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Linear versus Branched Peptide with Same Amino Acid
Sequence for Legumain-Targeting in Macrophages:
Targeting Efficiency and Bioimaging Potential
Jayasree S. Kanathasan,[a] Diivananthan Gunasagaram,[a] Shafi Ullah Khan,[b]

Uma D. Palanisamy,[c] Ammu Kutty Radhakrishnan,[c] Nafees Ahemad,[b] and
Varghese Swamy*[a]

The relative legumain-targeting efficiency of a Y-shaped
peptide and a linear peptide with the same amino acid
sequence was investigated using in vitro experiments and
computer simulations. Flow cytometry and fluorescence micro-
scopy of cell types with varying levels of legumain expression
(RAW 264.7, 4T1, MCF 10 A, MCF 7 and MDA MB 231) revealed
that the linear peptide has a higher legumain binding efficiency
in legumain-active cells compared to the Y-shaped peptide.
Peptide-protein docking simulations showed that the more
stable linear peptide binds at the active site of legumain,

whereas the Y-shaped peptide binds at a different site. The Y-
shaped peptide has its asparaginyl binding site (-Asn-) coiled
into an α-helix form, and this reduces access to legumain
binding. The linear peptide conjugated to fluorescent carbon
dots (CDs) displayed enhanced binding efficiency towards
legumain. The peptide-CDs conjugate nanoparticles are stable
under pH, temperature, and medium composition conditions
similar to that may be expected in tumor environments,
suggesting their high potential as a bioimaging agent.

A range of targeting ligands have been employed in nano-
particle based theranostic formulations intended for treatment
of cancer and other diseases.[1] In the case of cancer, the
ligands are expected to selectively localize the nanoparticle
formulations at tumor sites through specific interactions with
cell–surface receptors or other biomolecules in tumor cells or
tumor microenvironments, within the “active-targeting”
strategy.[2] Among the commonly investigated ligands are
monoclonal antibodies, polymers, nucleic acids, small mole-
cules, carbohydrates, peptides, aptamers, and proteins.[1] Pep-
tides have recently gained much attention as key ligand
materials for nanoparticle-based drug delivery and
bioimaging.[3] Peptide based formulations such as cilengitide
and angiopep-2[4] are already in use for treating various
diseases. The intrinsic advantages of nanoparticles, namely,
tailorable size, shape, and surface charge facilitate multi-
functionality, drug loading capability, enhanced retention and
circulation, and effective accumulation at the desired site.[5]

Surface functionalization of nanoparticles with a suitable

peptide can lead to further enhancements and modifications of
these nanoparticle advantages.

Peptides have several advantages as ligand materials.
Owing to their relatively small size, peptides form compact
nanoparticle coatings while maintaining the hydrodynamic
diameter of the nanoparticle-peptide conjugate within limits.
The specific properties of the peptide coating can be used to
regulate the physical stability and circulation of the nano-
particles. Peptides are low cost materials, easily produced via
solid-phase synthesis and functionalized using simple conjuga-
tion protocols. They offer the possibilities of lower immunoge-
nicity, increased stability of presentation, increased diffusion
and tissue penetration, and reduced binding to physiological
biomolecules when compared to full length proteins.[3] The
interactions of the peptide with biomolecules in the host can
either trigger macrophage recognition, phagocytosis and rapid
clearance, or limit the immunological response and thus
prolong circulation to ensure efficient accumulation in the
desired tissue.[3d] Peptides can thus facilitate nanoparticle
localization or penetration of cancer cell or tumor and drive
imaging, detection and therapy.

Various types of peptide have been investigated using
in vitro and in vivo techniques for their efficacies as nano-
medical agents.[3] Factors including length, natural or unnatural
amino acids present, geometry (linear, branched, or cyclic), pH-
sensitivity, and interactions with biomolecules such as enzymes
determine their physical and biological stability and therapeu-
tic or diagnostic efficacies.[3] Peptides with 10–15 amino acids
have been suggested in the past as ideal for nanomedicine, for
smaller peptides with less than 5 amino acids may degrade in
biological environments. However, longer cell-penetrating

[a] Dr. J. S. Kanathasan, D. Gunasagaram, Dr. V. Swamy
Mechanical Engineering Discipline, School of Engineering, Monash
University Malaysia, Jalan Lagoon Selatan, Bandar Sunway, 47500
Selangor, Malaysia
E-mail: varghese.swamy@monash.edu

[b] S. U. Khan, Dr. N. Ahemad
School of Pharmacy, Monash University Malaysia, Jalan Lagoon Selatan,
Bandar Sunway, 47500 Selangor, Malaysia

[c] Dr. U. D. Palanisamy, Prof. A. K. Radhakrishnan
Jeffrey Cheah School of Medicine and Health Sciences, Monash University
Malaysia, Jalan Lagoon Selatan, Bandar Sunway, 47500 Selangor, Malaysia

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/slct.202002161

ChemistrySelect
Full Papers
doi.org/10.1002/slct.202002161

9911ChemistrySelect 2020, 5, 9911–9919 © 2020 Wiley-VCH GmbH

Wiley VCH Montag, 24.08.2020
2032 / 176572 [S. 9911/9919] 1



peptides, with up to 30 amino acids, have been successfully
used.[6] Structurally, linear peptides with 2–10 amino acids are
more flexible in aqueous solution while those with up to 20
amino acids can develop secondary α-helices and β-strands.[7]

The longer peptides may undergo conformational changes in
the secondary structure upon binding to a receptor, potentially
influenced by hydrogen bonds, and can lead to higher binding
affinity.[8] Cyclized peptides have a propensity to develop β-
turns which can contribute to greater binding efficiency. Also,
the fixed geometry and improved cell penetrating ability of
cyclized peptides can confer better targeting efficiency com-
pared to linear peptides; however, depending on the amino
acid sequences in the peptide, the opposite case is also
possible.[9] Other than cyclization, peptides can also be
designed as Y-shaped structures that mimic the shape of
antibodies for better interaction with cells through the
branched extensions.[10] In addition to geometry, the amino
acid composition can determine the intended or unintended
consequences of a peptide in bio-applications. Polar amino
acids such as asparagine and glutamine, for example, can
produce insoluble amyloid fibrils that cause neurodegenerative
diseases, ultimately due to formation of β-structures with more
hydrogen bonds (compared to α-helices) in the amino acid
side-chains.[11] It is important to note that different orientations
of similar amino acids can have different impacts on the
conformational secondary structures, causing variations in
exposure to receptor binding sites. Computer-aided modeling
now allows free energy-based structure optimization of pep-
tides and predict the conformational changes in response to
ligand-receptor interactions and eventual binding efficiency.

Recently, Yan et al.[10] developed a Y-shaped peptide
capable of targeting legumain, an acidic cysteine endopepti-
dase that has recently emerged as a tumor biomarker owing to
its overexpression by tumor-associated macrophages and pro-
tumor M2 polarized macrophages within tumor microenviron-
ments of a range of cancers.[12] Legumain has a very high
specificity for hydrolysis of asparaginyl bonds after the P1 site
(Asn) of the substrates, and this can be used for targeting.
Synthesized intracellularly as prolegumain (56 kDa), legumain
auto-activates at acidic pH to an intermediate (46/47 kDa) form,
which undergoes further cleavage to the mature active
legumain (36 kDa).[13] The latter is recognized by a legumain
antibody included in the targeting formulation. The Y-shaped
legumain-targeting peptide (“Y-Leg”[10]) comprises an alanine
(Ala) – asparagine (Asn) – leucine (Leu) ‘targeting’ linear
(unbranched) segment and a branched histidine (His) – lysine
(Lys) ‘non-targeting’ segment. Lys in the non-targeting seg-
ment allows further functionalization with entities such as
nanoparticles, while His, thanks to its partially protonated
imidazole side chain, affords pH-specific (pH=5.4–6.5) inter-
actions. Through in vitro and in vivo studies, Yan et al.[10]

deduced that Y-leg, by conjugating the branched segment
(‘two-feet’) to nanoparticles, orients the targeting segment for
highly favorable and efficient interaction with legumain overex-
pressed in tumor microenvironments, providing a highly
promising ligand for tumor nanotheranostics.

We investigated using in vitro and in silico methodologies
two geometrically different peptides with the same amino acid
sequences à la Y-leg – a Y-shaped peptide and a linear
unbranched peptide (see Figure S1) – for their legumain-
targeting affinity. We refer to the two peptides as linear
legumain-targeting peptide (LLTP) and Y-shaped legumain-
targeting peptide (YLTP). In vitro cell line studies were
conducted using flow cytometry and confocal fluorescence
microscopy to determine the relative legumain-targeting

Figure 1. Flow cytometry analysis of legumain-targeting efficiency of LLTP
and YLTP towards RAW 264.7, 4T1, MCF 7 and MCF 10 A cells. The
percentage of cells in the “double positive” is shown on top in (a)–(l).

Figure 2. Left: All identified hotspots using blind docking approach. Right:
Orientation of cocrystal peptide, YVAD-CMK, and redocked pose of topmost
hit within the legumain protein. Cocrystal peptide is shown in green ball-
and-stick while the redocked one is shown in cyan colored ball-and-stick
representation.
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efficiency of the two peptides. Subsequently, molecular model-
ing was used to gain a deeper, structure-level understanding of
the legumain binding affinity of the two peptides. The LLTP,
the better performing of the two peptides, was then
conjugated with CDs as a cellular imaging vector and further
in vitro studies and stability assessments were carried out to
reveal the bioimaging potential of the formulation. CDs are
widely investigated for bio-applications including cellular
imaging owing to their excellent biomaterial attributes such as
ease of synthesis, tunable photoluminescence, photostability,

biocompatibility, noncytotoxicity, rapid clearance, excellent
solubility and stability in aqueous media.[14]

Results and Discussion

Legumain-targeting efficiency of LLTP and YLTP:
experimental results

Flow cytometry was used to quantify the targeting efficiency of
the two geometrically different peptides towards legumain in
four cell types: three tumor cells, namely, RAW 264.7 (ATCC®
TIB-71™), 4T1 (ATCC® CRL-2539™), and MCF 7 (ATCC® HTB-
22™); and the fourth, the non-malignant MCF 10 A (ATCC®
CRL-10317™). The legumain activity on the cells was recog-

Figure 3. Binding orientation of docked cocrystal peptide (light blue), LLTP
(purple), and YLTP (dark green) with legumain.

Figure 4. Characteristics of the CDs. (a) Electron micrograph of CD aggre-
gates. (b) HRTEM image of lattice fringes. (c) EDX analysis. (d) Raman
spectrum showing the D and G bands. (e) Hydrodynamic size distribution.

Figure 5. FTIR spectrum of CDs (a), LLTP (b), and LLTP-CDs conjugate (c).

Figure 6. Hydrodynamic size and zeta potential of the CDs and the LLTP-CDs
nanoparticles as a function of pH, temperature, and medium composition.
Trend lines are shown as guide to the eye.
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nized using fluorescence from allophycocyanin (APC) while
fluorescein isothiocyanate (FITC) fluorescence signal allowed
recognition of peptide binding. Binding of the peptide at the
carboxyl-bonded asparaginyl site activates legumain at acidic
pH of ∼5.4–6.5. The active form of legumain is bound by an
anti-legumain primary antibody that has high specificity
towards activated legumain. The anti-legumain primary anti-
body binding to legumain on the cell surface is detected using
an APC-tagged secondary antibody.

The flow cytometry results are presented in Figure 1. The
upper right (“double positive”) quadrant in each subpanel (a)–
(l) represents the cell population recording both FITC and APC
fluorescence events, in effect, the legumain-targeting efficiency
of the peptide. The unstained cells [Figure 1 (a), (d), (g), and (j)]
act as negative control, and clearly do not show significant FITC
and APC fluorescence counts. Upon treating with the LLTP,
double positive binding was recorded at 61.0%, 4.2%, 0.1%
and 0.0%, respectively for RAW 264.7, 4T1, MCF 7, and MCF
10 A cells [Figure 1 (b), (e), (h) and (k)]. In comparison, the
YLTP-treated cells yielded double positive population of 52.7%,
7.2%, 0.6% and 0.5%, respectively for RAW 264.7, 4T1, MCF 7,
and MCF 10 A cells [Figure 1 (c), (f), (i) and (l)]. Both peptides
show good targeting efficiency towards RAW 264.7 cells which
are known to have high expression of legumain.[15] In contrast,

the very low to almost absent double positive populations for
4T1, MCF 7, and MCF 10 A cells suggest very low legumain
expression on these cells. (The slightly higher targeting by the
YLTP in the latter three cell types may be considered of no
significance from a bioimaging perspective.) These findings are
in excellent agreement with previous studies that reported low
legumain expression by these cells in culture.[16] The extremely
low legumain expression by the 4T1, MCF 7, and MCF 10 A cells
in culture may be explained by the fact that legumain being a
stress-induced protein, its expression is influenced by cytokines
produced in real tumor microenvironments.[15a] It was shown
that the legumain activity in culture 4T1 cells was one-third
when compared to that in solid tumors induced in a mouse
model following inoculation with the 4T1 cells.[13b] To summa-
rize, the LLTP shows relatively higher targeting efficiency
compared to the YLTP in legumain expressing cells such as
RAW 264.7 macrophages.

The legumain-targeting affinity of the two peptides was
further investigated qualitatively using fluorescence micro-
scopy on peptide-treated RAW 264.7, 4T1, and MDA MB 231
(ATCC® HTB-26™) cells with 4’,6-diamidino-2-phenylindole
(DAPI) and APC as fluorochromes. The fluorescence from the
cells conform to the flow cytometry results: the maximum red
fluorescence is observed for RAW 264.7 cells followed by

Figure 7. Cell population distributions for unstained cells [(a), (f), and (k)] and cells treated with CDs [(b), (g), and (l)], LLTP-CDs [(c), (h), and (m)], legumain
antibody [(d), (i), and (n)], and both LLTP-CDs and legumain antibody [(e), (j), and (o)]. The percentage “double positive” population is shown on the top of
each subpanel.
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moderate fluorescence from MDA MB 231 cells, and no
fluorescence from 4T1 cells (Figure S2). The lower fluorescence
observed for MDA MB 231 cells suggests lower legumain
activity, in agreement with previous work.[17] The red APC

fluorescence is denser in the LLTP treated cells compared to
that in the YLTP treated cells. Our flow cytometry and
fluorescence microscopy data thus confirm that the LLTP has a
higher legumain binding affinity compared to the YLTP, though

Figure 8. Fluorescence microscopy images showing cellular association of the CDs and the LLTP-CDs with RAW 264.7, MDA MB 231, and 4T1 cells. (a)
Fluorescence from the CDs excited by a green laser (λ=488 nm). (b) Fluorescence from the CDs excited by a red laser (λ=638 nm). (c) Fluorescence from DAPI
excited by UV laser (λ=325 nm) showing cell nuclei. (d) Merged image. Scale bar: 20 μm.
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we anticipated the YLTP to yield higher binding efficiency on
the basis of the proposed structurally dictated binding
model.[10] In order to gain a deeper, structure-level under-
standing of the legumain-targeting affinity of the two peptides,
we carried out computational modeling of the peptide
structures and peptide-legumain docking using forcefield
approaches.

Peptide geometry and peptide-legumain docking from
molecular modeling

Peptide-protein docking results obtained using ZDOCK and
RDOCK approaches[18] are discussed below. ZDOCK seeks to
identify molecular surface complementarity by efficiently
exploring the six degrees of translational and rotational free-
dom using the fast Fourier transform technique whilst RDOCK
refinement is based on CHARMM energy minimization and a
re-ranking of the predicted poses using a free energy scoring
function composed of electrostatic energy and desolvation
energy calculated by the atomic contact energy method.[19]

Redocking of cocrystal peptide identified consistent bind-
ing pocket within the top cluster and topmost hits result.[12d]

RMSD value between cocrystal and redock peptide was 0.189 Å
(Figure 2). Binding orientation was also consistent with the
crystallized equivalent, validating our docking protocol (Ta-
ble S1).

In the absence of crystal structure data for the LLTP and the
YLTP complex with legumain that would reveal detailed
contact residues, we used a docking procedure to compare
legumain binding to the two peptides. For each peptide, the
top-ranked poses form clusters that reveal the stable binding
mode and were analyzed (Figure 3). Among the docked poses
in the cluster, the residues in the binding loop region of the
peptide tend to exhibit much smaller backbone RMSD values
than regions in the rest of the molecule. Although protein
sidechain movements among the binding interface residues
were observed after the RDOCK refinement, the backbone
conformation changes were minor. Among the three peptides
tested (cocrystal 4mer peptide, LLTP and YLTP), the LLTP comes
out as the most stable form (Table S2) with the lowest
minimized energy or E_RDOCK value (-20.44 kcalmol@1), fol-
lowed by YLTP (@18.05 kcalmol@1) and redocked cocrystal
(@17.39 kcalmol@1). The largest negative E_RDOCK value
obtained for the LLTP indicates its relatively stronger inter-
action with the protein compared to the other two.

Interestingly, for the legumain-LLTP complex, the top
ranked amongst the 100 RDOCK predicted poses are clustered
around a common binding mode, the active site of legumain.
Also, the LLTP shows similar binding orientation to the
cocrystal peptide, at legumain’s active site (Figure 3). This
finding for the legumain-LLTP complex is consistent with x-ray
crystallographic data for the cocrystal (YVAD_CMK) complex
with legumain. Moreover, the LLTP has the highest ZDOCK
score of 9.54 (Table S2) and the highest binding affinity
towards the legumain active site.

For the legumain-YLTP complex, top eight ranked of the
100 RDOCK predicted poses show similar clustering. The most

stable orientation of the YLTP with higher negative ZDOCK
score was found to be at a different location to the binding
location of the cocrystal peptide and LLTP. This can be
explained by the change in shape of the YLTP in its most stable
configuration with its asparaginyl legumain binding site (-Asn-)
coiled into an α-helix form. This modification may reduce
access for the peptide’s binding site to the legumain active site.
The experimentally observed lower legumain targeting effi-
ciency of the YLTP may reflect the altered conformation of the
stable YLTP structure.

Several intermolecular hydrogen bonds consistently formed
between peptide and legumain in the peptide-legumain
complex (Figures S3 and S4). The LLTP amino acids formed
eight hydrogen bond interactions with legumain: three at Lys-
3, one at His-4, two at His-6, and one each at Asn-8 and Ala-10.
In contrast, the YLTP amino acids formed only five hydrogen
bond interactions with legumain: one at His-4, two at Asn-8,
and two at Ala-9. Thus, the LLTP-legumain complex with more
hydrogen bonded interactions is more stable compared to the
YLTP-legumain complex, consistent with the E_RDOCK values
(Table S2).

The docking simulations provide a quantitative energetic
picture that supports the experimental results: relatively
stronger legumain-binding affinity of the LLTP. Moreover, the
docking results revealed that the backbone geometry is not
significantly changed in the complex. For a fuller picture of
binding, structural flexibility of the two peptides, as may be
revealed in a molecular dynamics simulation, is necessary.
Although the docking results are suggestive only in the
absence of crystal structure data, they are consistent with data
for the cocrystal peptide–protein complex, stressing the role of
anchor and latch residues acting in conjunction with a weakly
bound, native like conformation in the formation of high
affinity complexes.[20] Our further in vitro studies were per-
formed using the better-performing LLTP (without FITC) in
combination with fluorescent CDs for cellular imaging.

Characteristics of the as-synthesized CDs and the LLTP-CDs
conjugate

The CD nanoparticles[23] appeared as circular aggregates under
the electron microscope (Figure 4(a)) and lattice fringes with an
interplanar spacing of 0.32 nm (Figure 4(b)), corresponding to
the (002) crystallographic plane of graphite (JCPDS card 75–
1621), were observed at high resolution. The predominant
hydrodynamic diameter of the CDs is ∼7.5 nm (Figure 4(e)).
The zeta potential measured for the CDs is @15.5�6.3 mV,
indicative of the presence of negatively charged functional
groups (e.g., carboxyl).[21] Figure 4(d) shows the characteristic
Raman spectral region of the CDs deconvoluted into D, D*, *,
and G components following Dervishi et al.[22] The disorder-
induced D band and the in-plane C@C deformational G band
are around 1378 cm@1 and 1600 cm@1, respectively. The EDX
analysis of CDs (Figure 4(c)) shows carbon (85.7%), oxygen
(9%), and minor Pt (from the coating). It can be concluded
from the above that graphitic CDs with an average diameter of
7.5 nm was successfully synthesized.
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The LLTP-CDs nanoparticles obtained using the microwave
method[23] have average size of ∼120 nm and contain signifi-
cant amount of N in addition to C and O, contributed by the
peptide amino groups (Figure S6). The LLTP-CDs nanoparticles
yield zeta potential value of @21.8�0.9 mV, indicating pres-
ence of negatively charged surface functional groups.

The FTIR spectra shown in Figure 5 indicate the molecular
vibrational responses of various functional groups present in
the CDs, the LLTP, and the LLTP-CDs conjugate. The CDs show
FTIR bands due to O@H stretching, N@H stretching (3430 cm@1,
3260 cm@1 and 3090 cm@1), C@H stretching (∼2940 cm@1),@C=O
stretching (∼1650 cm@1), C@O stretching/C@H bending
(1392 cm@1), and C@OH stretching (1222 cm@1)[24] [Figure 5(a)].
The 1568 cm@1 and ∼700 cm@1 bands correspond to N@H or
@NH2 bending vibrations in the amide bond. Thus, the FTIR
spectrum indicates hydroxyl, amino, and possibly carboxyl
(although the characteristic carboxylic bands around 1710 cm@1

and 1150 cm@1 are not obvious) groups on the CDs.
The spectrum of the LLTP (Figure 5(b)) shows the character-

istic amide I, amide II, and amide III bands. The bands due to
N@H vibrations (933 cm@1), C@O stretching (1003 cm@1), N@H
bending (1118 cm@1), C@N stretching (1230 cm@1), C@H and
N@H vibrations (1342 cm@1), and C@O bending of carboxylic
groups (1473 cm@1) are observed.[24] The FTIR spectrum of the
LLTP-CDs conjugate (Figure 5(c)) appears as a combination of
the other two. The asymmetric/symmetric stretching modes of
the methylene group are clearly seen at 2920 cm@1 and
2862 cm@1. N@H bending and C@N stretching (1074-1382 cm@1),
and C=O stretching (1600-1700 cm@1) bands of amide I, and
C@N stretching and N@H bending of amide II (1550-1632 cm@1)
are seen.[23] The new band at 1074 cm@1 (C@O stretching)
appears to be due to the conjugation of LLTP and CDs. The
significant intensity enhancements of the bands around 1000–
1200 cm@1 and ∼700 cm@1 may suggest covalent bonding
between the CDs and the LLTP, as CDs are known to adsorb
macromolecules (proteins, polysaccharides) through electro-
static or π–π bonds.

The synthesis parameters and physical/chemical nature of
the CDs significantly affect the optical properties.[14] The
reactant ratio, reaction temperature, particle size, oxygen
content (for example, attached COOH group), etc determine
the UV-visible light absorption and photoluminescence (PL)
characteristics.[25] An UV-visible light absorption maximum∼330 nm with a tail towards the blue-green region was
observed for the CDs (Figure S7), similar to that reported for 7–
11 nm graphene dots[14c] and ∼360 nm peak for CA-derived∼15 nm CDs,[25b] possibly suggesting size-dependent redshift of
the absorption maximum. This absorption peak is commonly
assigned to energy absorbed in the n–π* electron transition of
the conjugated C@O or C@N group.[25] The absorption maximum
shifts to ∼340 nm for the LLTP-CDs conjugate (Figure S7). The
useful PL of the CDs and LLTP-CDs conjugate is clearly seen in
our PL/fluorescence data (Figure S7).

Stability of the CDs and the LLTP-CDs nanoparticles

The stability of the nanoparticles was studied by monitoring
the hydrodynamic size and zeta potential under various
medium composition, pH, and temperature conditions relevant
to bioimaging (Figure 6). The hydrodynamic size of the CDs is
not significantly affected by varying pH, temperature, and
medium composition. However, the zeta potential value of the
CDs is sensitive to varying pH: decreasing steadily with
increasing pH. The zeta potential is also sensitive to medium
composition, but less sensitive to temperature variation. This is
understandable in that variations in the pH and medium
composition can result in direct chemical modifications of the
surface functional groups via protonation/deprotonation or
other possible reactions.[26]

The hydrodynamic size of the LLTP-CDs nanoparticles
decreases slightly with increase in pH and temperature (Fig-
ure 6). The zeta potential value of the LLTP-CDs conjugate is
nearly constant across the temperature range and in the pH
range of 2–8. The more negative zeta potential at pH>8
suggests deprotonation of the amino group.[24a] Medium
composition has a small effect on the zeta potential of the
conjugate, suggesting possible chemical interactions between
the CD-peptide functional groups and the medium. Overall, the
nanoparticles appear stable under conditions relevant to
bioimaging.

Knowledge of the optical properties under relevant pH
conditions is a prerequisite for use of fluorescent nanomaterials
as bioimaging agents. We have, therefore, briefly explored the
effect of pH on the UV-visible light absorption and bandgap
energies of the as-prepared and functionalized CDs. Published
work largely examined the pH effect on PL. A small number of
investigations have focused on the UV-visible light absorption,
reporting contradictory results: some suggested significant pH
dependence on the absorption[26,27] while others observing
virtually no pH dependence.[28] Our data suggest a consistent
blueshift of the absorption maximum with increasing pH
(Figure S8), similar to recently reported results.[27c] The calcu-
lated bandgap energy values increase, correspondingly, with
increasing pH (Figure S8). Our bandgap energies are compara-
ble to published data.[14c] In CDs with hydroxyl and carboxylic
surface functional groups, the pH-dependent light absorption
has been attributed to deprotonation of the functional
groups.[26] Our interest here is not concerned with the reasons
for this behavior, rather to demonstrate that the nanoparticle
formulations with the observed optical property reliability and
physical stability under physiologically relevant pH, temper-
ature, and medium composition conditions can be used for
efficient bioimaging.

Legumain-targeting efficiency of the LLTP-CDs conjugate

Flow cytometry data on the legumain-binding efficiency of the
LLTP-CDs formulation in RAW 264.7, MDA MB 231, and 4T1 cells
are shown in Figure 7. Untreated cells and cells treated with
CDs, LLTP-CDs, legumain antibody (negative control), and both
LLTP-CDs and legumain antibody are included. The zero or
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near-zero double positive population suggests absence of
legumain-targeting in the control samples and virtually no
targeting in cells incubated with only CDs, LLTP-CDs particles,
or legumain antibody. By contrast, RAW 264.7 cells treated with
both LLTP-CDs and legumain-antibody show exceptionally high
targeting (75.1�1%) while similarly treated MDA MB 231 cells
suggest moderate targeting (24.1�1%) and 4T1 cells recording
very low targeting (2.43�0.2%). The LLTP-CDs nanoparticles
appear to present higher peptide concentration to the cells
compared to unconjugated LLTP (cf. Figure 1). The fluorescence
microscopy images of the above three cell types treated with
the CDs or the LLTP-CDs conjugate and stained with DAPI
(Figure 8) corroborate the flow cytometry results: the highest
level of fluorescence in RAW 264.7 cells, followed by MDA MB
231 cells, and very low fluorescence in 4T1 cells. Thus, the
fluorescence distribution is consistent with the legumain
expression levels in the cell types, and suggest a high
bioimaging potential for the LLTP-CDs formulation in legu-
main-expressing cells.

Conclusion

Flow cytometry and fluorescence microscopy of peptide-
treated RAW 264.7, 4T1, MCF 10 A, MCF 7 and MDA MB 231
cells revealed that the LLTP has a higher legumain binding
efficiency compared to the YLTP in legumain-active cell types.
Computational structure optimization of LLTP, YLTP, and a
4mer cocrystal peptide suggested that a linear LLTP is the most
stable of the three, while the stable YLTP configuration has its
asparaginyl binding site (-Asn-) coiled into an α-helix form.
Peptide-legumain docking simulations revealed that the LLTP
and the cocrystal peptide have similar binding orientation,
both binding at legumain’s active site with a higher binding
affinity for the former. The YLTP-legumain binding occurs at a
different site due to the coiled shape of the asparaginyl binding
site in YLTP, and this possibly explains its lower experimentally
observed targeting efficiency. Moreover, higher hydrogen
bonding between the LLTP amino acids and legumain
compared to that between the YLTP amino acids and legumain
leads to a more stable LLTP-legumain conjugation. Flow
cytometry and fluorescence imaging of the LLTP-CDs nano-
particles treated cell lines revealed enhanced binding efficiency
of the conjugate nanoparticles towards legumain, the cellular
targeting being proportional to the legumain expression level
in the different cell types. We recommend the LLTP as an
efficient legumain-targeting ligand for use in conjunction with
a suitable fluorochrome such as CDs for bioimaging in
legumain-expressing cells.

Supporting Information Summary

The experimental and computational methods are detailed in
the Supporting Information. These include commercial materi-
als used and materials synthesized and their characterization,
in vitro methods (cell culture, flow cytometry, fluorescence
microscopy), stability studies, and details of the computational
studies concerning peptide stability and peptide-legumain

docking. In addition, the chemical structures of the peptides,
fluorescence microscopy images of the peptide-treated cell
types, TEM images and optical properties of the synthesized
CDs and peptide-CDs conjugate, and ball-and-spoke models of
peptide-legumain complexes are included in Supporting
Information.
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