IONPs (1.4 £0.1) x 10°
4 Aspartic acid IONPs (5.0 + 0.4) x 10°
5 Tryptophan IONPs (3.0 + 0.6) x 10*
6 Serine IONPs (6.4 +0.2) x 10°
7 Threonine IONPs (5.3+0.2)x 10°

suggest endothermic binding of approximately five molecules
of bare IONPs per DNA base pair. Further, fluorescence
quenching studies using the DNA-EtBr complex also validated
the intercalative mode of binding of bare IONPs with DNA

(Fig. 4b).

1610 | RSC Pharm., 2025, 2,1603-1615

The observed quantitative aspects of interactions of serine
and threonine-coated IONPs with DNA are listed in Table 2.
The obtained K;, value of the order of 10° indicates that both
systems bind to DNA strongly through an intercalative mode,

similar to that observed for standard intercalators.*®

Among

© 2025 The Author(s). Published by the Royal Society of Chemistry
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all the synthesized systems, serine-coated IONPs were found to
exhibit the strongest interaction with DNA. This could be due
to the presence of the hydroxyl group in the serine side chain,
which contributes to their highest binding with DNA.
Moreover, the binding constant obtained for threonine-coated
IONPs was somewhat lower than that for serine-coated IONPs.
This can be explained by serine and threonine having similar
functional groups, -CH,-OH and -CH(OH)-CHj, respectively,
but the presence of one extra -CH; group in threonine causes
a slight decrease in the K, value. Furthermore, the energy
values with positive AS,  suggest entropically favorable inter-
actions of the two formulations with DNA. Exothermic
enthalpy indicates the presence of H-bonding, and the nega-
tive AG,, value directly relates to the binding affinity for spon-
taneous binding between the synthesized systems and DNA.
Binding of around 3 molecules of serine-coated IONPs and
2 molecules of threonine-coated IONPs per base pair of DNA
was suggested by the obtained stoichiometry (n) values
(Fig. 5(e) and (f)).

On a similar line, glycine and alanine are also structural
analogs. The K;, value observed for glycine-coated IONPs was
slightly greater than that observed for alanine-coated IONPs
(Table 2). This indicates that a similar effect of one extra -CHjs
group on the K, value was observed for glycine- and alanine-
coated IONPs with DNA, as observed with serine and threo-
nine-coated IONPs. Lower K}, values for glycine- and alanine-
coated IONPs in comparison to serine- and threonine-coated
IONPs can be understood by considering that glycine and
alanine are devoid of any polar groups at the a-position, and
instead have non-polar -H and -CH3, respectively, and belong
to the class of aliphatic non-polar amino acids. Furthermore,
the K;, value for glycine- and alanine-coated IONPs was found
to be greater than that of bare IONPs with DNA, indicating
that even though glycine and alanine are non-polar amino
acids, the interactions of the corresponding amino acid-coated
formulations with DNA were stronger than those of bare
IONPs. Entropic support and the spontaneous nature of the
binding process are demonstrated by the positive AS, and
negative AG,, values. The obtained exothermic AH,, values for
both glycine- and alanine-coated IONPs indicate the presence
of hydrophilic contacts during the binding process. The
obtained n values suggest that around 3 molecules of both
glycine- and alanine-coated IONPs bind to each base pair of
DNA (Fig. 5(a) and (b)).

Continuing the series, the thermodynamic parameters
obtained from the calorimetric data of aspartic acid- and
tryptophan-coated IONPs with DNA are presented in Table 2.
The K;, value for aspartic acid- and tryptophan-coated IONPs
with DNA is higher than that of the bare IONPs. The obtained
thermodynamic parameters also suggest that, since aspartic
acid is a polar amino acid, the binding of aspartic acid-coated
IONPs was greater than that of non-polar glycine- and alanine-
coated IONPs. In addition, the obtained energy values suggest
the presence of hydrophilic, entropically supported, and spon-
taneous interactions. The stoichiometry value indicates
binding of 4 molecules of aspartic acid-coated IONPs per base

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pair of DNA (Fig. 5(c)). Moreover, tryptophan, with one aro-
matic residue (i.e., the indole moiety) at the f-carbon, is a non-
polar amino acid and has a bulky B-substituent. Therefore,
tryptophan-coated IONPs show a much lower Kj, value that is
approximately the same as that of bare IONPs, which also indi-
cates the presence of hydrophobic interactions, with a positive
AH,, value during the binding process. The obtained positive
AS; and negative AG, , together with the stoichiometry value,
point towards entropically supported and spontaneous
binding of 2 molecules of tryptophan-coated IONPs for each
base pair of DNA (Fig. 5(d)).

The findings of the calorimetric investigations on the DNA
binding constants for various amino acid-coated IONPs and
bare IONPs are as follows:

Serine-coated IONPs > threonine-coated IONPs > aspartic
acid-coated IONPs > glycine-coated IONPs > alanine-coated
IONPs > tryptophan-coated IONPs > bare IONPs.

To further elucidate the binding mode of bare IONPs and
the different amino acid-coated IONPs with DNA, and to comp-
lement the ITC results, EtBr displacement studies were per-
formed with the DNA-EtBr complex (Fig. 4(b) and 6). For ana-
lysis, the synthesized IONPs were incrementally titrated into
the DNA-EtBr solution in aliquots, which caused quenching of
fluorescence emission. This suggests that intercalated EtBr
molecules on the DNA are replaced by the synthesized
IONPs.***? Fig. 4(b) and 6 show the fluorescence emission
quenching spectra of the DNA-EtBr complex upon incremental
addition of bare and amino acid-coated IONPs, along with a
Stern-Volmer plot of log [(F, — F)/F] as a function of the log of
concentration of nanoparticles. Binding constant (K;,) values
for all the synthesized systems were calculated by applying the
modified Stern-Volmer equation (eqn (1)). The K, value
obtained from the ITC studies, of the order of 10* and 10°,
points to strong binding of the synthesized IONPs with DNA.
Similarly, complete quenching was observed for the DNA-EtBr
complex as the concentration of IONPs increased, and the K,
value of the order of 10* for bare IONPs with DNA (Fig. 4(b))
confirms the intercalation (Table 2). From the obtained K
values, it was also concluded that IONPs coated with amino
acids show even stronger interactions with DNA compared to
bare IONPs (Table 2). Moreover, the trend of binding constant
values for all the amino acid-coated IONPs in the fluorescence
studies complements the trend obtained in the ITC studies.
IONPs coated with polar amino acids show higher Kj, values in
comparison to IONPs coated with non-polar amino acids. The
K;, values of threonine- and alanine-coated IONPs, which were
seen to be smaller than their structural counterparts serine-
and glycine-coated IONPs, also show the impact of inclusion
of one extra -CH; group. Due to its bulky side chain (indole
group), tryptophan-coated IONPs were consistently shown to
have the lowest K}, values, which were roughly equivalent to
that of bare IONPs with DNA (Table 2).

Conclusively, the results obtained from the calorimetric
and fluorescence studies were observed to complement each
other and have significant clinical relevance. Interaction
studies demonstrated that polar amino acids exhibit greater

RSC Pharm., 2025, 2,1603-1615 | 1611
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Fig. 5 ITC profile of the interaction of the synthesized amino acid-coated

IONPs with 100 pM DNA at 298 K and pH 7.4: (a) glycine-coated IONPs;

(b) alanine-coated IONPs; (c) aspartic acid-coated IONPs; (d) tryptophan-coated IONPs; (e) serine-coated IONPs; (f) threonine-coated IONPs.

binding affinities when coated on the surface of IONPs than
non-polar amino acids. Thus, polar amino acids, by enhancing
the binding strength, offer a pathway to the design of DDSs
with superior DNA delivery efficiency. It was also noted that
the inclusion of one extra —-CH; group in threonine and
alanine compared to their respective structural counterparts,
serine and glycine, lowers the K, value. This again highlights
how even small structural differences in amino acid coatings

1612 | RSC Pharm., 2025, 2,1603-1615

significantly influence the therapeutic performance. Likewise,
tryptophan, with the largest side chain, has the lowest DNA
binding affinity, about equivalent to that of bare IONPs, which
demonstrates that steric hindrance from large substituents sig-
nificantly impairs biomolecular interactions. Such molecular-
level insights offer a blueprint for designing next-generation
nanomedicines that are safer and more effective in cancer
therapeutics. From all these obtained results, it is possible to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Fluorescence emission quenching graph of the complex formed by DNA-EtBr with increasing concentration of the synthesized amino acid-
coated IONPs: (a) glycine-coated IONPs; (b) alanine-coated IONPs; (c) aspartic acid-coated IONPs; (d) tryptophan-coated IONPs; (e) serine-coated

IONPs; (f) threonine-coated IONPs.

infer that surface functionalization of IONPs with amino acids
increases their ability to bind DNA, making them more
effective DDSs than IONPs on their own.

3.4. Quantitative determination of drug loading efficiency to
evaluate the efficacy of the synthesized DDSs

Drug loading efficiency of the synthesized IONPs was deter-
mined at four different ratios of nanoparticle to drug, as
detailed in the experimental section. The loading efficiency of
bare IONPs with 5-FU was observed to be around 20% at a
1:0.25 ratio.*® Different amino acid-coated formulations,
including serine, threonine, aspartic acid, glycine, alanine,
and tryptophan-coated IONPs, show drug loading efficiencies
of 71%, 62%, 60%, 45%, 40%, and 22%, respectively (Fig. 7).
These obtained values suggest that amino acid-coated nanofor-
mulation enables significantly better drug loading efficiency

© 2025 The Author(s). Published by the Royal Society of Chemistry

compared to bare IONPs,*® demonstrating their improved
efficiency as DDSs over bare IONPs. Among the different
amino acid-coated formulations, serine-coated IONPs showed
the highest loading efficiency, whereas threonine-coated
IONPs showed the second-highest drug-loading efficiency.
This difference can be ascribed to the fact that threonine has
an extra -CH; group in comparison to serine, which may
hinder its interactions. The loading efficiency of aspartic acid-
coated IONPs was also observed to be very close to that of the
threonine-coated IONPs. However, the loading efficiency of
glycine, alanine, and tryptophan-coated IONPs was found to
be on the lower side. Lower drug loading efficiency of alanine-
coated IONPs as compared to glycine-coated IONPs can again
be understood by considering the presence of one extra -CH;
group. Furthermore, the lowest drug loading efficiency of the
tryptophan-coated IONPs, which is almost equivalent to the

RSC Pharm., 2025, 2,1603-1615 | 1613
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Fig. 7 Drug loading efficiency profile of 5-FU on the synthesized iron
oxide nanoparticles at pH 7.4 and 37 °C.

loading efficiency of bare IONPs, signifies the influence of the
bulky side substituents of the coating material on their
loading efficiency. Drug loading data further suggest that polar
amino acids, when functionalized on the surface of the IONPs,
increase the loading efficiency of IONPs to a greater extent
than the non-polar amino acids. This is primarily attributed to
enhanced hydrogen-bonding interactions as well as stronger
electrostatic attractions.”® These findings imply that the
surface coating of IONPs with different sets of amino acids not
only enhances their interaction with the biological environ-
ment but also increases their efficiency for theranostics appli-
cations. Thus, the results have significant clinical implications
since they show that amino acid-coated IONPs can achieve sig-
nificantly higher drug loading efficiencies than bare IONPs,
allowing for the administration of higher drug doses. Various
literature reports suggested that different ligand-coated IONPs
exhibit excellent loading efficiency and hold strong therapeutic
potential. A report by Prabha et al. demonstrated that IONPs
coated with different ligands, such as chitosan, polyethylene
glycol, and polyvinylpyrrolidone, show very high Curcumin
loading efficiency and, hence, are potential candidates for
cancer therapeutics applications.** In addition to this, a report
by Kumar et al. demonstrated that glycine-coated IONPs
exhibited significant efficacy in the treatment of other diseases
such as visceral leishmaniasis, underscoring their therapeutic
potential.* Thus, coating IONPs with an appropriate ligand
improves treatment efficiency, reduces systemic toxicity, and
opens the door for next-generation, personalized theranostics
platforms that combine effective drug delivery with better
therapeutic outcomes.

4. Conclusion

In conclusion, in this study, we synthesized and characterized
different amino acid-coated IONPs along with bare IONPs to
quantitatively understand the nano-bio interface through
thermodynamics of interactions and therapeutic efficiency.
The interaction studies were carried out using ITC, comple-
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mented by fluorescence spectroscopy, to assess the binding
interactions and the mode of binding. Drug loading studies
with 5-FU were performed to evaluate the efficiency of IONPs
in drug delivery applications. Thermodynamic parameters of
interaction and therapeutic efficiency show that coating
materials with polar groups leads to better binding and
loading efficiency as compared to non-polar groups for IONPs,
and the addition of one CH; group slightly reduces the thera-
peutic efficiency. The results highlight the impact of size,
length of the side substituent, and type of amino acid utilized
on their interaction with biomolecules and drug loading
efficiency. The findings suggest that surface coating improves
both interaction with biomolecules and drug loading
efficiency, with the choice of coating material being a key
factor influencing the overall efficacy and performance of the
IONPs. The correlation of functional groups with the ener-
getics of interaction and activity will help developing guide-
lines for Al-based creation of effective DDSs.
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