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ABSTRACT: Peptide-based capping agents for gold nano-
particles (GNPs) are possible alternatives for capping and
derivatizing GNPs, but suffer from a major disadvantage of
sensitivity toward non specific proteases, which may limit their
in vivo utility. Using non-natural analogs of natural α-amino
acids offer an attractive alternate strategy to circumvent this
potential bottleneck in realizing full potential of peptide based
capping gents for GNPs for biological applications. Here, we have
designed and developed pentapeptides containing non-natural
amino acid (α,β-dehydrophenylalanine and α-aminoisobutyric
acid) as capping agents for GNPs. All these peptides were able to
efficiently cap GNPs and peptide induced aggregation was not observed. Peptide capped GNPs showed minimal cytotoxicity to
mammalian cell lines (HeLa and L929) as well as mice spleenocytes. They encapsulated small drug like molecules and peptide capped
GNPs entrapping drugs were more efficient in killing HeLa cells compared to the free drug. Therefore, these non-natural amino acid
containing peptide-capped GNPs may be further developed as alternate drug delivery vehicles.
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1. INTRODUCTION

Gold nanoparticles (GNPs) have found wide applications in the
field of biomedical sciences because of their unique optical
properties and amenability to functionalization with biomole-
cules as well as drugs.1−6 Stability under physiological conditions
is a prerequisite for such in vivo applications.6−8 Because of high
surface energy, GNPs tend to aggregate in ionic solutions that
limit their applications. To overcome this limitation, GNPs are
coated with organic molecules, which reduces the surface energy
of GNPs and thus provide increased solubility in ionic
solution.9,10 Various thiol ligands with hydrophilic end groups
as well as polymeric capping agents have been used previously
to increase stability of GNPs.2,11−13 Thiol ligands form self-
assembling monolayers (SAM) on GNPs and are considered better
as the size change in nanoparticles after capping is minimum and
provide ease of functionalization.14,15 Various self-assembling
ligands have been described such as alkanethiols and peptides.9,14−16

Amino terminus cysteine-containing peptides have been shown
as efficient capping agents for various metal nanoparticles.17,18

Theminimal requirements for a peptide to act as a robust capping
agent for GNPs have been investigated previously.19 A cysteine at
the N-terminus of peptide is required for metal binding, a core of
hydrophobic amino acids for packing and polar amino-acids at the
C-terminus of peptide to provide solubility in physiological
environments. Moreover, these peptides can prevent aggrega-
tion of GNPs induced by salts and are amenable for easy
functionalization for biomolecular recognition.19−21 Although
peptide-based capping agents offer a myriad of potential toward
solubility and functionalization of nanoparticles,22 yet their
comparative instability toward proteases may be a key concern

in realizing their full potential in biomedical applications.23−25

In fact, a recent study has shown that almost one-third of the
peptides derived from biological sources are susceptible to
degradation by Cathepsin L protease.24 Particularly, pentapeptide
CALNN, which was recently used as capping agent for GNPs,
was cleaved by Cathepsin L.24 Such vulnerability to biological
proteases greatly limits the use of peptide-capped GNPs for
biological applications. However, using non-natural amino acids
containing peptides could be an attractive alternative to the
natural α-amino acid containing peptides, as they are known to be
relatively stable to the action of biological proteases23,26,27

Here, we have designed, synthesized and investigated the
capping efficiency of GNPs by a series of pentapeptides
incorporating non-natural amino acids (α,β-dehydrophenylala-
nine, ΔPhe; and α-aminoisobutyric acid, Aib). The phenyl-
alanine analog ΔPhe, contains a double bond between Cα and
Cβ atoms, whereas Aib is alanine analog with an additional
methyl group at Cα. Introduction of ΔPhe and Aib in peptide
sequences is well-known to provide them increased resistance
toward enzymatic degradation.23,28−30 Peptide capped GNPs
were further characterized by UV−vis spectroscopy, dynamic
light scattering (DLS), electron microscopy (EM), and agarose
gel electrophoresis. Cellular uptake and cytotoxicity of peptide
capped GNPs on mammalian cells was also studied. We further
investigated the ability of these peptide capped GNPs to
encapsulate and release various drugs to mammalian cells.
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2. MATERIALS AND METHODS
2.1. Synthesis and Characterization of GNPs. The synthesis of

GNPs was carried out according to Turkevich et al. as described
previously.31,32 Briefly, 100 mL of 1 mM hydroauric chloride (HAuCL4)
was reduced with sodium citrate (10 mL, 38.8 mM) under refluxing
condition. The reaction mixture was stirred for 30 min to obtain a dark
red solution. After the pH of the solution was adjusted to 7.0 with
aqueous NaOH, the solution was filtered and stored at room
temperature. To determine the molarity and size of GNPs, we carried
out UV−visible spectroscopy in 400−800 nm range using 1 cm path
length cuvette. Dynamic light scattering (DLS) and transmission electron
microscope (TEM) was used to check the size distribution of GNPs.
2.2. Synthesis and Characterization of Peptides. All peptides

were synthesized using standard Fluorenylmethyloxycarbonyl (Fmoc)
chemistry on Wang’s resin (0.75 mmol/g) as described previously.29

N,N′-Diisopropylcarbodiimide (DIPCDI) and N-hydroxybenzotriazole
(HOBt) were used as coupling agents and Fmoc was removed using
20% piperidine in Dimethylformamide (DMF). Amino acid coupling
and Fmoc deprotection were examined by Kaiser test.33 ΔPhe was
incorporated into peptides using Fmoc-X-ΔPhe azalactone dipeptide
block and coupling was done overnight in DMF.29,34 After the
completion of peptide synthesis and subsequent Fmoc removal, the
resin was washed extensively with DMF, dichloromethane (DCM), and
methanol and dried in a vacuum-desiccator. The cleavage of peptides
from the resin was carried out using Reagent R (Trifluoroacetic acid
(TFA):thioanisole: ethanedithiol (EDT):anisole, 90:5:3:2) for 3 h at
room temperature. After resin removal by filtration, the peptide was
precipitated from cleavage mixture by adding cold anhydrous diethyl
ether. Further, the precipitate was washed with ether and lyophilized
from acetic acid:water (10%, v/v). The peptides were purified by
preparative reverse phase HPLC on C18 column using linear gradient of
acetonitrile−water (5−75% acetonitrile, 0.1%TFA/water, 0.1% TFA) as
described earlier.35 The purified peptides were verified by electrospray
ionization mass spectrometry.
2.3. Capping of GNPs with Peptide and Characterization of

the Capped GNPs. Peptide-capped GNPs were obtained by mixing
GNPs and peptides(10:1, v/v) in phosphate buffer as described
previously with slight modifications.19 Peptide-capped GNPs were
characterized by UV−visible spectrometry, DLS, gel electrophoresis and
TEM. To check salt-induced aggregation, we calculated the aggregation
parameter (AP) using UV−vis spectrometry, which is defined as
AP = (A− A0)/A0, where A is the integrated absorbance (600−700 nm)
of the sample at different concentration of salt and A0 is the integrated
absorbance (600−700 nm) of the starting GNPs.19 For AP determina-
tion, were incubated samples for 30 min before taking absorbance.
2.3.1. Agarose Gel Electrophoresis. Electrophoresis of GNPs and

peptide capped GNPs was carried out using 1% (w/v) agarose gel
electrophoresis as described previously.36 Equal volume of samples and
Ficol (20%) was mixed for loading on to gels and electrophoresis was
done at 70 V/cm for 30 min using 1XTAE as running buffer. After the
separation, peptide-capped GNPs were detected as red band.
2.3.2. Electron Microscopy. Peptide capped GNPs were prepared as

described above for observation under transmission electron micro-
scope (TEM). Samples were adsorbed on carbon coated Formvar film,
negative stained with 1% uranyl acetate and visualized by TEM (Tecnai
12 TWIN, FEINetherlands) at 120 kV. Size of GNPs was determined by
analyzing TEM images using Analysis III software.
2.3.3. Circular Dichroism (CD). CD spectra of peptide and peptide

capped GNPs were recorded under conditions described previously
with slight modification.37 A quartz cuvette of 0.5 cm path length was
used and spectra were taken in 10 mM phosphate buffer with a response
time of 4 s (scan speed 100 nm/min). Five scans were averaged for the
spectra analysis.
2.3.4. Fourier Transform Infrared (FTIR) Spectroscopy. Solution

state (D2O, cells of 0.01 mm optical path and CaF2 windows) IR spectra
were collected on a Perkin-Elmer model BX FTIR spectrometer.
Peptide capped GNP samples were prepared in D2O and spotted on a
CaF2 window. 100 spectra were collected (resolution of 4 cm−1),
averaged and smoothed with a smoothing length of 20 for analysis.

The FTIR spectra were smoothed with smoothing length of 20.
Spectrum (Perkin-Elmer) was used for the spectra processing.

2.4. Drug-Loading Studies. Drug loading experiment was done
according to the method described previously with slight modification.38

Briefly, three drug molecules (chloroquine, mitoxantrone(Mito) and
doxorubicin(Dox)) were mixed with 1 nM CALNN/CFΔFNN capped
GNPs in 1:5 volume ratios resulting in final drug concentration of
2 × 10−6 M in solution. The mixture of drug and GNPs were incubated
overnight at 4 °C and then centrifuged at 15000 rpm for 1 h.
Supernatant was removed and used for the determination of the free test
molecules concentration spectrophotometrically. The percentage
loading was calculated using the following formula39

=

−

×

%loading [(total amount of drug added

amount of drug in supernatant)

/total amount of drug added] 100

2.5. Cytotoxicity of Peptide-CappedGNPs.Twomammalian cell
lines (HeLa and L929) and mice spleenocytes were selected to evaluate
cytotoxicity of peptide-capped GNPs. The experiment was carried out
using method described previously.40 Briefly, mammalian cells(1 × 104

cells/well) and spleenocytes(1 × 105 cells/well) were cultured in
triplicate in 96 well plates. The cells were incubated with graded
concentration of peptide capped GNPs for 24−72 h. Twenty microliters
of MTT stock solution (5 mg/mL in PBS) was added per well. After 4 h
incubation, formazan crystals were dissolved with 200 μL of DMSO after
removing the media. The microplate reader (Moleular Devices) was
used to measure the absorbance of each well at 570 nm. The relative cell
viability compared to control cells with media (without nanoparticles)
was calculated by [A]test/[A]control. 0.06% of polyethylene imine
(PEI), CALNN, and CFΔFNN were used as controls.

Two cell lines, HeLa and L929, were used for testing the effective
delivery of two drugs; doxorubicin (Dox) and mitoxantrone (Mito) by
peptide-capped GNPs. Free Dox/Mito and peptide-Dox/Mito were
used as control and cell viability was checked with MTT assay as
described above.

2.6. Cellular Uptake. HeLa and L929 cell lines were maintained in
RPMI with 10% fetal bovine serum (FBS), glutamine (2 mM), penicillin
(50 U/mL) and streptomycin (0.05 g/mL). For confocal microscopy,
HeLa cells were removed using a trypsin(0.25%) ethylenediaminetetra-
acetic acid (EDTA) solution, and seeded on glass coverslips, further
grown at 37 °C with 5% CO2 to attain 60% confluency. Cells were then
incubated with Dox (5 μM) and Dox (5 μM) +CFΔFNN-GNP (5 nM)
for 1 h. Dox (5 μM)+CFΔFNN(5 μM) and CFΔFNN-GNP (5nM)
were taken as controls. After incubation was complete, cells were washed
using phosphate-buffered saline (PBS, 3 times) and fixed with 4%
paraformaldehyde. Then, the coverslips were mounted on a microscope
slide with in DAPI containing antifade mounting media and examined
using a NikonA1 confocal laser scanningmicroscopewith a 60× objective.
Rodamine and phase contrast channels were used for imaging cells.

Further cellular uptake of Dox with peptide capped GNPs was carried
out using flow cytometry as described previously.41 Briefly, HeLa and
L929 cells were added in 6-well plates (1 × 105 cells per well) in RPMI.
Dox(5 μM) alone or mixed with CALNN(5 μM), CFΔFNN (5 μM),
CALNN-GNP(5 nM), and CFΔFNN-GNP(5 nM) were incubated
with cells for 1 h at 37 °C. A well containing cells and CFΔFNN-GNP
(5 nM) alone was used as negative control. After incubation, cells were
detached using trypsin/EDTA solution and washed twice with PBS to
remove surface associated drugs. Cells were taken in flow cytometry
buffer and flow cytometry (FACSCalibur-Becton Dickinson) was done
using FL2 channel. CellQuest software was used to represent mean
fluorescence signal collected for 10 000. All experiments were carried
out in triplicate.

2.7. Proteolytic Stability Assays. The peptides (CALNN and
CFΔFNN) were incubated with a nonspecific protease, proteinase K
taken at a ratio of 100:1 (molar ratio) in 10 mM Tris of pH 8 and
incubated at 37 °C. After 1 h, the samples were aliquoted and analyzed
by reversed-phase HPLC on C18 column (Phenomenex: 5 μm, i.d.
250 × 4.6 mm) using linear gradient acetonitrile−water (5−95%) with
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1 mL per min flow rate. Relative decrease in the peak area of the peptide
was used to compare proteolytic degradation.

3. RESULTS AND DISCUSSION

3.1. Peptide Design, Synthesis, and Characterization.
The peptide selection was based on the pentapeptide sequence

CALNN, where cysteine at the N-terminus contains thiol for
binding GNPs. The nonpolar side chains of hydrophobic
core(AL) are capable of self-assembling into well-packed layer
excluding water. Apart from these interactions of hydrophobic
residues, hydrogen bonding of amide backbone causes efficient
packing of the peptides on the GNP surface yielding large surface

Table 1. Amino Acid Sequence, Structure, and Characterization of Designed Peptides
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charge densities.19 We kept cysteine and terminal Asn constant
in all our peptides as these are required for GNP conjugation
and provide a polar character for efficient dispersion in solution,
respectively. We replaced the internal hydrophobic residues
(Ala-Leu) with hydrophobic non-natural amino acids and
hypothesized that these noncoded amino acids should provide
both well packed self-assembled monolayers on GNP surface as
well as stability against proteases. Dipeptides containing ΔPhe
have been shown to self-assemble into well organized nano-
structures and are protease stable.30,37 On the basis of this back-
ground, we synthesized three peptides CAΔFNN, CVΔFNN,
and CFΔFNN containing ΔPhe and CAUNN, where Leu was
replaced by small hydrophobic noncoded Aib(U) residue. Peptides
were synthesized by standard Fmoc chemistry on Wangs resin,
purified to homogenity by HPLC and further their identity was
confirmed by mass spectrometry (Table 1).
3.2. Synthesis, Capping of GNPs, and Characterization.

GNPs were synthesized by citrate reduction of hydroauric
chloride as described in material and methods and analyzed by

UV−visible spectroscopy. The characteristic broad absorption
band due to surface plasmon effect of GNPs was observed with
its peak at 519 nm (Figure 1). CALNN was chosen as template
and as a control for stabilization of the GNPs, as this peptide
successfully stabilizes GNPs in higher electrolyte concentra-
tion.19 As shown in Figure 1a, after the addition of these peptides
to the GNP solution, there is an immediate shift of 1 to 3 nm
in the surface plasmon peak (λSPR). λSPR of GNPs was shifted
from 519 to 520 nm upon capping with CAΔFNN; to 521 by
CFΔFNN and CAUNN while to 522 nm upon capping by
CALNN and CVΔFNN. This peak shift is due to adsorption of
the peptide onto the GNP surface leading to changes in local
dielectric permittivity around the GNPs and is a qualitative
measure of capping.42 Also, the area under the curve in the
wavelength range 600−700 nm of GNPs (10) and all four
peptide capped GNPs (∼15) were comparable suggesting no
peptide induced aggregation of GNPs. Here, GNPs treated with
100 mM NaCl was used as positive control and the area under
the curve observed was 60 (Figure 1b).

Figure 1. (a) Spectra of uncapped, CALNN, CAΔFNN, CVΔFNN, CAUNN, CFΔFNN-capped GNPs and GNPs treated with 100 mM NaCl. Inset:
Spectra of uncapped (blue) and CFΔFNN capped GNPs (black) at high magnification. (b) Area under the SPR peak in the wavelength range
600−700 nm (mean ± SD; n = 2).

Figure 2. Aggregation parameter of uncapped, CALNN, CAΔFNN, CVΔFNN, CAUNN, and CFΔFNN-capped GNPs with increasing concentration
of NaCl.
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Nanoparticle stabilization in high ionic condition is crucial for
use in biomedical application and in physiologically relevant
solutions. Intact surface plasmon band of GNPs demonstrate its
stability in the physiological ionic condition. Increase of absorp-
tion at 600−700 nm is used to monitor aggregation of nano-
particles.19 A new absorption band at longer wavelengths is
formed after aggregation of GNPs which is caused by dipole
coupling between the plasmons of aggregating nanoparticles.
Aggregation Parameter (AP) as described inmaterials andmethods
was used to test capping efficiency of CAΔFNN, CVΔFNN,
CFΔFNN, and CAUNN against salt-induced aggregation of
GNPs, where CALNN-capped GNPs were taken as control.
In agreement with earlier studies,19 CALNN-GNPs were stable,
even up to 500 mM of NaCl with negligible aggregation parameter
(Figure 2). For CAΔFNN-GNP, aggregation parameter increased
rapidly from 3.83 to 6.88 with 100 mM to 500 mM salt con-
centration; however CVΔFNN-GNP aggregated immediately and
showed AP of 5.58 at 100 mMNaCL. On the other hand CAUNN
capped GNPs were relatively stable at higher salt concentrations
with AP of 0.75 at 500 mM NaCl concentration. This is in agree-
ment with the results of Levy and co-workers where incorporation
of bulkier amino acids led to aggregation while small hydro-
phobic amino acids were well tolerated.19 Interestingly, CFΔFNN
containing bulkier amino acids provided stability to GNPs even at a
very high salt concentration of 500 mM with AP of 0.15;
which was comparable to that of CALNN-GNP (Figure 2). This
enhanced stability of CFΔFNN, compared to the other peptides

tested, could be attributed to high propensity of Phe-ΔPhe to self-
assemble and enhanced packing provided by aromatic residues.30

CFΔFNN capped GNPs were most stable, so we did all of our
further studies with CFΔFNN-capped GNPs.
To check the capping of peptides onto GNPs, we further

characterized peptide capped GNPs by TEM, DLS and gel
electrophoresis. As shown in Figure 3b−e, TEM images clearly
show ∼2 nm uniform layer of peptides on GNPs whereas no
layer is observed in naked GNPs (Figure 3a). Furthermore,
capping of peptides on GNPs led to ∼9 nm increase of hydro-
dynamic diameter(z-average) of GNPs as seen by dynamic light
scattering (DLS) (Figure 3g). In addition, peptide capping onto
GNPs was also checked by gel electrophoresis (Figure 3h).
Because of local precipitation of naked GNPs in TAE running
buffer, it did not come out of wells. Peptide capping onto GNPs
were able to avoid electrostatic interaction, providing stability
to GNPs. Peptide-capped GNPs migrated in agarose gel as red
bands. These results qualitatively show the successful peptide
capping on to GNPs and further providing them stability.
Conformational changes in the CFΔFNN peptides upon

forming monolayers upon GNPs were assessed by circular
dichroism (CD) and Fourier transform infrared (FTIR) spectro-
scopy. The CD spectrum of CFΔFNN in the far-UV region
showed positive bands at 222 nm of n−π* transition and at
203 nm of π- π* transition, suggestive of a turn like structure
(Figure 4a). However, the CD spectrum in the near-UV region
showed negative CD at 245 nm (Phe absorption) and at 270 nm

Figure 3. TEM of (a) GNP, (b) CALNN-GNPs, (c) CAΔFNN-GNPs, (d) CVΔFNN-GNPs, (e) CFΔFNN-GNPs, (f) CAUNN-GNPs, and (g) DLS
and (h) 1% Agarose gel electrophoresis of GNP and peptide-capped GNPs. Samples b−f were stained with 1% uranyl acetate before imaging, whereas
sample a is unstained GNPs. Scale bars = 50 nm.
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(ΔPhe absorption). CFΔFNN-GNP showed a 5 nm shift in
near-UV region suggesting different packing arrangement of
ΔPhe residue on GNP surface relative to the free CFΔFNN.
This was further verified by the change in π−π* transition at
203 nm after capping onto GNPs (Figure 4a). In the FTIR
spectrum of CFΔFNN, amide I and amide II peaks were
observed at 1647 and 1558 cm−1 respectively (Figure 4b). In the
case of GNP-capped CFΔFNN, amide I and amide II peaks were
observed at 1644 and 1562 cm−1, respectively, in the FTIR
spectra (Figure 4b). This shift in FTIR spectra suggests different
structural conformations of the packed peptides on GNPs
compared to the free peptides. Differential CD and FTIR spectra
of CFΔFNN clearly suggest conformational rearrangement of
CFΔFNN upon capping on GNPs. Similar results were also
observed by Mandal et al. where secondary structure of free
peptides differ from that present on GNP surface depending on
nanoparticle curvature43

3.3. Peptide-Capped GNPs Can Entrap Small Drug
Molecules. To further develop peptide-capped GNPs as drug
delivery vehicles, we tested the ability of these nanoparticles
to entrap small drug molecules. This noncovalent encapsulation
of drugs onto GNP monolayer would provide direct release of
unmodified drugs. Since core of these self-assembled monolayers
(SAM) are hydrophobic, small hydrophobic drug like molecules
should be well packed. To test the ability of CFΔFNN-capped
GNPs to entrap drugs, we used two anticancer drugs (Doxorubicin
and Mitoxantrone), and one antimalarial drug (Chloroquine). All
three drugs were loaded effectively by CFΔFNN-capped GNPs.
55% of entrapment efficiency was observed with chloroquine,
whereas 95% efficiency was observed in case of doxorubicin and
mitoxantrone (Figure 5). CALNN-GNPs were taken as control
and it showed entrapment efficiency of 45, 85, and 83% for
chloroquine, doxorubicin and mitoxantrone respectively
(Figure 5). Similar strategies have been taken to entrap and
deliver hydrophobic drugs44,45 as radial character of monolayer
creates hydrophobic pockets within the layer, which helps in
efficient encapsulation of hydrophobic drugs and dyes.41,46−48

3.4. Peptide-Capped GNPs Are Noncytotoxic. Non-
cytotoxicity of nanoparticles to mammalian cells is a prerequisite
for drug delivery agents. To investigate whether the peptide-
capped GNPs would have any toxic effects, we incubated two
mammalian cell lines (HeLa and L929) and BALB/c mice
spleenocytes with various concentrations of CALNN/CFΔFNN
cappedGNPs for 24 and 72 h. The cytotoxicity of peptide capped

GNPs was accessed by MTT assay. The relative viability of cells
with different concentration of peptide capped GNPs was
checked spectrophotometrically. The cell viability of peptide-
GNPs treated samples were comparable to untreated control
cells (Figure 6). Moreover, even at a very high concentration
of 2 μM of peptide-capped GNPs, no toxic effect on cells was
observed after treatment for 24 h as well as 72 h. Here PEI,
CALNN, and CFΔFNN were taken as controls. Peptide alone
as well as peptide-capped GNPs showed no cytotoxicity, and
viability was comparable to that of untreated cells.

3.5. Peptide-Capped GNPs Could Efficiently Transport
Drugs to Mammalian Cells. GNPs of 20 nm are known to be
taken up efficiently by mammalian cells.49 However, surface
modifications play important role in cellular uptake50−53 as well
as function of GNPs.36,54 To study cellular uptake, Dox was taken
as cargo drug for visualization under confocal microscopy. HeLa
cells were incubated for 1 h with Dox, Dox + CFΔFNN, and
Dox + CFΔFNNGNPs, and observed by microscopy. As shown
in Figure 7, Dox in the absence and presence of peptide-capped
GNPs was taken up by cells and characteristic nuclear localiza-
tion of Dox could be observed.
Further evidence of cellular uptake of Dox in absence and

presence of peptide capped GNPs was obtained by Fluorescence
activated cell sorting (FACS) analysis. Dox entrapment in
peptide capped GNPs was carried as described earlier. HeLa and
L929 cells were incubated for 1 h with Dox (5 μM) in absence or
presence of CALNN/CFΔFNN-capped GNP. Interestingly, the

Figure 4. Conformational changes in the CFΔFNN peptides upon capping on GNPs. (a) CD spectra and (b) FTIR spectra of CFΔFNN (black lines)
and CFΔFNN-GNPs (red lines).

Figure 5. Entrapment of small drug molecules by CALNN/CFΔFNN-
capped GNPs. CFΔFNN-capped GNPs showed enhanced entrapment
efficiency than CALNN capped GNPs (mean ± SD; n = 3).
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cellular uptake of Dox with CFΔFNN-GNP was 1.5 fold higher
than Dox alone and when presented with CALNN-GNP inHeLa
cells (Figure 8a). However, In L929 cells no such enhanced
uptake of Dox in the presence of nanoparticles could be observed
(Figure 8b).

3.6. CFΔFNN is Proteolytically More Stable than
CALNN. To test whether the introduction ofΔPhe in the peptide
affects the proteolytic stability of the modified pentapeptide,
CFΔFNN and CALNN (native control peptide) was treated with
nonspecific protease, proteinase K. Not surprisingly, CALNN was

Figure 6.Cellular viability of (a) HeLa (b) L929 cells and (c) spleenocytes after treatment with peptide cappedGNPs for 24 and 72 hmeasured byMTT
assay. No cytotoxic effect observed after treatment with CALNN/CFΔFNN-capped GNPs (mean ± SD; n = 3).

Figure 7. Confocal microscopy images of Dox (5 μM) uptake in HeLa cells with CFΔFNN (5 μM) or CFΔFNN-GNP (5 nM). Cells treated with Dox
for 1 h (scale bar 20 μm). Red represents fluorescence of Dox.
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found to be susceptible to the action of proteinase K. After
incubation at room temperature for 1 h, both CFΔFNN and
CALNN were analyzed for degradation by HPLC. Peak intensity
of CALNN peak was reduced by ∼55% of initial peak intensity
whereas CFΔFNN peak intensity was reduced by only ∼15%
(Figure 9). This is consistent with the earlier studies where ΔPhe
incorporation in peptides is associated with its enhanced stability
toward proteolysis28,29

3.7. CFΔFNN-GNP Effectively Delivers Drugs to
Mammalian Cells. To assess the ability of CFΔFNN capped
GNPs for delivery applications, we used two well-known
anticancerous drugs [doxorubicin (Dox) and mitoxantrone-
(Mito)]. HeLa and L929 cells were incubated with native drug,
drug + peptide, and drug + peptide-GNPs for 24 h, and their
viability was determined using MTT assay. We used CALNN

and CALNN-capped GNPs as control for comparison. As shown
in Figure 10a, percent viability of HeLa cells treated with free
Dox (5 μM)was 31% and was comparable to that when delivered
with CALNN or CFΔFNN. Dox when delivered with CALNN-
GNP showed slight enhancement of toxicity with % viability
of 27%. There was further enhancement in cytotoxicity of
Dox when delivered with CFΔFNN-GNPs with 22% relative cell
viability. Similar results were obtained when HeLa cells were
treated with Mito (Figure 10 c). Forty-one percent cell viability
was observed with free Mito(10 μM), which reduced to 28%
when treated with CALNN-GNP. Mito with CFΔFNN-GNP
showed highest cytotoxic effect with 19% cell viability. Figure 10b
shows the cytotoxicity of L929 cells treated with Dox where
comparable cell viability was observed in absence or presence of
GNPs. However, L929 cells when treated with Mito enhanced

Figure 8. Flow cytometric data in (a) HeLa and (b) L929 cells for cellular uptake of Dox alone (5 μM) and in the presence of CFΔFNN, CALNN-GNP,
and CFΔFNN-GNP for 1 h (mean ± SD; n = 3).

Figure 9. Protease stability of (a) CALNN and (b) CFΔFNN after proteinase K treatment for 1hr. CFΔFNN showed enhanced proteolytic stability as
compared to native peptide CALNN.
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cytotoxicity was observed when delivered with CFΔFNN-GNP.
Here the cell viability changed from71%with freemito treatment to
53% when mito was entrapped in CFΔFNN-GNP (Figure 10d).
These results suggest that administration of Dox/Mito with
CFΔFNN capped GNPs was more effective in killing HeLa cells
as compared to free drug. Similar enhancement of anticancerous
activity of drug has been observed when conjugated toGNPs.41,55,56

4. CONCLUSION
In this work, we have shown that non-natural amino acids such
as α,β-dehydrophenylalanine (ΔPhe) and α-aminobutyric acid
(Aib) can be used in designing efficient capping agents for GNPs.
Peptide-induced aggregation was not observed and some peptide
capped GNPs were stable against salt induced aggregation.
Peptide-capped GNPs were further characterized by TEMwhere
2 nm peptide layer was observed. Moreover, peptide-capped
GNPs showed minimal cytotoxicity and efficiently entrapped
small hydrophobic drugs like Doxorubicin, Mitoxantrone and
Chloroquine. The cytotoxicity of drugs entrapped in peptide
capped GNPs to HeLa cells was higher than the free drugs.
These results indicate that non-natural aminoacids containing
peptide-capped GNPs could be promising drug delivery vehicles.
Thus, this study opens a new avenue for designing a diverse array
of peptide-capping agents for GNPs and further developing them
as drug delivery agents.
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