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Two iridium [Ir(N^C)2(N^N)]+ complexes with the diimine N^N ligand containing a long polymethylene

hydrophobic chain were synthesized and characterized by using NMR and ESI mass-spectrometry: N^N

– 2-(1-hexadecyl-1H-imidazol-2-yl)pyridine, N^C – methyl-2-phenylquinoline-4-carboxylate (Ir1) and

2-phenylquinoline-4-carboxylic acid (Ir2). These complexes were used to prepare the luminescent

PEGylated DPPC liposomes (DPPC/DSPE-PEG2000/Ir-complex ¼ 95/4.5/1 mol%) using a thin film

hydration method. The narrowly dispersed liposomes had diameters of about 110 nm. The photophysics

of the complexes and labeled liposomes were carefully studied. Ir1 and Ir2 give red emission (lem ¼ 667

and 605 nm) with a lifetime in the microsecond domain and quantum yields of 4.8% and 10.0% in

degassed solution. Incorporation of the complexes into the liposome lipid bilayer results in shielding of

the emitters from interaction with molecular oxygen and partial suppression of excited state nonradiative

relaxation due to the effect of the relatively rigid bilayer matrix. Delivery of labeled liposomes to the

cultured ARPE-19 cells demonstrated the usefulness of Ir1 and Ir2 in cellular imaging. Labeled liposomes

were then injected intravitreally into rat eyes and imaged successfully with optical coherence

tomography and funduscopy. In conclusion, iridium complexes enabled the successful labeling and

imaging of liposomes in cells and animals.

Introduction

During the last decades liposomes have been actively studied as

basic models of lipid bilayers and as carrier structures in

diagnostics and drug delivery.1 Liposomes are versatile nano-

structures that can be prepared with different sizes (from 40 nm

to micrometer scale), lipid wall properties (rigid or uid state)

and surface functionalities (e.g. PEGylation for prolonged

circulation times, antibodies for targeting).2–8 Liposomal

delivery of small molecule and biomacromolecule drugs has

been widely studied for many medical applications. The

advantages of liposomes include their safety prole, solubility

in physiological media, possibilities for controlled and induced

drug release, and relatively easy surface vectorization for tar-

geted delivery of encapsulated drug molecules.9,10

Targeting of drug carrier into the target cells and tissues can

be visualized non-invasively with luminescent labels and

radioactive probes. In most imaging experiments, the lipo-

somes were labelled with uorescent dyes.11–16 The uorescent

markers display high emission intensity and they are

commercially available, but these emitters show small Stokes

shis, short lifetimes and oen suffer of photobleaching. These

deciencies may result in lower image resolution in lumines-

cent microscopy and also limit the use of uorophores in long-

term experiments. On the contrary, phosphorescent emitters

based on transition metal complexes display large Stokes shis,

long life-times and negligible photobleaching. Thus, phospho-

rescence labels are an attractive, but not widely studied, alter-

native to imaging of diagnostic and therapeutic nanocarriers.

Previously, phosphorescent polypyridyl ruthenium17–20 and

orthometalated iridium17,21–25 complexes have been used for

labeling of liposomes. Incorporation of the phosphorescent

labels into liposomes can be carried out using intrinsic hydro-

phobicity of the ligand,17–19,21,24,25 thereby targeting the label into
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inner lipid layer of the liposome membrane. Alternatively, the

ligand can be designed as amphiphilic moiety resembling the

components of the target membrane.17,19,21,23 The rst approach

is based on the affinity of the labels to hydrophobic tails of the

phospholipids, whereas the latter approach mimics the struc-

tural patterns of phospholipids allowing predictable localiza-

tion to the liposomal membrane.

Two recent publications24,25 introduce liposome based drug

delivery systems with loaded iridium complexes. These lipo-

some formulations included iridium compounds as active

components for cancer therapy and PEGylated long circulating

liposomes were used for iridium complex delivery.26–29 In addi-

tion, the luminescent iridium complexes enabled visualization

of the liposome localization in vitro in the cells. The results

prompted us to investigate similar systems for potential appli-

cability in ophthalmology as there is a need for long acting and

targeted delivery of drugs for retinal treatment.30,31

In the present communication we describe synthesis of

amphiphilic luminescent iridium complexes, which contain

hydrophobic aliphatic tails and relatively hydrophilic (polar and

charged) metal containing head group. These compounds were

incorporated into PEGylated liposomes and the formulations

were tested in in vitro and in vivo. We demonstrate the useful-

ness of these phosphorescent labels in imaging of liposomes in

the cells and in the eye in vivo. The structure and photophysical

properties of the complexes and labeled liposomes are pre-

sented and discussed.

Experimental
General comments

Solvents were used as received. Solution 1H, 1H–
1HCOSY, NOESY

NMR spectra were recorded using a Bruker Avance 400 and AMX-

400 spectrometers. Mass spectra were measured on a Bruker

maXis II ESI-QTOF instrument in the ESI+ mode. Microanalyses

were carried out in the analytical laboratory of the University of

Eastern Finland. The bis(m-chlorido) bridged dimeric precursor

{(N^C–COOMe)2IrCl}2 (N^C–COOMe ¼ methyl 2-

phenylquinoline-4-carboxylate) were synthesized according to

published procedures.32 Methyl 2-phenylquinoline-4-carboxylate,

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dis-

tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-

ethylene glycol)-2000] (DSPE-PEG2000) were purchased from

Sigma-Aldrich (St. Louis, MO, USA). HEPES buffer solution con-

tained 20 mMHEPES and 140 mM NaCl in MilliQ puried water

and the pH was adjusted to 7.4 with NaOH. Calcein solution had

60mMof calcein and 29mMof NaCl inMilliQ puriedwater and

the pH was set to 7.4 with NaOH.

Synthesis of the diimine N^N ligand

Diimine ligand was synthesized with a slightly modied litera-

ture procedure.33 KOtBu (0.57 g, 5.12 mmol) was added to

a solution of 2-(pyridin-2-yl)-1H-benzo[d]imidazole (1 g, 5.12

mmol) in 12 mL of DMF. The resulting mixture was stirred at

room temperature for 30 min, and then 1-bromohexadecane

(6.14 mmol) was added with constant stirring for 12 h. The

reaction mixture was subsequently extracted with water and

ether to remove DMF and excess KOtBu. The organic layer was

isolated, dried over anhydrous Na2SO4, and ltered. The solvent

was then removed under reduced pressure. The purication of

the crude product was carried out by column chromatography

on silica gel with hexane/DCM (9 : 1) as the eluent to yield light-

yellow oil that crystallized into a light-yellow solid aer a week

of standing into the fridge, 75%. 1HNMR (400 MHz, acetone-d6,

298 K) d 8.75 (ddd, J ¼ 4.8, 1.7, 0.9 Hz, 1H), 8.45 (ddd, 1H), 8.00

(dd, J ¼ 7.8, 1.7 Hz, 1H), 7.74 (d, J ¼ 7.7 Hz, 1H), 7.63 (d, J ¼

7.7 Hz, 1H), 7.49 (ddd, J ¼ 7.7, 4.8, 1.1 Hz, 1H), 7.37–7.31 (m,

1H), 7.30–7.25 (m, 1H), 4.98–4.85 (m, 2H), 1.49–1.22 (m, 31H).

HR ESI+-MS: found 420.3376 [M + H+]; calcd. 420.3374.

Synthesis of iridium complexes

The synthesis of heteroleptic biscyclometallated Ir(III)

complexes containing diimine ligands was slightly modied

compared to the standard procedure.34

(N^C–COOMe)2Ir(N^N)]PF6, Ir1. A solution of N^N ligand (0.2

mmol) in dichloromethane (DCM) (10 mL) was added to the

corresponding bis(m-chlorido) bridged dimeric precursor (0.1

mmol) suspended in DCM/MeOH 1 : 1 mixture (20 mL). The

reaction mixture was reuxed for 3 h. The resulting clear red

solution was cooled down to room temperature, followed by the

addition of excess of KPF6 and the mixture was stirred for addi-

tional 30 minutes. The reaction mixture was evaporated to

dryness, dissolved in DCM, ltered and evaporated once more.

The obtained crude product was puried by ash column chro-

matography on silica with DCM as eluent. The pure compound

was obtained as red solid (85%).
1H NMR (400 MHz, acetone-d6, 298 K) d 8.91 (s, 1H), 8.60 (s,

1H), 8.55 (d, J ¼ 8.5 Hz, 1H), 8.50 (d, J ¼ 8.6 Hz, 1H), 8.47–8.42

(m, 2H), 8.35 (d, J ¼ 8.0 Hz, 1H), 8.30–8.18 (m, 3H), 7.80 (d, J ¼

8.4 Hz, 1H), 7.78–7.71 (m, 1H), 7.55 (d, J¼ 8.0 Hz, 1H), 7.53–7.45

(m, 3H), 7.33–7.27 (m, 1H), 7.27–7.24 (m, 1H), 7.24–7.19 (m,

1H), 7.19–7.12 (m, 1H), 6.99–6.86 (m, 3H), 6.72 (d, J ¼ 4.3 Hz,

1H), 6.70 (d, J ¼ 4.4 Hz, 1H), 6.58 (d, J ¼ 8.3 Hz, 1H), 4.88–4.75

(m, 1H), 4.75–4.60 (m, 1H), 4.15 (s, 3H), 4.06 (s, 3H), 1.49–1.36

(m, 2H), 1.31 (br. s, 29H). Anal. calculated for C62H65F6IrN5O4P:

C, 58.11; H, 5.11; N, 5.47; found: C, 58.06; H, 5.26; N, 5.36 HR

ESI+-MS: found 1136.4758 [M+]; calcd. 1136.4666.

[(N^C–COOH)2Ir(N^N)]Cl, Ir2. The complex Ir2 was obtained

by hydrolysis of Ir1 according to the following procedure: 60 mg

(0.049 mmol) of Ir1 was suspended in 20 mL of MeOH and

excess of KOH (0.07 mmol) was added. The resulting mixture

was reuxed overnight, evaporated to dryness and redissolved

in water. A clear orange solution was acidied by diluted

hydrochloric acid until pH 6, to give resulting complex as an

orange solid, which was separated by centrifugation, washed

with water a few times and dried in air (yield 78%).
1H NMR (400 MHz, DMSO-d6, 298 K) d 8.50 (s, 1H), 8.48–8.34

(m, 3H), 8.26 (s, 1H), 8.26–8.21 (m, 2H), 8.21–8.09 (m, 2H), 7.94

(d, J ¼ 9.0 Hz, 1H), 7.81 (d, J ¼ 8.5 Hz, 1H), 7.77–7.69 (m, 1H),

7.43 (t, J¼ 7.5 Hz, 1H), 7.35 (t, J¼ 7.6 Hz, 1H), 7.30 (t, J¼ 7.6 Hz,

1H), 7.24 (d, J ¼ 8.8 Hz, 1H), 7.21–7.09 (m, 3H), 6.99 (t, J ¼

7.7 Hz, 1H), 6.87 (t, J ¼ 7.7 Hz, 1H), 6.82 (t, J ¼ 7.8 Hz, 1H), 6.72

14432 | RSC Adv., 2020, 10, 14431–14440 This journal is © The Royal Society of Chemistry 2020
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(t, J ¼ 7.8 Hz, 1H), 6.55 (d, J ¼ 7.8 Hz, 1H), 6.48 (d, J ¼ 7.8 Hz,

1H), 6.45 (d, J ¼ 8.3 Hz, 1H), 4.85–4.69 (m, 1H), 4.67–4.53 (m,

1H), 1.24 (s, 31H). Anal. calculated for C60H61ClIrN5O4: C, 63.00;

H, 5.38; N, 6.12; found: C, 62.89; H, 5.62; N, 6.05. HR ESI+-MS:

found 1108.4347 [M+]; calcd 1108.4369.

Liposome preparation

Liposomes were prepared by thin lm hydration method fol-

lowed by an extrusion and purication.35 Briey, the phospho-

lipids in choloroform and the synthesized phosphorescent

complexes (Ir1, Ir2) in MeOH were mixed together (DPPC/DSPE-

PEG2000/Ir#) with molar ratios of 95/4.5/1, respectively. The

organic solvent was evaporated in a rotary evaporator forming

a thin lm at the bottom of a glass test tube. The lipids were

hydrated with 500 mL of HEPES buffer solution (+60 �C) and

extruded 11 times at +60 �C through a polycarbonate membrane

(100 nm pore size) with a syringe-type extrusion device (Avanti

Polar Lipids). Thereaer, the liposomes were quickly cooled and

stored in a refrigerator for the further use. The liposomes were

puried by gel ltration through a Sephadex G-50 (Sigma-

Aldrich) column with HEPES buffer elution. The nal total

lipid concentration of the samples was 3 mmol mL�1.

Size and z-potential measurements

The size and z-potential of the liposomes were analyzed with

a Zetasizer APS dynamic light scattering automated plate

sampler (Malvern Instruments, Malvern, United Kingdom) and

reported as hydrodynamic diameters (Dh) and polydispersity

index (PDI). Dh, PDI and z-potentials were averaged and corre-

sponding standard deviations (SD) were calculated based on

data obtained from at least three independent liposomal

formulations.

Photophysical experiments

All photophysical measurements in solution were carried out in

freshly distilled solvents; when appropriate the solutions were

degassed by freeze–pump–thaw cycles. UV/Vis spectra were

recorded using a Shimadzu UV-1800 spectrophotometer. The

emission and excitation spectra in solution were measured with

a Fluorolog-3 (JY Horiba Inc.) spectrouorometer. The emission

quantum yields in solution were determined by a comparative

method using LED 365 nm pumping and Ru(bipy)3Cl2 in

aerated water (Fr ¼ 0.04) as the reference with the refraction

coefficients of methanol and water equal to 1.331 and 1.333,

respectively.36 The following equation:

Fs ¼ Fr

hs
2
ArIs

hr
2AsIr

was used to calculate the quantum yield, where Fs is the

quantum yield of the sample, Fr is the quantum yield of the

reference, h is the refractive index of the solvent, As and Ar are

the absorbance of the sample and the reference at the wave-

length of excitation, respectively, Is and Ir are the integrated

areas of emission bands. Pulse laser TECH-263 Basic (263 nm),

a Tektronix (DPO2012B, band width 100 MHz) oscilloscope,

Ocean Optics (Monoscan-2000, interval of wavelengths 1 nm)

scanning monochromator, FASTComTec (MCS6A1T4) multiple-

event time digitizer and Hamamatsu (H10682-01) Photon

counting head were used for lifetime measurements.

Cell uptake studies

The cell uptake to retinal pigment epithelium cell line (ARPE-

19) was imaged with Cytation 5 cell imaging multi-mode

reader (BioTek Instruments, Inc., Winooski, VT, USA). The

ARPE-19 cells (CRL-2302, American Type Culture Collection,

ATCC, Manassas, VA, USA) were cultured in DMEM:F12

medium (Gibco 31330–038) supplemented with 10% fetal

bovine serum, 2 mM L-glutamine, 100 U mL�1 penicillin and

100 mg mL�1 streptomycin at +37 �C, 5% CO2. 50 000 cells per

well were seeded on a 24-well thin glass bottom Sensoplate

(Greiner Bio-One GmbH, Kremsmünster, Austria) one day

before exposing them to the liposomes. The cells were incu-

bated for 3 h with liposomes at lipid concentrations of 1.5 mmol

mL�1 (high concentration) or 0.3 mmol mL�1 (low concentra-

tion) in serum-free medium. Aer the incubation, the cells were

washed with phosphate buffered saline (PBS) and incubated

10 min at 37 �C in 5 mg mL�1 of Hoechst 33342 label (Thermo

Fisher Scientic) for cell nuclei. The cells were washed with PBS

and imaged using Cytation 5 with ex/em 445 nm/685 nm for the

phosphorescent liposomes and with ex/em 377 nm/447 nm for

the nuclear stain.

Imaging experiments in vivo

Pigmented rats (HsdOla:LH; age 4 months; weight�450 g) were

anesthetized with medetomidine (0.4 mg kg�1):ketamine

(60 mg kg�1) mixture. The pupils were dilated with tropicamide

(Oan Tropicamid 5 mg mL�1, Santen, Finland) and the eyes

were locally anaesthetized with oxybuprocaine hydrochloride

(Oan Obucain 4 mg mL�1, Santen, Finland). The intravitreal

injections were performed into both eyes of the animals under

direct ophthalmoscopic control through an operating micro-

scope. The needle (34 G) was inserted, about 1 mm from the

limbus, through the sclera into the vitreous, and 3 ml of the

solution was injected per eye. Four eyes were used for each

formulation. A topical carbomer hydrogel (Viscotears) was

applied to prevent dryness of the cornea. Prior and 30 min aer

the intravitreal injection, imaging of each eye was performed

using optical coherence tomography (OCT), and full color fun-

duscopy (Phoenix MICRON™ MICRON IV/OCT, CA, USA)

without and with the lter combination of excitation: Semrock

FF01-469/35 and barrier: Semrock BLP01-488R. The trans-

mission bands for the lters were as follows: (i) Semrock FF01-

469/35: 451.5 nm to 486.5 nm; (ii) Semrock BLP01-488R:

504.7 nm to 900 nm. Due to the sensitivity limitations of the

camera at near infrared region, we the maximal wavelength of

detection was about 700 nm for fundus imaging.

Results and discussion
Design and characterization of Ir(III) lipid–mimetic complexes

Pyridine-benzimidazole with inserted C16 aliphatic chain was

chosen as diimine ligand (N^N) in the synthesis of iridium

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 14431–14440 | 14433
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complexes to increase affinity of resulting compounds to

phospholipid membrane. The N^N ligand has been synthesized

according to Scheme S1 (see ESI†). The heteroleptic cationic

iridium complexes of the [(N^C)2Ir(N^N)]PF6 type were synthe-

sized according to the reaction sequence shown below in high

yields (Scheme 1). The aromatic system of the N^C ligand has

been modied by insertion of the ester function, which was

carefully hydrolyzed at the last stage of the synthesis to increase

hydrophilicity of the “head” in this amphiphilic molecule.

Moreover, the presence of the electron withdrawing groups

(C(O)OMe in Ir1 and C(O)OH in Ir2) gives red shi of excitation

and emission bands that is useful for in vivo visualization

experiments. At the last stage the ester groups of the metalating

ligands in Ir1 were hydrolyzed to increase hydrophilicity of the

“head” in this amphiphilic molecule.

The complexes obtained were carefully characterized using

appropriate spectroscopic techniques. The HR-ESI+ mass

spectra (Fig. S1 and S2†) demonstrate the dominant signals of

singly charged molecular cations with m/z values equal to

1136.4758 (Ir1) and 1108.4347 (Ir2), the isotopic patterns of the

corresponding signals match well the calculated ones. The 1H

NMR spectra of all the complexes display three sets of signals

corresponding to the N^N-ligand protons and the protons of

inequivalent N^C ligands (Fig. 1 and S4†). Assignment of the

signals observed in the 1H NMR spectra was done using the
1H–

1HCOSY, NOESY spectra (Fig. S3 and S5†). Relative intensity

and multiplicity of the signals in the proton spectra t well the

suggested structures (Scheme 1).

Normalized electronic absorption spectra of the both

complexes in methanol at 298 K are shown in Fig. S6.† Similar

to the interpretation given in earlier publications32,34,37–42 for this

type of iridium complexes the intense absorption bands in the

250–320 nm range could be assigned to spin allowed 1
p–p*

ligand centered (LC) transitions located at the cyclometalated

and diimine ligands. The longer wavelength absorption bands

and shoulders with lower extinction coefficients evidently

originate from the mixture of metal-to-ligand (1MLCT) and

ligand-to-ligand (1LLCT) charge transfer.32,42 The absorption

spectra of Ir1 and Ir2 have similar features except the blue shi

of the low energy absorption (1MLCT + 1LLCT transitions) in the

latter complex for ca. 30 nm, which can be assigned to stronger

electron withdrawing effect of carboxylic group in the metal-

ating ligands.

Scheme 1 Synthesis of iridium complexes.

Fig. 1
1H NMR spectrum of Ir1, acetone-d6, 298 K.

14434 | RSC Adv., 2020, 10, 14431–14440 This journal is © The Royal Society of Chemistry 2020
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Both complexes display broad and featureless emission

bands (Fig. 2, Table 1), which resemble the luminescence

proles of the previously reported complexes32 with the similar

cyclometalating ligand. The lifetimes in microsecond domain

and a considerable quenching of emission in aerated solution

clearly indicate the triplet origin of the emission observed, i.e.

phosphorescence. According to the results of theoretical anal-

ysis made for the closely related heteroleptic [(N^C)2Ir(N^N)]
+

complexes,32 the observed emission bands can be tentatively

assigned to the mixture of 3MLCT and 3LLCT transitions with

dominating contribution of the N^C ligand orbitals into the

triplet excited state. The Ir2 complex containing carboxylic

group in the N^C ligand displays a considerable blue shi of

emission band compared to Ir1 with non-hydrolyzed ester

function. This trend is essentially similar to the behavior of

analogous pair of iridium complexes upon hydrolysis of ester

group in the pyridyl-benzimidazole metalating ligands.18

Preparation and photophysical characterization of liposomes

labelled with Ir(III) complexes

Both Ir(III) complexes were then embedded into lipid bilayers of

the PEGylated DPPC liposomes (DPPC/DSPE-PEG2000/Ir# ¼ 95/

4.5/1 mol%) by thin lm hydration method. The formed lipo-

somes were of ca. 110 nm in diameter and narrowly dispersed

(Table 2). They also had slightly negative z-potential (Table 2)

because of 4.5 mol% of anionic DSPE-PEG2000 added to steri-

cally protect the liposomes by the PEG outer shell.

Photophysical investigation of the liposomes bearing the

iridium complexes (L-Ir1 and L-Ir2) revealed that they display

luminescence with very similar band proles (Fig. 2, Table 1). As

compared to the starting complex L-Ir1 demonstrates slight (ca.

10 nm) hypsochromic shi, evidently due to variations in

polarity of the liposomal microenvironment compared to

methanol; on the contrary, L-Ir2 emission band displays

pronounced (ca. 32 nm) bathochromic shi, most probably due

to (at least, partial) charging of carboxyl groups of the N^C

ligand at pH 7.4. The lifetime values of iridium chromophores

are more characteristic with respect to microenvironment and

may be considered as indirect indications of emitters' location

in lipid bilayers of the liposomes. In aerated aqueous solution

both L-Ir1 and L-Ir2 show longer lifetime compared to the free

complexes in methanol that point to isolation of the chromo-

phores from oxygen quenching. However, L-Ir1 displays much

stronger increase in lifetime, which may be considered as

deeper immersion of the complex into the liposome bilayer

compared to the L-Ir2 counterpart. However, substantial

increase in lifetime (L-Ir1 cf. Ir1) in degassed solution also

indicates considerable effect of the matrix rigidity (suppression

of nonradiative vibrational relaxation), which also plays

important role in the observed lifetime variations. Nearly equal

lifetime values for L-Ir2 and Ir2 in degassed solutions point to

the absence of “rigidity effect”, whereas relatively small lifetime

Fig. 2 Excitation (dotted lines) and emission (solid lines) spectra of Ir1, Ir2 (methanol solution) and L-Ir1, L-Ir2 (aqueous solution).

Table 1 Photophysical properties of Ir1 and Ir2 in methanol and labelled liposomes L-Ir1, L-Ir2 in aqueous solution, lexc ¼ 365 nm, 298 K

Sample Absorbance, lmax, nm (3 � 10�4, M�1 cm�1) Excitation, lmax, nm Emission, lmax, nm s, ms (deg/aer) QY, % deg/aer

Methanol solution

Ir1 267(59), 293(55), 342(49), 367sh(34), 468(6) 250–288, 344, 366, 468 667 0.19/0.12 4.8/2.3
Ir2 267(57), 285(55), 335(47), 435(6) 250–288, 338, 435 605 0.42/0.26 10.0/5.3

Aqueous solution

L-Ir1 332, 437 293, 334, 476 657 0.50/0.46 a

L-Ir2 a 289, 337, 437 647 0.41/0.38 a

a These are unavailable due to strong scattering of solutions.
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growth (L-Ir2 vs. Ir2) in aerated solutions indicate ineffective

shielding of the chromophore from interaction with molecular

oxygen. The both observations are very probably indicative of

the iridium emitter location in the “near-surface” area of the

liposome that is a natural consequence of hydrophilic character

of the carboxylic groups at the N^C ligands.

Both types of phosphorescent liposomes were then evaluated

for their application potential in both in vitro and in vivo imaging.

Evaluation of phosphorescent liposomes in bioimaging

Uptake of the liposomes by ARPE-19 cells. Retinal pigment

epithelium cell line (ARPE-19) was chosen for the uptake studies

since this line is one of the most appropriate in vitro models of

retinal pigment epithelium.43 Incubation of ARPE-19 cells with

phosphorescent liposomes resulted in an effective uptake visu-

alized by the appearance of red luminescence in cytoplasm

(Fig. 3A and B) compared to control (Fig. 3C). Fig. 3A and B clearly

show that though both complexes are reliably visualized to lipid

concentrations as low as 0.3 mmolmL�1, the L-Ir2 species provide

stronger luminescence signal and better contrast compared to

the background (Fig. S7†). Overall, the presented in vitro studies

clearly show that PEGylated liposomes containing Ir(III) lipid–

mimetic complexes readily internalize into cells and provide

reliable signal in microscopic experiments.

Ocular imaging in vivo. To evaluate the applicability of

phosphorescent liposomes in in vivo imaging, we performed

OCT and full color funduscopy on pigmented rats. The labeled

liposomes were administered as intravitreal injections. Fig. 4

and 5 show that both Ir(III) complexes are clearly visible not only

because of their luminescence in funduscopy, but they also

generate OCT contrast (compare OCT images in Fig. 4 and 5

before and aer injection). The luminescence and OCT signals

are overlapping thereby revealing the colocalization of both

signals. Both formulations were detectable in the vitreous for 48

hours post-injection with both uorescence and OCT imaging.

The images show typical localized distribution of intravitreally

injected liposomes that were then subject to diffusion and

dislocation from the site of injection at different times aer

injection (Fig. 4 and 5).

Wavelength of the light in ocular OCT imaging is in the near

infra-red region. Therefore, the molecules that can absorb or

emit light could cause contrast in the OCT images. Previous

study has demonstrated OCT-based detection of microspheres

in vivo in liver tissue.44 The contrast mechanisms of OCT are

based on the absorption or back scattering of light. Endogenous

melanin44 and exogenous indocyanine green45 are examples of

contrast agents in OCT. Since the wavelength of light in OCT is

in the near infrared region, and IR-1 and IR-2 do not have strong

emission in this range, it is expected that the OCT signals of the

labeled liposomes stem from physical light scattering. Inter-

estingly, the signals of uorescence fundus images and OCT

overlap. This shows that the liposomes are detectable by both

OCT and uorescence imaging. Colocalization of the signals

also indicates that the labels are stably embedded in the lipo-

somes aer intravitreal injections.

Combination of OCT and uorescence imaging simulta-

neously may provide means to monitor simultaneously tissue

microstructures (OCT) and molecular processes (uorescence

signals).46 Such approach may be interesting in the experiments

of ocular drug safety and pharmacodynamics in vivo. Fluores-

cence signals may demonstrate the distribution of compound

or drug delivery system, while OCT could reveal the distribution

of materials and ocular microstructures, such as retinal layers.47

Fig. 6 shows the fundus images of the eyes of a rat at the age

of more than one year. The images were captured by BLP01-

488R and FF01-469/35 set of lters. Green autouorescence,

mostly originating from anterior ocular tissues (e.g. lens), is

seen in this old rat. It is known that ocular green auto-

uorescence increases with aging.48 The rats in our liposome

studies were 4 months old and they showed low natural auto-

uorescence in the eyes. With IR-1 and IR-2 dyes green auto-

uorescence background of the eyes can be eliminated, because

IR-1 and IR-2 show red signals with this set of lters.

Endogenous autouorescence of posterior ocular tissues, like

retina, is also an important factor that may affect the quality of

uorescence imaging. Marmorstein et al.49 elucidated the spec-

tral prole of natural autouorescence of human retina. They

Table 2 Characterization of PEGylated DPPC liposomes labelled with

Ir(III) complexes, in aqueous solution

Sample Dh � SD, nm PDI

Neat liposomes 94 � 25 0.050
L-Ir1 118 � 24 0.075
L-Ir2 106 � 23 0.153

Fig. 3 Uptake of liposomes labeled with Ir1 (panel A) and Ir2 (panel B), and unlabeled control liposomes (panel C) into ARPE-19 cells. The Ir#

labeled liposomes are shown in red and cell nucleic labeled with Hoechst in blue. Images were acquired using the Cytation 5 fluorescence

microscope. Lipid concentration: 0.3 mmol mL�1. Magnification: 40�. Scale bar: 100 mm.

14436 | RSC Adv., 2020, 10, 14431–14440 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

8
 A

p
ri

l 
2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 1

0
:4

5
:3

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01114b


Fig. 4 IR-2 Fundus and OCT images of rat eye. Upper panel. (A) Color fundus image before injection of liposomes containing IR-2 compound.

(B) Fundus image with the filter combination of excitation: Semrock FF01-469/35 and barrier: Semrock BLP01-488R, before injection. (C) OCT

image before injection. (D) Color fundus image 30 min after injection of liposomes containing IR-2 compound. (E) Fundus image 30 min after

injection with the filter combination of excitation: Semrock FF01-469/35 and barrier: Semrock BLP01-488R. (F) OCT image 30 min after

injection. The liposomes are visible in the vitreous after the injection (yellow arrow). Lower panel. Following images are from same eye and same

set of filters 22 and 48 h after intravitreal injection.
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Fig. 5 IR-1 Fundus andOCT images of rat eye.Upper panel. (A) Color fundus image before injection of liposomes containing IR-1 compound. (B)

Fundus image with the filter combination of excitation: Semrock FF01-469/35 and barrier: Semrock BLP01-488R, before injection. (C) OCT

image before injection. (D) Color fundus image 30 min after injection of liposomes containing IR-1 compound. (E) Fundus image with the filter

combination: excitation Semrock FF01-469/35 and barrier Semrock BLP01-488R, 30 min after injection. (F) OCT image 30 min after injection.

The liposomes are visible in the vitreous after the injection (yellow arrow). Lower panel. Following images are from same eye and same set of

filters 22 and 48 h after injection.
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studied retinas of healthy and diseased (age-related macular

degeneration) human subjects using different excitation and

emission wavelengths. When excitation was performed at

488 nm, the emitted signal at 655 nmwavelength wasminimal. It

is noteworthy that we used excitation wavelength of 488 nm and

monitored the IR-1 and IR-2 dyes at 657 nm and 647 nm,

respectively. Therefore, the background noise from the retinal

autouorescence should be minimal for these dyes. This may

open potential applications of these dyes in retinal research.

Another potential application of these dyes involves their

simultaneous detection with green dyes, like uorescein, in

a single image. This is feasible, because BLP01-488R and FF01-

469/35 lter sets are ideal for uorescein angiography of the

retina. For example, if we inject intravitreally compounds or

formulations labeled with IR-1 or IR-2, and perform retinal

angiography by systemic administration of uorescein, we

could still detect the intravitreally injected materials with the

same set of lters in a single image. Retinal angiography is

a valuable tool in the evaluation of retinal vessels, an impor-

tant part in preclinical safety and drug efficacy studies. These

new labels may broaden the information gain in such

investigations.

Our results suggest that phosphorescence labeling of drug

delivery systems can be used as a tool to follow intracellular and

intraocular particle distribution. To the best of our knowledge,

this is the rst report of the applicability of a phosphorescent

sensor for simultaneous use in in vivo fundoscopy and OCT.

Compared to uorescent labels, the phosphorescent labels are

expected to show improved signal-to-noise ratio and negligible

quenching in long-term experiments with prolonged action

ocular drug delivery systems. Despite the preliminary character

of these in vivo results this research allows to conclude that the

developed iridium complexes have high potential for in vitro

and in vivo bioimaging applications. Wider in vivo use, partic-

ularly in clinical settings, would require more thorough explo-

ration of the safety aspects of these materials.
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