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oencapsulation of ICG on two-
photon bioimaging†
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Multiphoton imaging, a highly effective diagnostic technique, has recently gained widespread attention for

early-stage cancer detection. Tremendous efforts have been dedicated to explore various types of

exogenous contrast agents for improved signal-to-noise ratio of multiphoton imaging. Indocyanine

green (ICG), the only U. S. FDA approved near-infrared chromophore, has been recently used as an

exogenous contrast agent for two-photon bioimaging. Despite its great potential applications in clinical

settings, the conventional delivery method of ICG has limited applications due to its poor cellular uptake

and optical stability in its free form. Herein, we report the effect of nanoencapsulation of ICG on two-

photon bioimaging. For this study, ICG was encapsulated within poly-L-arginine (PLA) based

nanoparticles for the first time. These nanoparticles were found to be biocompatible and biodegradable

as the major constituents were salts and PLA. These nanoparticles were spherical with a mean diameter

of �61 nm and exhibit higher photostability than free ICG. Additionally, nanoencapsulated ICG treated

cells show enhanced contrast for two-photon bioimaging in comparison with its free form. In summary,

nanoencapsulated ICG could serve as an exogenous chromophore for multiphoton imaging, which

shows excellent delivery efficacy.
1 Introduction

Molecular imaging has the potential to advance early-stage
cancer detection, which results in successful cancer treat-
ment and improved patient survival rates.1 The use of exog-
enous contrast agents with the existing imaging modalities
has improved the signal-to-noise ratio (SNR) and diagnostic
ability. Especially, the use of the near-infrared uorescence
(NIRF) imaging probe has enabled researchers to study the
deep-seated cellular inhomogeneities with an enhanced
SNR.2–5 Over the past few decades, multiphoton uorescence
imaging has received much attention due to its several
advantages over NIRF imaging techniques.6 It provides three
dimensional (3D) imaging capability of living cells, especially
in thick tissues (few hundred micrometers) with reduced
photobleaching and photodamage to the nearby tissues.7–9

However, the inclusion of exogenous imaging probe in
multiphoton imaging could further enhance imaging
contrast, sensitivity, and SNR.10

Among various available exogenous dye, indocyanine
green (ICG) is the only U. S. Food and Drug Administration
(FDA) approved NIRF imaging probe, which is used for
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various clinical applications.11–16 Recently, the nonlinear
excitation of the ICG to the second excited singlet (S2) state
has gained attention for various applications.17,18 In this
direction, our group had reported the nonlinear excitation of
ICG molecules to S2 state followed by direct relaxation to the
ground (S0) state. Due to this property ICG falls in the list of
molecules that violate Kasha's rule.19,20 Additionally, this
property was used for two-photon (2P) bioimaging.21 Despite
its application as a 2P imaging chromophore, the conven-
tional delivery of ICG has limitations such as poor cellular
uptake and aqueous photostability, which limits its appli-
cation. Incorporating ICG within a nanocarrier is a prom-
ising way to overcome the limitations of free ICG.

A broad array of nanoparticles (NPs) such as liposomes,
polymers, metals, viral ghost, etc. have been used for the
delivery of imaging probes.3,22–32 However, the clinical
applications of these nanocarriers are limited due to their
non-biodegradability, and long and short-term toxicity.
Despite much progress in NP development, there is an unmet
need to fabricate biodegradable nanocarrier for the delivery
of ICG. The fabrication of the nanocarriers from the biolog-
ical amino-acids could offer a biodegradable and biocom-
patible nanocarrier. Poly-L-arginine (PLA) is the homopeptide
of L-arginine, which has been used in medical applications
for many centuries due to its cellular penetrating proper-
ties.33–39 Additionally, it is a semi-essential amino-acid with
various roles such as in cell metabolism, wound healing,
protein synthesis, and it also shows antimicrobial and
RSC Adv., 2019, 9, 18703–18712 | 18703
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antitumor activity.40–45 In particular, owing to their favorable
properties, NPs comprised of PLA have garnered consider-
able interest for delivery of small molecules.46–48 Hence, the
synthesis of ICG-PLA NPs would not only help in cellular
delivery but also would improve the optical stability of ICG.

Here, we report the fabrication of ICG loaded PLA NPs
(ICG-PLA NPs) and its effect on optical properties and
multiphoton imaging ability of ICG for the rst time. The
fabrication of these NPs was done via a simple two-step self-
assembly method. The in vitro cellular study suggests that
both free and nanoencapsulated ICG get endocytosed within
the cells. However, the signicantly enhanced delivery of ICG
was shown by ICG-PLA NPs in comparison with free ICG.
Additionally, nanoencapsulated ICG treated cells show
enhanced contrast for 2P bioimaging in comparison with free
ICG. In conclusion, the ICG-PLA NPs are biocompatible and
biodegradable, which could be used for improved 2P
bioimaging.
2 Materials and methods
2.1 Materials

Poly-L-arginine (PLA, MW > 70 000 Da, �365 arginine unit,
one HCl per residue) and ethylenediaminetetraacetic acid
tetrasodium salt hydrate (EDTA), indocyanine green (ICG)
and uoromount mounting media were purchased from
Sigma Aldrich (St. Louis, MO, USA) and used without any
further purication. The stock solutions of the chemicals
were prepared in de-ionized (DI) water (Millipore 18.2 MU,
Sartorius system). HeLa cells were procured from the
National Centre for Cell Science (NCCS) Pune, India. Fetal
Bovine Serum (FBS), Dulbecco's Modied Eagle Medium
(DMEM), penicillin–streptomycin, 0.25% trypsin-1 mM eth-
ylenediaminetetraacetic acid (EDTA) and 2.5% trypsin
without phenol red were procured from Gibco, Thermo
Fisher Scientic. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was procured from
Himedia (India).
2.2 Synthesis and characterization of the ICG-PLA NPs

The schematic representation of the fabrication process is
illustrated in Fig. 1. The ICG-PLA NPs were prepared through
a simple two-step self-assembly process. Briey, 10 mL of PLA
Fig. 1 Schematic representation of the ICG-PLA NPs fabrication.
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solution (2 mg mL�1) was gently mixed with the 4 mL of the
EDTA salts (0.1 M) for 20 seconds. Immediately aer the
mixing, the clear solution turns turbid which indicates the
initiation of the nucleation process. Followed by the addition
of the 250 mL of the ICG (645 mM) to the colloidal solution.
Then the 1 mL of DI water was added to the suspension and
aged for 1 hour to form ICG-PLA NPs. The systematic mixing
of these precursors results in the fabrication of the ICG-PLA
NPs.

The nal NPs solution was collected by the differential
centrifugation technique to get monodisperse NPs. The
morphological study of the ICG-PLA NPs was done using
a eld-emission scanning electron microscope (FESEM, Carl
Zeiss Sigma Series, Supra-55) equipped with energy disper-
sive X-ray spectroscopy (EDS, Oxford Instruments, X-MAX, 51-
XMX1025). A secondary electron image (SEI) was taken under
3 kV electron beam with a working distance of �12 mm.
FESEM samples were prepared aer the lyophilization of the
ICG-PLA NPs pellet in a lyophilizer (Alpha 1-2 LD plus, Lab-
mate). Following lyophilization, samples were placed on
a double-sided carbon tape mounted on an aluminum stub.
Before visualization in FESEM, the samples were sputter
coated with gold by direct current (DC) sputter coater
(Quorum (Q-150RES)) for better electron conductivity. The
subsequent SEM images were analyzed using ImageJ soware
(National Institutes of Health, Bethesda, MD, U.S.A.).
Dynamic light scattering (DLS) measurements were per-
formed on a laser light scattering spectrometer (NanoPlus-3,
Micromeritics) equipped with a diode laser (660 nm), and the
geometry for collecting scattering light signals was at 175� for
particle size analyzer and 45� for z potential measurements.
Further, the zeta potential was also measured by DLS
instrument. All the samples were measured at least three
times at 25 �C in DI water.
2.3 Spectroscopic analysis

To investigate the encapsulation of the ICG, steady-state
absorption of free ICG and ICG-PLA NPs was measured by
UV-Vis-NIR spectrometer (Lambda-35, PerkinElmer). The
absorption data were collected with 1 nm slit width and 480
nm min�1 scan rate. Further, the uorescence emission
spectra of free ICG and ICG-PLA NPs were also measured
using spectrouorimeter (FL3-21, Jobin Yvon, Horiba)
This journal is © The Royal Society of Chemistry 2019
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equipped with 400 W xenon lamp for excitation. Fluorescence
measurements were carried out in the right-angle geometry
with excitation/emission slit width of 5 nm. The spectral data
were collected using FluorEssence soware, and origin 8.0
was used for further analysis.

Further, uorescence lifetimes of free ICG and ICG-PLA NPs for
both transitions were recorded using time-correlated single
photon counting (TCSPC) instrument. For uorescence lifetime
estimation samples were excited at 405 nm by laser. The data
analysis was done using IBH DAS-6 decay analysis soware, and
Cumulative% release ¼
�

absorption of supernatant after every time point

the total concentration of ICG used for the synthesis

�
� 100 (2)
the c2 test was used to evaluate the goodness of the tting. For
these lifetimemeasurements, the tting parameter c2 was#1.3. In
addition to these, circular dichroism (CD) data were recorded
using a spectropolarimeter (J-815, JASCO, Tokyo, Japan). Far-UV
(180 to 250 nm) spectra were recorded at a rate of 20 nm per-
min.Measurements of the aqueous samples were taken in a quartz
cuvette of 2 mm path length and a slit width of 1 nm. Every
spectrumwas obtained by averaging three scans and was corrected
by subtracting the blank spectrum (DI water). The CD measure-
ments were done at 25 �C, which was maintained using a Peltier
temperature controller. The scans were carried out on fresh PLA,
anionic salts, and ICG solution, which was used for the synthesis
of ICG-PLA NPs. All the spectroscopic measurements were done in
a 10 � 2 mm quartz cuvette (Hellma, Muellheim/Baden,
Germany).
2.4 Estimation of encapsulation efficiency (EE)

To determine the ICG loading efficiency, a batch of ICG-PLA NPs
were synthesized and collected via centrifugation. The collected
pellet was exposed to dimethyl sulfoxide (DMSO) for complete
disruption of the NPs resulting in release free ICG. The encapsu-
lation efficiency of the ICG within PLA NPs was calculated using
eqn (1).

EE ¼
�

the concentration of ICG after disassembly of NPs

the total concentration of ICG used for the synthesis

�

� 100

(1)

For calculation, the absorption spectra of disintegrated ICG-
PLA NPs were measured at 792 nm as ICG in DMSO shows peak
at 792 nm due to solvent effect. Further, the ICG concentration
within these NPS was calculated by the calibration curve. The
calibration curve of free ICG in DMSO is shown in the ESI Fig. S2.†
2.5 In vitro release study

The in vitro ICG release from ICG-PLA NPs was evaluated through
dispersion method.49 The sample was prepared and aliquoted in
This journal is © The Royal Society of Chemistry 2019
5 tubes and then centrifuged to collect the NPs. Further 1 mL
trypsin was added to the pellet of freshly prepared NPs at
a concentration of 250 mg mL�1, and the samples were incubated
at 37 �C. At different time interval, the samples were centrifuged,
and the absorbance of the supernatant was measured at 778 nm
using UV-Vis-NIR spectrophotometer to quantify ICG release. The
NPs were then placed back into the same incubation conditions.
The release of ICG form PLA NPs was monitored over 24 hours.
The amount of released ICG was calculated using eqn (2).
The amount of released ICG was determined by measuring the
intensity of the absorbance (778 nm) using free ICG as the stan-
dard. The ICG release experiments were performed in triplicate,
and the results presented are the average data over 24 hours.
2.6 Stability assessment of the ICG-PLA NPs

The optical stability of the aqueous solution of free ICG at physi-
ological temperature is poor. The optical stability of free ICG and
ICG-PLANPsweremeasured under physiological conditions where
both the samples were incubated in the incubator (37 �C) over
a period of 72 hours in ambient light exposure. At different time
points, the absorbance of ICG-PLANPs and free ICGwasmeasured
by UV-Vis-NIR spectrophotometer. Further, to study the leakage of
ICG from ICG-PLA NPs, the nanoparticles were exposed to the cell
culture media at physiological temperature.
2.7 Cell culture

Cellular studies were performed on the human cervical cancer cell
lines (HeLa). HeLa cells were grown and maintained in DMEM
media supplemented with 10% FBS and 100 units per mL peni-
cillin–streptomycin. Cells were incubated at 37 �C with 5% carbon
dioxide (CO2). The cells with �80% conuency were subcultured
aer detaching with 0.25% trypsin–EDTA. For cellular viability
assessment, HeLa cells were plated in 96 well plates with seeding
density 5000 cells per well in triplicate. Aer incubation of 24
hours, the treatment of NPs were given to the two different sets of
triplicate and were allowed to incubate for 24 hours at 37 �C. To
nullify the effect of ICG absorbance at 570 nm one set of ICG-PLA
NPs treated cells was not exposed to MTT, however, the fresh
media was added when MTT was added to another set at
a concentration of 0.5 mg mL�1. Aer 4 hours incubation, the
media was removed, 200 mL DMSO was added to the wells. The
absorbance of the dissolved formazan was quantied at 570 nm by
using a UV-Vis microplate reader (SynergyH1, BioTek). Cell
viability was calculated by eqn (3). As a percentage decrease in
viability with respect to untreated cells. Where A is absorbance.
RSC Adv., 2019, 9, 18703–18712 | 18705



Viability% ¼
�
A of NPs treated cells with MTT treatment �A of NPs treated cells without MTT

A of control cells with MTT treatment �A of control cells without MTT

�
� 100 (3)
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Cellular imaging was done on a multiphoton imaging
system. HeLa cells were cultured as mention above, trypsinized,
and seeded onto coverslips in a six-well plate (�2� 105 cells per
well) and were allowed to adhere for 24 hours. For the experi-
ment, the media was removed and replaced with ICG-PLA NPs
and free ICG containing cell culture media. The control cells
(untreated cells) were treated with the cell culture media only.
All the samples were incubated for 4 hours in an incubator.
Following incubation, the media was removed, and cells were
washed with 1� PBS thrice. Cell xation was done with 4%
paraformaldehyde for 30 min at room temperature, and slides
were prepared with the help of mounting media for visualiza-
tion under microscopy. The multiphoton imaging experiment
was performed on a laser scanning MP confocal system
(Olympus, FV1000, Japan). The MP confocal imaging system is
equipped with the femtosecond-based negative chirped
infrared laser. A mode-locked Ti-Sapphire laser (Mai Tai, Deep-
See, Spectra-Physics) was used as an excitation light source,
which provides approximately 70 fs pulse width at 80 MHz
repetition rate with wavelengths ranging from 690 to 1064 nm.
Cellular 2P imaging of the free and nanoencapsulated ICG
treated cells were recorded using non-descanned detectors
(NDD), which allows 575–630 nm wavelength ranges to pass
(collection window of S2 / S0 state transition of ICG).

3 Result and discussions

Effect of ICG nanoencapsulation on 2P uorescence cellular
imaging is studied. For this purpose, we have used PLA,
a biocompatible and biodegradable cationic peptide, to encap-
sulate ICG.

3.1 Fabrication and characterization of the ICG-PLA NPs

The ICG-PLA NPs were fabricated through a simple self-
assembly process in an aqueous solution without any organic
solvent. A complete green chemistry-based fabrication process
was used for this synthesis. As shown in Fig. S1,† an aqueous
solution of PLA was mixed with the salt solution followed by the
addition of free ICG, this results in the initiation of the self-
assembly process and the fabrication of ICG-PLA NPs. The
morphological characterization was done via FESEM and DLS.
Fig. 2(a) shows the FESEM images of the fabricated NPs, these
NPs have a spherical shape with a mean diameter of �61 nm as
shown in Fig. 2(b).

The DLS study shows that ICG-PLA NPs have a mean
hydrodynamic diameter of �154 nm shown in Fig. 2(c). The
polydispersity index (PDI) was found to be 0.23, which
suggests that these NPs were monodisperse in aqueous
solution. The difference between the mean diameter in the
dry state (SEM measurements) and aqueous state (DLS
18706 | RSC Adv., 2019, 9, 18703–18712
measurements) could be attributed to the shrinkage of NPs in
the dry state. The zeta potential of these NPs was found to be
�41.64 mV, which shows the stability of the NPs in the
aqueous solution and ICG-PLA NPs will not aggregate in the
aqueous environment.

3.2 Optical characterization of the free ICG and ICG-PLA NPs

The effect of nanoencapsulation of the ICG on its optical
properties is shown in Fig. 3. The aqueous solution of free ICG
has two major absorption peaks at 780 nm with a shoulder peak
at 710 nm and at 400 nm, respectively, as shown in Fig. 3(a).
Fig. 3(b) shows the Jablonski diagram depicting the possible
excitation and emission transitions from and to S0 state to
higher excited states. Absorption of 780 nm and 400 nm wave-
length photons leads to the transition of ICG electrons from S0
/ S1 and S0 / S2 states, respectively. Following excitation, ICG
releases their energy in the form of the uorescence emission
via the transition of electrons from S1 / S0 and S2 / S0 states
respectively, as shown in the Jablonski diagram. Due to S2 / S0
state transition ICG can be included in the list of molecules that
violate Kasha's rule. In comparison with the absorption spec-
trum of free ICG, the nanoencapsulated ICG showed signicant
suppression of the 780 nm peak with a line broadening without
any shi in peak position as shown in Fig. 3(a).

However, a minor increase in the absorption at 400 nm is
observed in ICG-PLA NPs, which could be highly advantageous
for 2P excitation to the S2 state. The uorescence emission of
free and nanoencapsulated ICG is shown in Fig. 3(c). This is
attributed to the transition of electrons from S1 state to S0 state.
The nanoencapsulated ICG shows a signicant reduction in the
uorescence emission peak at 800 nm without any peak shi.
The uorescence emission spectra of the free and nano-
encapsulated ICG upon 420 nm excitation is shown in Fig. 3(d),
this is attributed to the transition of electrons from S2 state to S0
state. Generally, upon 420 nm excitation, the uorescence
spectra of free ICG and ICP-PLL NPs showed a signicant water
Raman scattering peak (Fig. S3 in ESI†), however, in Fig. 3(d) we
have shown the emission data aer deconvoluting the water
Raman scattering peak for improved clarity. This data was
further smoothened using Savitzky–Golay method. As seen in
Fig. 3(d), the nanoencapsulated ICG shows a decrease in
emission intensity with a redshied peak position in compar-
ison with free ICG emission. It has been shown in the past that
ICG emission gets quenched when it is in a bound state,50 due to
energy resonance transfer among the bound uorochromes.
Similarly, here ICG uorescence gets quenched during nano-
encapsulation of the ICG within the cationic polymer based
nanoparticles. However, these spectroscopic results suggest
that the uorescence emission due to S2 / S0 state transition
does not get much affected aer nanoencapsulation of ICG,
This journal is © The Royal Society of Chemistry 2019



Fig. 2 Characterization of the ICG-PLA NPs encapsulating ICG (a) FESEM images; inset: a pellet of the NPs (b) frequency distribution of the
particles (c) hydrodynamic diameter of the NPs (d) zeta potential of the NPs.
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therefore, it might be used as an exogenous contrast agent in 2P
bioimaging.

To further conrm the ndings of steady-state uorescence
emission the time-resolved uorescence measurements on free
and nanoencapsulated ICG were carried out.
Fig. 3 Spectroscopic analysis of the free ICG and ICG-PLA NPs (a) abso
emission upon 680 nm excitation (d) fluorescence emission upon 420 n

This journal is © The Royal Society of Chemistry 2019
The uorescence lifetime measurements of the free and
nanoencapsulated ICG were measured upon 405 nm excitation.
The uorescence lifetimes of free and nanoencapsulated ICG
for S2 state were found to be 209.4 and 92 ps, respectively, as
shown in Fig. 4(a). These results further conrm the quenching
rption spectra (b) mechanism of possible transitions (c) fluorescence
m excitation.

RSC Adv., 2019, 9, 18703–18712 | 18707



Fig. 4 Time-resolved studies and CD analysis of the free ICG and ICG-PLA NPs (a) TCSPC of the free ICG and ICG-PLA NPs at 575 nm upon
405 nm excitation (b) CD spectra of the PLA, PLA/salt and ICG-PLA NPs.
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of the uorescence emission of ICG in nanoencapsulated form.
The tting parameter c2 was #1.3 for all the tting. To further
understand the role of ICG on the stability of the NPs, circular
dichroism (CD) measurements were carried out. Fig. 4(b) shows
the CD spectra of aqueous PLA, PLA and salt aggregates, and
ICG-PLA NPs. The CD spectra of an aqueous solution of PLA
exhibits one negative peak at �204 nm and one positive peak at
�217 nm. This suggests the presence of a random structure of
PLA homopeptide in the aqueous solution as shown in Fig. 4(b).
PLA CD spectral alterations due to PLA/salt aggregation is re-
ected by the changes in the intrinsic CD spectrum of PLA. The
peak at �204 nm and �217 nm got suppressed due to the
interaction of PLA with salt. However, the PLA/salt aggregates
have a small magnitude of two negative peaks at �212 nm and
�236 nm, which further got suppressed aer the addition of
ICG. This suggests the complexation of PLA homopeptide
largely depends on the amino acid residues, which function as
the binding ligands for a small molecule to encapsulate.
Initially, the complexation of the PLA is done with the EDTA salt
at a xed molar charge ratio (MCR, eqn (S1)†), which results in
the complexation between two guanidinium groups and salt.
Further, the addition of the ICG in this reaction resulted in the
formation of the ICG-PLA NPs, which provides more stability to
this self-assembled structure as shown by the red curve in
Fig. 4(b). The CD result strongly suggests that the two-
guanidinium groups of PLA, act as a ligand, which makes
a complex with salt and dye to form stable NPs.
3.3 ICG release, biosafety and stability study of ICG-PLA NPs

The encapsulated ICG was shielded from any external factors,
which deteriorate its optical properties in free form. However,
efficient delivery of ICG to the cellular level is required for
improved multiphoton imaging. Here, ICG was encapsulated
within salt cross-linked PLA NPs via self-assembly method.
However, in nanoencapsulated state, ICG emission was
quenched due to energy resonance transfer among the bound
uorochromes,50 and could be regained aer enzymatically
degradation of the polymer as shown in Fig. 5(a and b). The ICG
release study was done in the presence of proteolytic enzyme at
37 �C. A commonly used protease enzyme trypsin was used to
18708 | RSC Adv., 2019, 9, 18703–18712
study the ICG release from ICG-PLA NPs. The freshly prepared
NPs were incubated with 250 mg mL�1 of trypsin in 37 �C for 24
hours. The instant release of 43% of ICG from ICG-PLA NPs was
observed upon 30 minutes of incubation. Therefore, these NPs
are protease responsive, where uorescence signal increased
due to cleavage of PLA homopeptide on carboxy-terminal in the
presence of the protease as depicted in Fig. 5(b). This results in
small fragments of amino-acid residues,51 salt, and free ICG.

However, within 5 hours of trypsin incubation, nearly 94% of
ICG was released, followed by a 98% released aer 24 hours of
incubation. To explore the biomedical application of the
nanoencapsulated ICG, the cellular viability of these NPs was
tested using MTT assay over the range of concentration. As
shown in Fig. 5(d), no signicant cytotoxicity was observed even
at very high concentration of these NPs. Hence, this indicates
that these NPs are safe and biocompatible nanocarrier for
biomedical applications.

The optical stability of the nanoencapsulated ICG is a vital
parameter for bioimaging applications. Here, the optical
stability of the free and encapsulated ICG in physiological
conditions was monitored. It is well known that the optical
properties of ICG are dependent on temperature, time, and
long-term optical exposure. Due to these factors optical prop-
erties degrade gradually. The effect of optical exposure on the
optical properties of free and nanoencapsulated ICG over
a period of time at physiological temperature was monitored.
The free ICG and ICG-PLA NPs were incubated at 37 �C for 72
hours in ambient light exposure. As shown in Fig. 6(a), the
optical property of ICG-PLA NPs was found to be signicantly
more stable in comparison with the free ICG. The optical
property of free ICG started degrading aer 30 minutes of the
incubation on the other hand ICG-PLA NPs were stable up to 72
hours as shown in Fig. 6(a).

The stability of ICG-PLA NPs in physiological environment
was studied by incubating them in cell culture media for 24
hours at 37 �C. At different time points sample was centri-
fuged and the uorescence emission of the supernatant was
measured. As shown in Fig. 6(b), ICG-PLA NPs were 95%
stable in the physiological condition. According to the
results, ICG-PLA NPs are stable nanocarriers for ICG delivery
This journal is © The Royal Society of Chemistry 2019



Fig. 5 Release and cellular toxicity of the ICG-PLA NPs. (a) Schematic showing the principle of the ICG-PLA NPs as a protease responsive NPs (b)
mechanism of the fluorescence activation (c) in vitro release study over 24 h (d) cellular viability of the ICG-PLA NPs over the range.
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in the cells. Additionally, the EE of the ICG was estimated by
using eqn (1). The total 56% of ICG was loaded in one batch
of the ICG-PLA NPs.
3.4 Multiphoton imaging

The multiphoton imaging ability of the nanoencapsulated ICG
was studied aer staining the HeLa cells. Previously, our group
had reported the nonlinear excitation of free ICG to the S2 state
followed by its direct relaxation to S0 state causing an emission
and used for the multiphoton imaging applications.21 However,
the use of free form of ICG has limitations such as poor
Fig. 6 Stability of the ICG-PLA NPs (a) optical stability of aqueous ICG-PL
physiological condition.

This journal is © The Royal Society of Chemistry 2019
photostability and cellular uptake. Herein, ICG-PLA NPs were
used to overcome the limitations of free ICG and its nonlinear
excitation to the S2 state followed by emission was reported for
2P bioimaging. These ICG-PLA NPs are promising vectors for
intracellular drug delivery as they can be taken up by the cells
via endocytosis.52 Fig. 7(a) shows the bright eld and 2P images
of the HeLa cells treated with free ICG and ICG-PLA NPs, cells
without any treatment were considered as a control. Bright eld
and 2P emission images due to S2 / S0 state transition of ICG
when excited by 790 nm femtosecond laser are shown in the
rst and second columns respectively. However, the rst,
second and third rows show the control, free ICG, and ICG-PLA
ANPs and free ICG at 37 �C (b) ICG-PLA NPsmedia stability over 24 h at

RSC Adv., 2019, 9, 18703–18712 | 18709



Fig. 7 Cellular uptake, localization and viability studies (a) bright field and 2P imaging of the cells by multiphoton imaging system using 40� lens
with 2� zooming. (b) Integral intensity of the control, free ICG, and 2P imaging. (c) Cellular viability of the bare and ICG-PLA NPs used for the
experiment. Where, I.I; integral intensity.
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NPs treated cells respectively. As clearly evident by Fig. 7(a) the
ICG-PLA NPs treated cells showed signicantly higher emission
in comparison with free ICG treated cells. These results suggest
that ICG-PLA NPs are efficiently taken up by the cells in
comparison with free ICG. This also indicates that the PLA NPs
are highly efficient to deliver ICG to the cells and it could be
attributed to PLA, which is a known cell-penetrating peptide.
Additionally, the SNR ratio of the ICG-PLA NPs were higher then
free ICG. Furthermore, for better quantication of the 2P (S2 /
S0 state) emission, integral uorescence intensity was calcu-
lated using ImageJ and plotted as shown in Fig. 7(b). According
to the results, the ICG-PLA NPs has showed ve-fold increases in
multiphoton emission than free ICG multiphoton images. For
bioimaging applications, the biosafety of these nanoparticles
was also assessed using cellular viability assay. For cell viability
experiments untreated cells, bare PLA nanoparticle-treated
cells, and ICG-PLA NPs treated cells were studied. As seen in
Fig. 7(c), bare PLA nanoparticle treated, and ICG-PLA NPs
treated cells show excellent biosafety with more than 98%
cellular viability.

These results collectively conrmed the effectiveness of ICG-
PLA NPs as a biocompatible and biodegradable exogenous
contrast agent for 2P cellular imaging application.
4 Conclusion

We have successfully encapsulated ICG in a cationic homo-
peptide PLA and studied the application of nanoencapsulated
ICG for multiphoton imaging. The nanoparticle synthesis was
performed by a simple two-step self-assembly process in an
18710 | RSC Adv., 2019, 9, 18703–18712
aqueous environment without using any organic solvent. It was
found that ICG-PLA NPs exhibit excellent biosafety, they show
no observable toxicity to the cells at tested concentrations.
These NPs can be used as a highly efficient and biologically safe
exogenous multiphoton contrast agent with remarkably
improved photostability in comparison to free ICG. The ICG-
PLA NPs show surprisingly high cellular uptake. These NPs
are fabricated using homopeptide of arginine, which is a semi-
essential amino acid and is likely to be degraded in the body.
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