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Soft Nanoparticles Incorporating a Benzo[c]xanthene Fluorophore: 
Facile Synthesis and Ratiometric pH Sensing

Laura McKay,a Natali Joma,b Dusica Maysinger,*b Ashok Kakkar *a 

Polymeric nanoparticles offer considerable potential in resolving key issues related to the delivery of small lipophilic 
pharmaceutics. However, significant challenges remain with respect to the development and application of multifunctional, 
easily accessible fluorescent tools for tracing the cellular uptake and trafficking of soft nanoparticles. We have evaluated a 
platform for this purpose utilizing the pH-responsive molecular sensor seminaphthofluorescein-C (benzo[c]xanthene 
‘SNAFL-C’); its chemical conjugation to an asymmetric miktoarm star polymer (AB2) at its hydrophobic arm terminus; and 
traceable polymeric nanoparticles through self-assembly of SNAFL-AB2 or physical encapsulation of the fluorophore. The 
characteristic high Stokes shift and ratiometric emission behaviour of SNAFL-C were retained in its polymer conjugate as 
well as in the self-assembled structures. Assemblies of the miktoarm fluorophore conjugate exhibited moderately reduced 
brightness as a result of aggregation induced quenching, an effect not observed for the physically encapsulated species. 
Fluorescence quenching experiments probing the partitioning of SNAFL-C in the core shell structures revealed localization 
of the primary fluorescent species in equilibrium based on their physiochemical properties, providing rationalization of 
differing aggregation behaviour observed for physically encapsulated and covalently linked formulations. Live cell 
fluorescence imaging in human glioblastoma cells integrating both SNAFL-C and its nanoformulations demonstrated the 
utility of  the fluorophore in biological imaging applications and highlighted the necessity of detailed and stepwise spectral 
and photophysical evaluations. Collectively, these systems offer new avenues to explore fluorescence imaging using 
polymeric nanocarriers, leading to insights of broad importance to drug delivery and theragnostics. 

1. Introduction
Nanocarriers based on amphiphilic polymers continue to play 

a crucial role in improving the pharmacokinetics and efficacy of 
small molecule therapeutics. Linear block copolymers have in 
particular been widely investigated for the preparation of stable 
nanoformulations to transport and control the release of 
lipophilic active pharmaceutical agents.1-7 More recently, the 
architecture and composition of the polymeric precursors to soft 
nanoparticles have been demonstrated to play a key role in 
tailoring their properties.8 Miktoarm (mikto, Greek, meaning 
different) star polymers are branched structures possessing three 
or more polymeric arms radiating from a central core. This 
unique architecture has offered promise in drug delivery due to 
its exceptional synthetic tuneability in addition to the ability to 
form nanoparticles with low hydrodynamic sizes, dense 
hydrophilic coronas, low critical aggregation concentrations, and 
high loading efficiencies coupled with sustained cargo release.9-

11 To enhance our ability to deliver therapeutics effectively, and 

thus facilitate clinical translation, there is still an unmet need in 
understanding the intracellular fate of nanocarriers and their 
polymeric precursors.12-15 The tracing of nanoparticles without 
inherent fluorescence, the primary method for non-invasive 
imaging with a high degree of spatiotemporal resolution, can be 
accomplished by the integration of fluorophores through 
covalent linkage to the polymeric precursor or direct physical 
encapsulation into their nanoparticles. The choice of strategy is 
highly dependent on the intended application of the system and 
synthetic considerations.16-18 Significantly, the spectral and 
photophysical characteristics of formulations with covalently or 
physically incorporated species may diverge significantly from 
that of the free fluorophore as well as from each other. This 
essential and often overlooked aspect has important implications 
in optical imaging applications. An understanding of these two 
venues, tailored to specific polymer/fluorophore combinations, 
is central to addressing a wide variety of imaging needs including 
in the area of nanoparticle internalization and localization. 
Further, the development of theragnostic nanocarriers with a 
high degree of functionality is a rapidly developing field seeking 
to combine effective treatments with imaging capability for both 
diagnosis and monitoring. Such nanoparticles, often integrating 
small molecule organic fluorophores enable non-invasive optical 
imaging, play a key role in developing personalized precision 
medicine.19-21
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 The vast majority of work in the area of fabricating emissive 
soft nanoparticles employs commercially available fluorophores, 
primarily simple fluorescein and rhodamine derivatives. 
Fluorescein and its close relatives (BCEF, FITC) are ubiquitous 
in biomedical applications, including investigations of 
nanoparticle localization, for their exceptional brightness, low 
toxicity, and sensitivity to pH.22-25 Although such compounds are 
highly accessible due to their commercial availability at low cost, 
specific spectral and photophysical properties of these dyes leave 
much to be desired. The notoriously low Stokes shifts of 
common xanthenes (<30 nm) are a significant limiting factor, as 
poor separation of excitation and emission bands is associated 
with low signal to noise ratios and self-quenching of 
fluorescence.26-28 However, the most notable challenge 
associated with fluorescein and a bulk of other small molecule 
fluorophores is emission well under 550 nm, a range in which 
biological autofluorescence is significant. Imaging in the red 
region of the visible spectrum is highly sought after and has 
prompted extensive molecular engineering efforts to produce 
fluorophores emitting in the red to near IR.29-32 Low energy 
excitation and emission is particularly favourable for deep tissue 
penetration, minimal interference from autofluorescence, and a 
reduced risk of phototoxicity to biological systems.33, 34 

Extension of the xanthene π system through benzannulation 
has been extremely successful as a strategy to red-shift the 
emission of fluorescein and related compounds.35-37 The first 
systematic synthesis and investigation of a large set of these 
fluorophores is attributed to Molecular Probes (Invitrogen) in 
1990.38 This work brought forth two classes of asymmetric 
benzoxanthenes, termed seminaphthofluoresceins (SNAFLs, 
classified as fluoresceins) and seminaphthorhodalfluors 
(SNARFs, categorised as rhodols). The shared features of these 
fluorophores included distinct absorbance and emission from the 
neutral and anionic species in the prototropic equilibrium 
(enabling ratiometric pH sensing, Scheme 1), exceptional Stokes 
shifts, and fluorescence stretching into the deep red. Intriguingly, 
the primary rhodol analogue Seminaphthorhodafluor-C 
(SNARF-C, indicating benzannulation in the favourable ‘C’ 
position) has been extensively employed and is commercially 
available despite several limiting concerns. In direct comparison 
to SNAFL-C, the standout fluorophore from the original work by 
Molecular Probes, the quantum yield of the neutral state of 
SNARF-C is diminished approximately an order of magnitude, 
representing a significant detrimental decrease in brightness.38 
Additionally, discrepancies in pH quantification with SNARF-C 
have been identified and proposed to be a result of either reaction 
of the dimethylamino moiety with intracellular proteins or 
potential impurities in the commercially available material.39, 40 
The initial commercialization and resulting continued 
prevalence of SNARF-C, despite the promising characteristics of 
SNAFL-C, appears closely tied to the push by Molecular Probes 
towards the marketing of rhodol type dyes in the 1990s 41, 42 This 
is an effect further compounded by the contemporary lack of 
simple, complete, and easily accessible information on the 
synthesis of SNAFL-C (and its analogue carboxy-SNAFL-C, 
hereafter termed simply SNAFL-C), culminating in the 
underutilization of this unique fluorophore. 

In this study we sought to confer the exceptional features of 
SNAFL-C to polymeric soft nanoparticles while increasing ease 
to access of the fluorophore via practical synthetic information 
and updated detailed characterization. We have addressed 
outstanding deficiencies in the synthetic accessibility of SNAFL-
C and present here a methodology with an improved isomer 
separation process. An analysis of costs for the commercial 
purchase of analogues (eg. SNARF-C) and the presented 
synthesis highlights SNAFL-C as a model for the benefits of in-
house preparation when paired with optimized, comprehensive 
procedures (see Electronic Supporting Information). 

To expand our understanding of the internalization of 
polymeric nanoparticles upon entry into the biological medium, 
we have developed a simple and versatile strategy which 
includes i) the facile, economic synthesis of high purity single 
isomer SNAFL-C; ii) its covalent linkage to an AB2 (A = 
polycaprolactone; B = polyethylene glycol) miktoarm polymer 
at its hydrophobic arm; and iii) preparation of SNAFL-C 
containing nanoparticles by either physical incorporation into 
AB2 miktoarm-polymer based assemblies, or by direct aqueous 
self-assembly of the SNAFL-AB2 polymer conjugate (Scheme 
2). The fluorophore exhibited a well-defined ratiometric 
response to pH, a result of the established equilibrium between 
the neutral naphthol and anionic naphtholate fluorescent species. 
A thorough spectral and photophysical evaluation of SNAFL-C 
enabled direct comparison of the properties of the fluorophore 
itself with the polymer conjugate unimer and nanoformulations. 
Covalent linkage of the fluorophore to the polymeric system was 
achieved through a simple esterification procedure in which 
chromatographic purification was not necessary to attain high 
purity. The optimized synthesis relied on the inherent reactivity 
of carboxy-SNAFL-C and polycaprolactone while exploiting 
solubility differences for purification. The resulting fluorescent 
conjugate (characterized with inhibition of self-assembly to 
isolate features of the unimer) was seen to largely retain the 
original spectral and photophysical properties of SNAFL-C in 
the same medium. The unique solvent system employed to assess 
the optical properties of the conjugate unimer additionally 
provided an important pathway to evaluate the basic 
solvatochromism of SNAFL-C. Upon aqueous self-assembly, 
the conjugate (SNAFL-AB2) formed micelles incorporating a 
high concentration of the fluorescent end group. These 
assemblies were seen to exhibit moderately diminished 
brightness resulting broadly from aggregation caused quenching 
effects. Conversely, physical encapsulation of SNAFL-C 

Scheme 1. Equilibrium of naphthol and naphtholate species determining the ratiometric 
emission behaviour of SNAFL-C
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nanoparticles yielded a formulation with double the mass of 
fluorophore in relation to nanoparticles of the conjugate and no 
evidence of aggregation caused quenching effects. 

An analysis of fluorophore microenvironments in both 
systems (assembled conjugate μ2 and physically encapsulated 
SNAFL-C) using a dynamic quenching-based protocol offered a 
unique look into the differing localization of multiple species in 
the prototropic equilibrium. Further, these insights provided 
justification for the diverging aggregation effects in 
nanoformulations prepared by differing methods. Coupled with 
spectral data, quenching experiments carried out at neutral pH 
indicated that the neutral and anionic fluorescent species 
distributed independently in the core shell structure with: i) the 
anionic naphtholate preferring to localize in the corona of both 
formulations; and ii) the neutral naphthol at the core/shell 
boundary region when physically encapsulated, and deeper in the 
core when bound to the hydrophobic arm of the amphiphile. 
These results represent the first study involving simultaneous 
observation of multiple prototropic forms of a fluorophore within 
a nanostructure and offer a fresh perspective on the delicate 
balance between loading and brightness. Differences in the 
primary pKa, representing the equilibrium between naphthol and 
naphtholate species, were quantified and linked to fluorophore 
localization. In addition to steady state measurements, this 
equilibrium was also explored via fluorescence lifetimes. A ring 
closure equilibrium, yielding a weakly fluorescent lactone in 
acidic conditions, was examined for the first time with respect to 
benzo[c]xanthenes in polymeric micelles. An understanding of 
SNAFL-C behaviour in acidic media was seen to be crucial to 
interpreting imaging results. 

To establish translation to the more complex biological 
environment, ratiometric emission behaviour and response to 
intracellular pH variation were evaluated on glioblastoma cells 
using i) free SNAFL-C and its masked diacetate analog; as well 
as ii) chemically conjugated and physically encapsulated 

nanoparticle formulations. Through key differences in 
fluorescence emission and response to pH coupled with co-
localization studies, insights into intracellular distribution were 
obtained. 

2. Experimental

2.1 Materials and Instrumentation

Purified water was obtained from a Millipore Milli-Q® (MQ) 
system. Monomer Ԑ-Caprolactone (Tokyo Chemical Industry, ≥ 
99.0%) was dried over calcium hydride for 48 h and distilled 
under reduced pressure. Tin (II) 2-ethylhexanoate (Sigma 
Aldrich) was dried over activated molecular sieves for 48 h and 
distilled before use. All other reagents and solvents were 
purchased from Sigma Aldrich or Oakwood Products and used 
as received. Anhydrous solvents were passed through activated 
alumina in an MBraun solvent purification system. Dialysis 
membranes (Spectrum ™ Spectra / Por ™, MWCO: 3.5 kDa) 
were purchased from Fisher Scientific. Solvents for NMR 
analysis were purchased from Cambridge Isotope Laboratories 
and used as received. Column chromatography was performed 

using silica gel 60 (230–400 mesh) from Silicycle Inc. 1H and 
13C NMR characterizations were performed on a Bruker 
AVIIIHD 500 MHz NMR Spectrometer. Dulbecco’s Modified 
Eagle Medium (DMEM, 11965084), Hoechst 33342 and 
Penicillin–Streptomycin were purchased from Thermo Fisher 
Scientific. Fetal bovine serum was supplied by Wisent Inc. A 
Bruker MALDI Autoflex III-TOF was used for mass spectra 
determination. Gel permeation chromatography (GPC) was 
performed on a Waters Breeze GPC system with HPLC grade 
THF as the mobile phase. Particle size measurements utilized a 
Brookhaven90Plus Particle Size Analyser equipped with a 40 
mW red diode laser. A Thermo Scientific Talos F200X with a 
Ceta 16 M 4k x 4k CMOS camera was employed for 
transmission electron microscopy (TEM). 
UV-Vis absorption spectra were recorded on a Agilent Cary 50 
spectrophotometer and fluorescence measurements were carried 
out on a Agilent Cary Eclipse spectrophotometer with slit widths 
fixed at 5 nm. Extinction coefficients were determined by 
calibration according to the Beer-Lambert law. Fluorescence 
lifetimes were obtained with an Edinburg Instruments Mini-tau 
unit by time correlated single photon counting (TCSPC). Stern 
Volmer quenching constants and equilibrium constants were 
reported with error at the 95% confidence level. Chemical shifts 
(δ) were reported in parts per million (ppm) relative to 
tetramethylsilane using the residual solvent peak as a reference. 
Relative quantum yields were reported with reference to 
commercial Rhodamine 101 by the following equation in which 
‘s’ and ‘r’ denote sample and reference, respectively. 
Concentrations were adjusted to keep absorbance at (and above) 
the excitation wavelength below 0.1 AU with differences in 
refractive index accounted for. Values are reported as 
determined quantum yield ± propagated error. 

Φs= Φr
ms
mr

ns
nr

2

Scheme 2. Schematic representation of the scope of this work, highlighting major themes 
of i) Synthesis of single isomer SNAFL-C, a π extended fluorescein analogue exhibiting 
dual emission for ratiometric pH quantification ii) Preparation of fluorescent 
nanoformulations incorporating SNAFL-C via physical encapsulation and chemical 
conjugation alongside detailed spectral and photophysical analysis; and iii) Preliminary 
biological evaluation utilizing live cell fluorescence imaging. 

SYNTHESIS          

ISOMER SEPARATION
RATIOMETRIC EMISSION

HIGH STOKES SHIFT

SELF-ASSEMBLY

Physical Encapsulation
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Live cell imaging

N

L

- H + (Red Emission)+ H + (Green Emission)

Page 3 of 21 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

if
uu

-s
an

da
a 

20
25

. D
ow

nl
oa

de
d 

on
 2

02
5/

08
/2

1 
3:

33
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TB01322D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01322d


ARTICLE Journal of Materials Chemistry B

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2025

2.2 Methods

Preparation of soft nanoparticles 
Aqueous self-assembly of blank and loaded micelles was carried 
out by the co-solvent evaporation method.43 Solutions containing 
5.0 mg of miktoarm polymer μ1 or μ2 and 1.0 mg of cargo (where 
applicable) were prepared in 2.0 mL of HPLC grade acetone and 
added at a fixed rate of 1 drop per 5 seconds to a 2.0 mL solution 
of MQ water being stirred at 400 rpm. The solutions were 
protected from light and stirred for 18 h under ambient fume 
hood pressure to completely remove the organic solvent and 
trigger micelle formation. Complete removal of the organic 
phase was confirmed by mass tracking. The aqueous solutions 
were passed twice through 0.22 µm polyvinylidene fluoride 
(PVDF) syringe filters. Aliquots were taken for DLS 
measurements to determine hydrodynamic diameters and 
polydispersity index of the resulting micelles. For determination 
of micelle cargo (SNAFL-C) content by UV-Vis, aliquots were 
removed and diluted by a factor of 48 with ethanolic potassium 
hydroxide. The utilized standard curve for SNAFL absorption is 
provided in the supporting information (Figure S.39). 
Encapsulation efficiency and loading capacity of the 
nanocarriers were calculated by mass according to the following 
equations.  

Encapsulation efficiency (EE) % = 100 · ( Loaded cargo
Total added cargo )

Loading capacity (LC) % = 100 · ( Loaded cargo
Loaded cargo + Polymer )

In a representative TEM experiment 15 μL of the micellar 
solution (previously diluted 10x with MQ water) was dropped on 
a carbon-coated copper grid, with excess solution removed by a 
Whatman filter paper after five minutes. Subsequently 15 μL of 
2% uranyl acetate was applied to the grid for a period of one 
minute. The stained grid was allowed to dry for a minimum of 
thirty minutes before imaging. Critical micelle/aggregation 
concentration (CMC/CAC) was determined by the pyrene 1:3 
method in which a range of polymer concentrations were 
prepared in 6 μM solutions of pyrene in THF.44 The organic 
solutions were added at a rate of 1 drop / 5 s. into 1 mL solutions 
of MQ and allowed to stir protected from light until the  
evaporation of THF was complete as indicated by mass. 
Fluorescence excitation spectra were recorded with the emission 
wavelength fixed at 390 nm.  

Cell Culture

U251N human glioblastoma cells (derived from a 75-year-old 
male patient with brain astrocytoma) were originally obtained 
from the American Type Culture Collection. Unless otherwise 
specified, cells were maintained in Dulbecco’s Modified Eagle 
Medium, supplemented with 5% (v/v) fetal bovine serum, and 
1% (v/v) Penicillin–Streptomycin at 37 °C with 5% CO2 and 
95% relative humidity.

Cell Counting and Treatment

Confluent monolayer cell cultures of 70–80% were detached 
using 0.05% trypsin–EDTA, seeded at 7000 cells per coverslip, 
and cultured for 24 h. When appropriate cells were treated with 
chloroquine (CQ) for 24 hours. SNAFL-C (1.5 μM), SNAFL
diacetate 4 (1.5 μM), conjugated SNAFL-C μ2 nanoparticles (1.5 
μM), or encapsulated SNAFL-C in nanoparticles of μ1 (1.5 μM) 
were added 30 minutes prior to imaging.  

Cell Viability 

Confluent monolayer cell cultures of 70–80% were detached 
using 0.05% trypsin– EDTA, seeded in 96-well cell culture 
plates at 7000 cells per well, and cultured for 24 h. Cells were 
treated with increasing concentrations of SNAFL for 24 h. 
Nuclei were labeled with Hoechst 33342 (10 μM, Thermo Fisher 
Scientific) for 30 min. Cells were imaged using a fluorescence 
microscope (Leica DMI4000B) with the UV filter at 10× 
magnification. 

Fluorescence Imaging

Nuclei were labeled with 10 μM Hoechst 33342 for 30 min. 
Coverslips were washed twice with PBS. Fluorescence signals 
were detected using fluorescent live imaging with GFP and CY5 
filters. Cells were imaged using a fluorescence microscope 
(Leica DMI4000B) with the UV filter set at 60× magnification.

Preparation of 5(6)-Carboxyfluorescein (1)45 

A one neck 100 mL round bottom flask was charged with 9.23 g 
of resorcinol (84.2 mmol) and 8.06 g of 1,3-dioxo-2-benzofuran-
5-carboxylic acid (41.9 mmol) before dissolution in 60 mL of 
methane sulfonic acid. The mixture was brought to 80°C for a 
period of 18 h. After cooling to room temperature, the reaction 
mixture was poured slowly into 500 mL of cooled deionized 
water with fast stirring. The resulting orange precipitate was 
allowed to settle before collection on a medium grain frit where 
it remained for 24 h under house vacuum. The solid material was 
transferred to a conical flask with the addition of 150 mL of 
absolute ethanol. The mixture was allowed to heat to 60 °C with 
stirring until homogenous. After removal from heat, 400 mL of 
deionized water was added over a period of 20 minutes with 
vigorous stirring of the solution. The solid was allowed to settle 
at room temperature before collection on a frit. After 48 h under 
house vacuum the material was dried in vacuo to yield 15.35 g 
(40.8 mmol, 97%) of the title compound as a fine orange powder. 
Full removal of trace water without the use of high temperatures 
was achieved by dissolution of 1 into ethyl acetate, washing with 
small portions of saturated brine solution, drying of the organic 
phase by magnesium sulfate and removal of solvent, followed by 
a period of 1 h under high vacuum. 

Preparation of 4-(2,4-dihydroxybenzoyl)isophthalic acid (2) 

To a one neck 250 mL round bottom flask equipped with a 
condenser was added 80 mL of deionized water. In portions 80.0 
g. of sodium hydroxide pellets (50% by mass) were added to 
solution. After a cooling period of 45 minutes 10.22 g of 1 (27.0 
mmol) was added to the flask. The deep purple solution was 
heated to 95 °C for a period of 24 h. The medium brown mixture 
was cooled to room temperature before slow addition to 300 mL 
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of chilled deionized water in a 1 L beaker. The flask was placed 
in a secondary ice/brine bath and set to stir vigorously before 
initiating dropwise addition of 12 M HCl. The addition was 
continued over a period of 2 h and slowed as the solution reached 
acidity. At a pH of ~1 a beige solid precipitated rapidly, at which 
point the stirring rate was increased and addition was stopped. 
The solids were allowed to stir for 1 h and settle overnight at 
room temperature. The crude product was collected on a medium 
grain frit and dried for 24 h. on house vacuum. After an 
additional 1 h under high vacuum the solid was taken up in 200 
mL of diethyl ether and washed with 50 mL portions of water 
and brine. The ethereal solution was dried with magnesium 
sulphate and the solvent removed under reduced pressure to yield 
6.86 g of 2-(2,4-dihydroxybenzoyl) terephthalic acid and 4-(2,4-
dihydroxybenzoyl) isophthalic acid as a 1:1 isomer mixture (22.7 
mmol, 84%). Crucially, foaming of the product under vacuum to 
a fine shiny powder takes place when the sample is sufficiently 
dry and suitable for recrystallization. Following the initial 
observation of foaming, an additional 30 minutes under reduced 
pressure yields an ideal, easily handled solid. Material which 
remains as a viscous liquid or amorphous solid may be 
repeatedly mixed with small volumes of ether and dried under 
vacuum until observation of foaming to the desired powder. 
Portions of the dried sample were then taken for isomer 
separation as required. In a representative experiment 1.80 g of 
the dried mixture was transferred to a 50 mL beaker and 
dissolved in 9 mL of HPLC grade methanol (suggested 
concentration: 2 g/mL). After confirmation of full and immediate 
dissolution of the solids, 18 mL of deionized water (1:2 ratio of 
methanol/water) was slowly added to the homogenous solution 
in increments with manual mixing. Partial or slow dissolution of 
the compound in methanol is indicative that the material is not 
suitably prepared for recrystallization and should be subjected to 
additional drying cycles. The flask was subsequently sealed and 
left undisturbed at room temperature for a period of 1 h. as 
crystallization took place. The resulting solids were collected on 
a coarse frit and allowed to dry under house vacuum. The mother 
liquor was set aside for 48 h to allow precipitation of remaining 
material (reclaimed and subsequently dried for future 
recrystallization) or, alternatively, directly extracted with ether. 
The crystalline material was then taken up into 50 mL of ether 
and washed with 2 x 10 mL portions of brine. Drying with 
magnesium sulphate and removal of solvent yielded 0.75 g of a 
fine light yellow solid (1H NMR: 90 % 4-(2,4-
dihydroxybenzoyl)isophthalic acid / 10% 2-(2,4-
dihydroxybenzoyl)terephthalic acid). The material underwent a 
secondary recrystallization via the same procedure (3 mL 
methanol : 6 mL water, crystallization time period of 15 minutes) 
to yield 0.45 g (50% of compound 2) of the pure regioisomer as 
a fine light-yellow powder. 

Preparation of 5-carboxy-seminaphthofluorescein (SNAFL-C, 3)46

A two neck 50 mL round bottom flask under nitrogen was 
charged with 0.72 g (2.4 mmol) of 2 and 0.42 g (2.6 mmol) of 
1,6-naphthalene diol. Through a rubber septum 10 mL of 
methane sulfonic acid and 10 mL of trifluoroacetic acid were 
added and the reaction was allowed to proceed at room 

temperature, shielded from light, for 24 hours. The teal solution 
was then opened to air and poured into 250 mL of chilled 
deionized water with immediate precipitation of the crude 
product. The deep purple solid was collected on a fine grain frit, 
washed with 3x10 mL portions of water on the frit, and allowed 
to dry under house vacuum for 24 h. A solution of the crude 
product in 100 mL of 2 M NaOH was prepared in a 500 mL 
conical flask. Dropwise addition of 120 mL of 2 M HCl with 
vigorous stirring resulted in precipitation of a fine purple solid 
which was collected and dried thoroughly under vacuum. The 
collected material was dissolved in 50 mL of anhydrous ethanol 
and added dropwise to 200 mL of deionized water with vigorous 
stirring. The resulting precipitate was allowed to settle at room 
temperature before collection on a fine grain frit. After drying 
under low vacuum, the solid was subjected to 3 cycles of 
dissolution in acetone, removal of solvent, and exposure to high 
vacuum. The title compound, a shiny deep purple solid reflecting 
green, was obtained in 53% yield (0.54 g, 1.3 mmol).  

Preparation of 5-carboxy-seminaphthofluorescin diacetate (4)

Under nitrogen flow fluorophore 3 (0.39 g, 0.91 mmol) was 
dissolved in 15.0 mL of fresh acetic anhydride. Pyridine (50 μL) 
was added via syringe through rubber septum and the mixture 
was brought to 110 °C for a period of 1 h. After cooling bulk 
acetic anhydride was removed by rotary evaporation. An 
azeotrope (ethyl acetate) was utilized to eliminate the remaining 
solvent. The brown solid was taken up in 25 mL of ethyl acetate 
and washed with 15 mL each of 0.5 M HCl and brine. The 
organic layer was dried over magnesium sulphate and the solvent 
was removed under reduced pressure. The target compound, an 
off-white powder, was isolated by recrystallization from 
anhydrous ethanol (0.23 g, 49%).

Synthesis of (3,5-bis(prop-2-yn-1-yloxy)phenyl)methanol (5)

A two neck round bottom flask was charged with 3,5-
dihydroxybenzyl alcohol (1.00 g, 7.14 mmol), potassium 
carbonate (1.30 g, 9.28 mmol), and 18-Crown[6] under a 
nitrogen atmosphere. The reagents were dissolved in 30 mL 
acetone, treated with propargyl bromide (80% in toluene – 1.6 
mL, 14.3 mmol) and brought to 60 °C. After 18 hours the 
solution was cooled and the solvent was removed under reduced 
pressure. The resulting oily solid was then dissolved in 
dichloromethane and extracted from water three times. The 
combined organic layers were dried over magnesium sulfate and 
the solvent was removed under reduced pressure. The crude 
residue was dry loaded onto a moderate length column and eluted 
with 2:1 hexanes/ethyl acetate to yield 1.15 g (75%) of 5 as a 
crystalline white solid.

Preparation of Polycaprolactone (6)

A dried three neck round bottom flask was charged with 
compound 5 (0.24 g, 1.1 mmol), distilled Ԑ-caprolactone (2.50 
mL, 22.6 mmol), and 40 mL dry toluene under a nitrogen 
atmosphere. The mixture was heated to 100 °C, at which time 
distilled and nitrogen purged Sn (II) ethyl hexanoate (0.070 mL, 
0.226 mmol) was added in one portion via syringe. The solution 
was allowed to reflux at 110 °C for 18 hours under nitrogen.  
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After cooling to room temperature, the solvent was removed 
under reduced pressure. The resulting oil was dissolved in 
minimal dichloromethane and precipitated in ice cold methanol. 
The precipitated solid was collected by filtration and dried in 
vacuo to yield 2.70 g (93 %) of 6 as a fine white powder.

Preparation of mPEG2000-N3 (7) 

In a two neck round bottom flask under a nitrogen atmosphere, 
commercial mPEG2000-OH (4.42 g, 2.18 mmol) was dissolved in 
40 mL dichloromethane. The solution was cooled to 0 °C in an 
ice bath and subsequently treated with 4-dimethylaminopyridine 
(0.07 g, 0.572 mmol), p-Toluene sulfonyl chloride (0.53 g, 2.77 
mmol), and triethylamine (2.0 mL, 14.3 mmol) in sequence. The 
mixture was allowed to warm to room temperature overnight at 
which time the solvent was removed under reduced pressure. The 
crude mixture was dissolved in 25 mL chloroform and washed 
with two 10 mL portions of 0.1 M HCl solution and 10 mL of 
brine. The organic layer was dried over magnesium sulfate and 
the solvent was removed under reduced pressure to yield 4.65 g 
(97%) of the mono-tosylated polymer mPEG2000-OTs as a white 
solid. In a one neck round bottom flask 40 mL of anhydrous 
ethanol was added to mPEG2000-OTs (1.52 g, 0.71 mmol) and 
sodium azide (0.15 g, 2.1 mmol). The solution was heated at 80 
°C for 20 h at which time the solvent was carefully removed 
under reduced pressure. The crude oil was dissolved in 50 mL of 
chloroform and washed with 50 mL of distilled water. The 
aqueous layer was then extracted with three 50 mL portions of 
chloroform. The combined organic fractions were washed with a 
portion of brine and dried over magnesium sulfate before 
removal of the solvent under reduced pressure. The resulting oil 
was dissolved in minimum dichloromethane and precipitated in 
ice cold ether. Collection by filtration and drying under vacuum 
yielded 1.12 g (78%) of the title polymer as a white solid. 

Preparation of PEG2-PCL (μ1) 

mPEG2000-N3 7 (0.32 g, 0.16 mmol) and 6 (0.18 g, 0.072 mmol) were 
added to a dried two neck round bottom flask under a nitrogen 
atmosphere and dissolved in dry dimethylformamide (7 mL). 
Separately, purified CuBr (0.016 g, 0.108 mmol) and 
N,N,N’,N,”N,” pentamethyldiethylenetriamine (0.020 mL, 
0.108 mmol) were added to a dry one neck flask under a nitrogen 
atmosphere with 1 mL of dry dimethylformamide. This mixture 
was added dropwise to the primary reaction flask and the 
resulting blue solution was stirred at 40 °C for 24 hours. After 
completion the solvent was removed under reduced pressure, 
utilizing a toluene azeotrope. The crude product was dissolved 
in dichloromethane and washed with a 1 M aqueous 
ethylenediaminetetraacetic acid (EDTA) solution which was 
then extracted three times. The combined organic fractions were 
combined and dried over magnesium sulfate. Removal of the 
solvent with reduced pressure yielded a light yellow oil which 
was subsequently dissolved in minimal tetrahydrofuran and 
placed in a 3.5 kD dialysis membrane. The product was dialyzed 
against 300 mL of an 85:15 tetrahydrofuran/water mixture for 48 
hours. The solution remaining in the membrane was removed 
and dried under reduced pressure. The resulting residue was 

dissolved in minimal dichloromethane and precipitated with ice 
cold ether to yield 0.29 g (60%) of μ1 as a fine white solid. 

Preparation of Polycaprolactone-SNAFL (8)

In a dried two neck round bottom flask protected SNAFL 4 (0.29 
g, 0.58 mmol), polycaprolactone 6 (0.78 g, 0.29 mmol) and 4-
dimethylaminopyridine (0.018 g, 0.15 mmol) were dissolved in 
3 mL of dry dichloromethane. The mixture was cooled in an ice 
bath for 30 minutes, at which time a 0.5 mL solution of N,N'-
dicyclohexylcarbodiimide (0.070 g, 032 mmol) was added 
dropwise through a rubber septum. The reaction was allowed to 
equilibrate to room temperature overnight under nitrogen flow 
and protected from light. At 48 h the mixture was cooled in the 
freezer and subsequently passed through a syringe filter to 
remove the precipitated urea byproduct. The solution was diluted 
with a further 75 mL of dichloromethane and washed with 40 mL 
of 0.1 M HCl followed by the same volume of brine. After drying 
over magnesium sulfate and removal of solvent the solid was 
dissolved in minimal dichloromethane and precipitated with 200 
mL of cold methanol. The resulting solids were collected on a 
medium frit and subjected to a second precipitation by the same 
solvent system. The title compound was obtained as a beige solid 
(0.51 g) in 55% yield.

Preparation of PEG2-PCL-SNAFL (μ2)

mPEG2000-N3 7 (0.56 g, 0.28 mmol) and polycaprolactone 8 (0.42 
g, 0.13 mmol) were added to a dried two neck round bottom flask 
under a nitrogen atmosphere and dissolved in dry 
dimethylformamide (5 mL). Separately, purified CuBr (0.028 g, 
0.20 mmol) and N,N,N’,N,”N,” pentamethyldiethylenetriamine 
(0.040 mL, 0.20 mmol) were added to a dry one neck flask under 
a nitrogen atmosphere with 1 mL of dry dimethylformamide. The 
mixture was added dropwise to the primary reaction flask and 
the resulting solution was stirred at 40 °C for 24 hours. A colour 
change from blue to a vibrant purple took place over a 20-minute 
period. After completion, the solvent was removed under 
reduced pressure (azeotrope with toluene). The crude product 
was dissolved in dichloromethane and washed with a 1 M EDTA 
solution which was then extracted an additional three times. The 
organic fractions were combined and dried over magnesium 
sulfate. Removal of solvent with reduced pressure yielded a 
magenta oil which was dissolved in minimal tetrahydrofuran and 
placed in a 3.5 kD dialysis membrane. The product was dialyzed 
against 300 mL of an 85:15 tetrahydrofuran/water mixture for 48 
hours. The solution remaining in the membrane was removed 
and dried under reduced pressure. The residue was dissolved in 
minimal dichloromethane and precipitated with ice cold ether to 
yield 0.46 g. (49%) of μ2 as a pink solid.

3. Results and Discussion

3.1 Fluorophore Synthesis and Polymer Labelling 

SNAFL-C: 

While symmetric fluoresceins are traditionally produced in a 
single step by a modified Freidel Crafts reaction, asymmetric 
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seminaphthofluoresceins and rhodafluors are commonly 
accessed through fluorescein and its hydrolysis to a versatile 
benzophenone intermediate.35, 38, 47 To establish a synthetic 
handle suitable for conjugation to the polymeric species, we 
chose to employ the carboxylic acid derivative of 
seminaphthofluorescein-C, as illustrated in Scheme 3. 
Installation of this moiety first involves replacement of the 
phthalic anhydride starting material in the synthesis  of 
fluorescein with the trimellitic anhydride, yielding a 1:1 mixture 
of regioisomers termed 5,6-carboxyfluorescein. 

Despite the addition of this functionality having little bearing 
on the optical properties of the fluorophore, behaviour begins to 
diverge following esterification based on the position of the 
carboxylic acid on the lower ring. The extensive investigation of 
carboxy-fluoresceins and related derivatives has provided 
important insights into the distinct behaviour of the common 
isomers (possessing secondary carboxylic acids in the 5 or 6 
positions).48 Significantly, esterification in the 6 position results 
in a substantial reduction of fluorescence quantum yields while 
the corresponding 5-ester experiences only a minor suppression 
of overall brightness.49, 50 This phenomenon has been attributed 
to a photoinduced electron transfer process (PeT) from the 
excited state xanthene HOMO to the benzene LUMO. While the 
labelling of both positions results in an energetic decrease of the 
LUMO associated with the benzene moiety, this effect is less 
pronounced for the 5’ isomer and the quenching associated with 
the photoinduced electron transfer is limited. For this reason, 
isolation of the 5 isomer is broadly desired for applications in 
which the carboxylic acid moiety undergoes esterification. While 
carboxy-fluorescein and its analogues are most commonly sold 
as isomeric mixtures, lack of commercial demand for single 
isomer fluoresceins and rhodafluors is likely a result of the 
staggering cost of these products rather than an indication of lack 
of utility (Table S.5). A limited number of literature procedures 
for isomer separation exist but these often remain largely 

inaccessible for those outside of a narrow range of expertise due 
to the necessity of complex purification methods, and/or sparse 
detail in published methodologies.51-54

We present here a detailed and simple methodology for the 
in-house synthesis of single isomer SNAFL-C, bringing together 
insights from several published procedures while providing 
additional practical methodological information and an 
improved approach to isomer separation. Carboxy-fluorescein 
was first synthesized by the well-established double Freidel 
Crafts reaction of resorcinol and trimellitic anhydride in 
methanesulfonic acid. After quenching of the reaction and a 
secondary precipitation of the crude product in ethanol/water, the 
material underwent extensive drying to yield an equal mixture of 
5 and 6-carboxyfluorescein with no observable impurities. 
Hydrolysis of this material in a 50% solution of sodium 
hydroxide with subsequent acidification and precipitation steps 
yielded the benzophenone intermediate as a 1:1 isomer mixture. 
Isomer separation at this stage, an already vital intermediate in 
the synthesis of asymmetric xanthenes, was highly cost and time 
effective.  Selective recrystallization of these benzophenones, 
reported by Hammershøj et al in 2015, exploits differing 
crystallization kinetics of the isomers in methanol/water 
solutions.55 However, the published procedure lacks repeatability 
and requires lengthy recrystallization times, noted as 2-3 
repetitions of 1+ week each to achieve a 36% yield. 

In this work we emphasize the necessity of additional 
dehydration steps and provide rules of thumb for the 
concentration (0.5 g/mL of methanol) and composition of the 
recrystallization mixtures (1:2 methanol/water). Extensive 
drying before separation, in which the suitably prepared 
compound is easily identified by foaming of the material to a fine 
powder under reduced pressure, functions not only to reduce 
crystallization time to under two hours but also aids in improving 
repeatability of the procedure. In the final step, condensation of 
the purified benzophenone with 1,6-dihydroxynaphthalene in a 
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Scheme 3. Synthesis and protection of single isomer SNAFL-C (3). I. MeSO3H, 80°C, 18 h. II. 50% NaOH (aq.), 95°C, 24 h. III. 1,6-naphthalene diol, MeSO3H/TFA, RT, 24 h. IV. 
Acetic anhydride, pyridine, 110°C, 1 h. 
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1:1 mixture of methanesulfonic acid and trifluoroacetic acid 
produces single isomer SNAFL-C (3). Precipitations during 
work up allow for isolation of the fluorophore in high purity 
without the need for chromatographic purification techniques. 
The ability to synthesize high purity single isomer SNAFL-C 
without column purification is significant in the context of 
accessibility, particularly when coupled with a simplified and 
time efficient isomer separation process. A complete analysis of 
the costs of in-house synthesis and estimated commercial pricing 
is provided in the supplementary information (Tables S.3 – S.5). 

While charged functional groups are known to increase the 
retention of dyes in cells, these fluorophores are traditionally 
introduced as their neutral ‘membrane permanent’ esters. For 
this purpose, SNAFL-C was converted to non-fluorescent 
diacetate 4 via acetylation with acetic anhydride. Diacetates of 
this type are designed to undergo cellular internalization easily  
and subsequently be hydrolyzed by intracellular esterases to 
yield the charged (and thus well retained) compound with 
restored fluorescence.56-58 The secondary carboxylic acid 
functional group of SNAFL-C, deprotonated at neutral pH, can 
be expected to further contribute to enhanced retention of the  
species in cells.59 

Fluorophore labelled and unfunctionalized miktoarm polymers:

The fabrication of well defined, low polydispersity miktoarm 
polymers is best achieved through a modular ligation approach 
involving a series of simple and high yielding reactions.60, 61 As 

depicted in Scheme 4 we synthesized the non-emissive AB2 
miktoarm polymer μ1, comprised of one polycaprolactone (A = 
PCL) block and two polyethylene glycol (B = PEG) arms 
branching from a central core. Propargylation on the 
heterobifunctional core was followed by the ring opening 
polymerization of caprolactone. Azide terminated polyethylene 
glycol (mPEG2000-N3) was synthesized separately by tosylation 
and subsequent azidation from commercially available 
monomethoxy polyethylene glycol of a molecular weight of 
~2,000 g/mol. Copper (I) catalyzed alkyne-azide cycloaddition 
was then utilized to link the hydrophilic and hydrophobic 
components, generating the desired miktoarm polymer μ1. In the 
context of linking the fluorophore to the polymeric system, the 
hydroxyl end group of polycaprolactone is well suited for direct 
esterification with the secondary carboxylic acid of 3. However, 
SNAFL-C appeared to undergo intermolecular esterification in 
the presence of coupling agents, preventing formation of the 
desired product (Figures S.32-33). Substitution of SNAFL-C (3) 
with acetylated analogue 4 eliminated this pathway, allowing for 
clean labelling of the polymer. The increased solubility of the 
protected compound in a wide range of organic solvents 
additionally enabled the use of traditional Steglich esterification 

conditions.62 Direct reaction of excess diacetate 4 with 
polycaprolactone 6 vastly simplified purification in comparison 

to reaction with an amphiphile such as μ1. The labelled 
polycaprolactone was readily precipitated by a 
dichloromethane/methanol solvent system, while the excess 
fluorophore remained soluble and was thus readily removed. The 
high molecular weight of SNAFL-C assisted in characterization, 

pH λabs 
/nm
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Scheme 4. Synthesis of miktoarm polymers μ1 (unlabelled PEG2-PCL) and μ2 (fluorescent PEG2-PCL-SNAFL). I. Propargyl bromide, K2CO3, 18-Crown [6], acetone, 60 °C, 18 h II. 
Ԑ-Caprolactone, Tin(II) ethyl hexanoate, toluene, 110 °C, 18 h. III. mPEG2000-N3 (7), CuBr, N’N’-PMDETA, DMF, 40 °C, 24 h.  IV. SNAFL-Diacetate (4), DCC/DMAP, DCM, 0 °C 
– RT, 48 h. V. CuBr, N’N’-PMDETA, DMF, 40 °C, 24 h.

Table 1. Selected properties of SNAFL-C at representative acidic (naphthol, PBS 
buffer) and basic (naphtholate, carbonate/bicarbonate buffer) pH conditions
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as the difference in molecular weight between the unlabelled and 
dye functionalized polymer was observable by both GPC and 
MALDI-TOF analysis. The established Cu(I) CuAAc ‘click’ 
methodology was then employed to ligate the two hydrophilic 
arms. The acetate protecting groups on the fluorophore were 
rapidly cleaved in this step, removing the need for an additional 
reaction to generate fluorescent μ2. The resulting miktoarm 
polymer was characterized using a combination of techniques 
including NMR and GPC (see Supporting Information).  

3.2 Spectral and Photophysical Characterization of SNAFL-C 
and Polymer Conjugate  

SNAFL-C:

We first evaluated the unique spectral and photophysical 
characteristics of SNAFL-C, as presented in Table 1. Consistent 
with the original work of Whitiker et al the fluorophore showed 
well-defined responses in its absorption and emission spectra to 
changes in pH (Figure 1).38  The properties of the two fluorescent 
species responsible for the ratiometric emission behaviour of 
SNAFL-C, shown in Scheme 1, were readily isolated with 
appropriate solution pH. The neutral naphthol was dominant at 
pH 6, with two primary absorption bands at 485 and 511 nm. In 
alkaline conditions deprotonation occurred, yielding the anionic 
naphtholate absorbing at 540 nm. In direct comparison to 
fluorescein in the anionic state, the absorbance of SNAFL-C was 
red-shifted by an impressive 49 nm.23 The associated pKa was 

determined to be 7.81, a desirable near neutral value in the 
physiological range (Figure S.64). 

The emission bands of the two species were seen to be 
distinct and well resolved. Naphthol emission was centred at 543 
nm with a shoulder at 600 nm, a feature attributed to the excited 
state proton donating character of the species. The naphtholate 
emission band was symmetric, with a maximum at 623 nm and 
intensity extending to 800 nm.  The anion, with a Stokes shift of 
83 nm, represents a striking 117 nm bathochromic shift in 
emission from the equivalent fluorescein species.23 The simple, 
well-defined equilibrium is illustrated by the presence of a clear 
isosbestic point in the pH dependent absorbance spectra (Figure 
S.42). It is this equilibrium which imparts the capability for 
ratiometric pH detection, as demonstrated in Figure 2. While the 
bulk of pH responsive fluorophores rely on the simple 
modulation of emission intensity, SNAFL-C is established to 
function as ratiometric pH sensor. In the context of fluorescence, 
ratiometric sensors (broadly based on interplay between two well 
resolved absorbance or emission bands) fall into two primary 
categories, single compound or specifically fabricated materials 
incorporating two fluorophores. When utilized for pH 
measurement, these determinations are exceptionally accurate 
and not subject to environmental factors.63-65 In contrast, 
measurements employing fluorescence intensity based methods 
(measuring a single signal) are impacted by fluorophore leakage, 
photobleaching, local dye distribution and other minor changes 
in environmental conditions. This greatly reduces the accuracy 

Figure 2. Ratiometric emission of SNAFL-C with A) Naphthol excited at 485 nm and monitored at 543 nm B) Naphtholate excited at 540 nm and monitored at 623 nm 
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Figure 1. Normalized absorption and emission spectra of SNAFL-C at pH 6 (naphthol, PBS buffer, λex = 485 nm) and pH 10 (naphtholate, carbonate/bicarbonate buffer, λex = 540 
nm)
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and reliability of pH quantification, particularly in the context of 
intracellular imaging.58, 66-68 

Quantum yields were determined with reference to 
Rhodamine 101, a preferred standard for red emitting 
fluorophores.69, 70 The neutral species, with a fluorescence 
lifetime of 3.53 ns, had a desirable quantum yield of 0.35 while 
the anionic naphtholate possessed a lower quantum yield (Φ = 
0.086) and associated lifetime (1.21 ns). Considering 
absorptivity, the total brightness of the neutral naphthol was 
calculated to be greater than that of the naphtholate by a factor 
of 2.3. In addition to the demonstrated capability of SNAFL-C 
to function as a single molecule ratiometric pH sensor, the 
distinct lifetimes of the species show excellent applicability in 
fluorescence lifetime imaging techniques.71 

Miktoarm Polymer Conjugate (μ2):

 The direct comparison of fluorophore SNAFL-C and 
labelled polymer μ2 required a judicious choice of conditions. To 
isolate the properties of the amphiphilic polymer from its self-
assembled structures, an organic solvent system was employed. 
An ethanolic potassium hydroxide solution with minimal water 
content was capable of solubilizing both SNAFL-C and its 
polymeric conjugate, inhibiting self-assembly processes, and 
pushing the equilibrium to a single fluorescent species (the 
deprotonated naphtholate). The optical properties of both 
SNAFL-C and the labelled miktoarm polymer in this medium  
were evaluated (Table 2). The general absorption and emission 
profiles of both SNAFL-C and μ2, seen in Figure 3, mirrored that 
of the naphtholate species generated in alkaline aqueous 
solutions. For SNAFL-C, the change in solvent system from 
buffer to ethanol resulted in 13 and 6 nm redshifts in absorption 

and emission, respectively. Fluorescein and its close relatives 
have been documented to experience hypsochromic shifts with 
increasing hydrogen bonding capability of the solvent, including 
in water-alcohol binary mixtures.72-74 SNAFL-C appeared to 
match fluorescein and other closely related xanthenes in this 
respect, undergoing a redshift moving from buffered aqueous 
solution to ethanol. 

While fluorescein and a number of other xanthene dyes are 
known to experience lowered quantum yields and fluorescence 
lifetimes in an aqueous medium (due to solvent hydrogen 
bonding effects), benzoxanthenes have to date only been 
investigated in buffers.36, 38, 46 Transition from an aqueous 
solution to a polar organic solvent such as ethanol (while keeping 
the protolytic form constant) is expected to result in changes in 
solvation of the singlet and triplet excited states, reducing 
intersystem crossing and leading to longer fluorescence lifetimes 
and increased quantum yields. This principle evidently remains 
valid for SNAFL-C, which was observed to experience marked 
changes to its overall brightness and lifetime of fluorescence. 
The quantum yield of the fluorophore in this solvent system (Φ 
= 0.22) was increased by a factor of ~2.6 from that of the 
naphtholate in alkaline buffer while the fluorescence lifetime 
extended to 2.7 ns. The fluorescence rate constant (kr = Φf / τf) 
remained relatively unchanged between the solvents as expected. 

A similar rationale may be applied to the behaviour of μ2 in 
ethanolic potassium hydroxide, which was shifted a further 7 nm 
in absorption and 9 nm in emission from the free fluorophore in 
the same medium. While the overall amphiphilic star polymer 
was exceptionally soluble in ethanol, it was expected that the 
polyethylene glycol chains would be fully extended and 
stretched while those of the less soluble polycaprolactone block 
would remain relatively coiled and more tightly packed.75, 76 The 
chromophore, covalently bound to the hydrophobic arm of the 
polymer, would likely remain partially in this non-polar local 
environment. The reduced hydrogen bonding from the solvent, 
altering solvation of the ground and excited states, would be 
expected to result in the observed bathochromic shifts. The merit 
of the choice to isolate single isomer SNAFL-C rather than to 
employ an isomeric mixture for esterification was reflected in the 
quantum yield of the conjugate. In comparison to the free 
fluorophore in basic ethanol, conjugate μ2 exhibited only a 

State λabs 
/nm

λem 
/nm

Stokes
/nm Φf

τ
/ns

Free 553 629 76
0.22 

± 0.02
2.65

Conjugated 560 638 78
0.15 

± 0.02
2.08

Table 2. Optical properties of SNAFL-C (free) and conjugate μ2 in ethanolic 
potassium hydroxide 

Figure 3. Normalized absorption and fluorescence emission spectra (λex = 560 nm) of SNAFL-C and conjugate μ2 in ethanolic potassium hydroxide solution
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modest decrease in quantum yield, thus preserving the overall 
brightness of the system. 

3.3 Nanoparticle Self-Assembly 

Nanoparticles were prepared through aqueous self-assembly 
using the co-solvent evaporation method: i) in which SNAFL-C 
was physically encapsulated in μ1; and ii) from μ2, in which the 
fluorophore was covalently linked to the polymeric system. 
Acetone, a low boiling and water miscible solvent, was chosen 
as the organic phase for its ability to solubilize both μ1 / μ2, and 
fluorophore SNAFL-C. Based on the hydrophilic fractions of μ1 

and μ2, spherical micelles with a core-shell structure were 
expected.77 The hydrodynamic diameters of blank and SNAFL 
loaded μ1 micelles were measured by dynamic light scattering to 
be 30.6 ± 0.4 nm and 36.3 ± 0.5 nm, respectively (Table 3). TEM 
analysis (Figure S.36) confirmed the presence of spherical 
nanoparticles of low polydispersity. Assembled μ2 was seen to 
largely resemble blank μ1 nanoparticles, with a hydrodynamic 
diameter of 32 ± 2 nm. In the nanoparticles physically 
encapsulating the fluorophore guest, with a SNAFL-C/polymer 
feed ratio of 20%, we obtained an encapsulation efficiency of 
60% and loading capacity of 11%.  

3.4 Spectral and Photophysical Characterization of 
Nanoparticles

 The spectral and photophysical properties of the two 
nanoformulations, SNAFL-C physically encapsulated in 

nanoparticles of miktoarm μ1 and self-assembled conjugate μ2, 
were investigated (Table 4). The absorption spectrum of each 
formulation was measured first over the pH range 6 – 11, as 
illustrated in Figure 4. Encapsulated SNAFL-C mirrored the free 
species to a high degree, with the only variation being a minor 
decrease in absorptivity at pH 6. This decrease in absorbance 
eliminated the isosbestic point observed in the corresponding 
titration of the free fluorophore. While the μ2 unimer (isolated in 
basic ethanol) was seen to largely mimic the absorbance and 
emission characteristics of SNAFL-C, self-assembly of the 
amphiphile induced significant changes. Absorbance was 
observed to broaden across the full range of solution pH, with an 
increase in the full width at half maximum (FWHM) from 66.5 
nm for free and encapsulated SNAFL-C to 85.5 nm for 
assembled μ2 at pH 10. While the maximum absorbance of the 
encapsulated species was shifted a mere 1 nm from that of the 
free species, self-assembled μ2 exhibited a 10 nm bathochromic 
shift at pH 10. Identification of self-assembly as the trigger of 
these features, as supported by the optical properties of the 
conjugate unimer, suggested meaningful changes in the 
microenvironment of the μ2 fluorophore with the formation of 
nanoparticles. 

Analogous to the solvent effects demonstrated for free 
SNAFL-C, the observed bathochromic shift in absorption may 
be attributed to partitioning of the fluorophore into the micelle 
interior. This transition from an aqueous environment to a 
‘micellar phase’ in which contact with the protic solvent is 

Polymer Nanoformulation

Compound Mn  A

/g·mol-1
Ð B Diameter /nm C Ð  D EE%  E LC%

μ1 
(Blank)

6600 1.11 30.6 ± 0.4 0.191± 0.020 - -

μ1 
(Encapsulating SNAFL-C)

6600 1.11 36.3 ± 0.5 0.227 ± 0.014 60 ± 2 10.8 ± 0.3

μ2 7400 1.18 32.4 ± 2.0 0.175 ± 0.022 - -

Table 3. Physical properties of miktoarm star polymers μ1, μ2 and their self-assemblies

A) Determined by MALDI-TOF analysis; B) Calculated by GPC; C) Hydrodynamic diameter by DLS; D) Polydispersity of nanoparticles by DLS; E) Encapsulation efficiency 
and loading capacity measured by UV-Vis absorbance. Parameters relating to nanoformulations reported as mean ± standard deviation of three separately prepared samples.

Figure 4. Absorption spectra of A) Physically encapsulated SNAFL-C and B) Assembled conjugate μ2 over pH range 6 - 11
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diminished has been widely reported to lead to redshifts for 
xanthene dyes.78-82 In the context of a simplistic core-shell 
structure with a hydrated polar shell and a non-polar core, only 
the local environment of the hydrophobic region can be expected 
to induce these spectral changes. . It then follows that the 
minimal changes in relation to physically encapsulated SNAFL- 
C are not indicative of meaningful interaction with the 
polycaprolactone core of the nanostructure. Conversely, the 
significant bathochromic shifts in absorbance and emission of 
the assembled conjugate, in which the fluorophore was 
covalently bound to the polycaprolactone block, suggest 
partitioning into the hydrophobic core. While the overall 
bathochromic shifts in the absorbance bands of assembled μ2 
indicated incorporation into the micelle interior, the observed 
broadening pointed to aggregation effects. 

Close packing of aromatic structures (in concentrated 
solutions, films, and the solid state) almost universally results in 
aggregation-caused quenching (ACQ), an effect extensively 
documented for xanthenes.83-85 The broad category of ACQ, 
identified originally as ‘concentration quenching’, encompasses 
a variety of mechanisms for the reduction of brightness resulting 
from chromophore contact and interactions. For fluorescein and 
other xanthenes, quenching is closely tied to the formation of 
dimers and other supramolecular assemblies, particularly those 
which may be classified as H-aggregates.86-90 The entrapment of 
fluorophores within nanostructures is widely recognized to 
trigger ACQ effects, diminishing the overall brightness of the 
system via reduced quantum yields.17, 91, 92 
The quantum yield of assembled μ2 was determined to be 0.029 
in pH 10 buffer, a reduction of 66% in comparison to free 
SNAFL-C in the same medium. While the unimer experienced a 
32% quantum yield decrease attributed to increased PeT after 
esterification, the additional 34% reduction may be largely 
attributed to aggregation effects induced by self-assembly. 
Similarly, the conjugated naphthol was also seen to undergo a 
significant decrease in brightness (Table S.2). With the 
fluorophore end group at a high concentration (5.8% by mass, 
representing 340 μM in the undiluted formulation) ACQ effects 
can be expected to be at play. However, SNAFL-C encapsulated 
nanoparticles did not exhibit the tell-tale signs of ACQ despite a 
comparatively high formulation concentration of the fluorophore 
(11% by mass, corresponding to 700 μM in the undiluted 
formulation). Rather, the absorbance over a wide range of pH 
values mirrored that of the free fluorophore and the quantum 
yield of the self-assembly was calculated to be within error of the 

corresponding value for the free fluorophore for both the 
naphthol and naphtholate species. These observations indicated 
a potential lack of spatial confinement (and thus close species 
contacts) of physically incorporated SNAFL-C, a contrast to the 
common imagery of encapsulated guests packing neatly into the 
hydrophobic interior regions of nanostructures. 

3.5 Fluorophore Localization within Nanostructures

To further probe localization with respect to each 
nanoformulation, fluorescence quenching experiments were 
carried out. The role of the iodide anion in supressing xanthene 
fluorescence via dynamic quenching has been well 
documented.93-95 This bimolecular reaction competes with the 
radiative fluorescence process as described by the following 
equation, in which I0 represents fluorescence intensity prior to  
quencher addition and I is the intensity at a given concentration 
Q of the quencher. 

𝐼
𝐼0

= 1 +  𝐾𝑆𝑉[𝑄]

This phenomenon has in recent years been creatively utilized to 
ascertain information on the position of xanthene 
photosensitizers in nanostructures.78-80, 96, 97 In the context of 
core-shell structures the water-soluble iodide ion can in principle 
only access fluorophores localized in the aqueous corona. 
Species embedded in a dense hydrophobic core are by extension 
unlikely to participate in collisions with the quencher. When 
compared directly to the free compound, Stern Volmer 
quenching constants (Ksv) are expected to decrease when the 
guest is localized in the core and remain relatively unchanged if 
dispersed in the shell. The seminaphthofluorescein system 
provides a unique opportunity to explore the quenching, and by 
extension localization, of two fluorescent species individually. 
In order to observe both the SNAFL naphthol and naphtholate 
simultaneously, all quenching experiments were carried out at 
pH 7.4, a condition ensuring both species were present in 
solution. With respect to SNAFL-C the Stern Volmer constants 
were determined to be 18 (Ksv-A) and 3.2 (Ksv-B) M-1 for the 
neutral and anionic components, respectively (Table 5). Upon 
encapsulation of the fluorophore Ksv-A underwent a moderate 
decrease of 18% while Ksv-B remained unchanged within error. 
This was accompanied by spectral data indicating a ~1 nm 
redshift of the encapsulated naphthol and no observable 
difference in the naphtholate emission profile (Figure S.87-88). 
When the fluorophore was covalently bound (assembled μ2) Ksv-
A was decreased by 63% in addition to a 6 nm bathochromic 
shift. Ksv-B experienced a minor increase with no spectral 
changes associated with the naphtholate being observed. 

The combined quenching and spectral evidence suggested 
marked differences in localization of the fluorescent species 
within the nanostructures. Generally, the neutral naphthol 
demonstrated an affinity for the hydrophobic core while the 
charged and more water soluble naphtholate preferentially 
remained in the hydrophilic corona region. These observations 
were consistent with reports of hydrophobicity and reduced 
charge encouraging the partitioning of xanthenes into non-polar 
core regions of soft nanoparticles.62,65 The linearity of all Stern 
Volmer plots with respect to the two nanoformulations (Figures 

State λabs
/nm

λem
/nm

Stokes
/nm Φf

τ
/ns

Encapsulated 541 623 88
0.085

± 0.008
1.17

Conjugated 550 635 85
0.029

± 0.003
1.13

Table 4. Optical properties of encapsulated SNAFL-C and assembled μ2 in pH 10 
buffer (naphtholate)
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S.84-86) indicated narrow distributions of each species, a direct 
contrast to the regions of differing slops which emerge when 
multiple populations of the guest exist in separate 
microenvironments. With respect to physical encapsulation, the 
two species were seen to operate independently and partition into 
the nanocarrier based on their physiochemical properties. The 
observations of a minor red shift and slightly reduced Ksv-A for 
the naphthol, a moderately hydrophobic species with low charge 
density, indicated only shallow incorporation into the 
polycaprolactone core or localization in an intermediate core-
shell boundary region.  Conversely, the unchanged Ksv-B and 
emission profile supported localization of the naphtholate 
exclusively in the hydrated shell. For the covalently linked 
fluorophore, the flexibility of the polycaprolactone chains 
appeared to allow for organization based on the state of the end 
group in a similar manner to the encapsulated species. The 
anionic naphtholate was seen to remain distributed in the corona 
at neutral pH, avoiding the accumulation of a high charge density 
in the spatially confined core region. In contrast, the significant 
bathochromic shift and major reduction of Ksv for the naphthol 
species clearly indicated deep localization in the non-polar core. 
The emergence of aggregation caused quenching effects in 
assemblies with covalently linked SNAFL-C (μ2) was rational 
considering the observation of a significant portion of the total 
population of species localizing in the confined hydrophobic 
core. In the case of encapsulated SNAFL-C, the minimal 
interaction of either species with the polycaprolactone micelle 
interior and resulting lack of spatial confinement could be tied to 

the absence of ACQ, despite the extremely high concentration of 
the fluorophore in the overall formulation. 

 While an analysis of quenching and spectral shifts at neutral 
pH allowed for a simultaneous exploration of the individual 
localization behaviour of the coexisting species, the behaviour of 
the covalently linked fluorophore deviated in highly alkaline 
conditions. In a neutral solution of pH 7.4 the tethered anionic 
naphtholate was seen to orient in the hydrated corona, matching 
the emission maximum of the free species and exhibiting no 
reduction in Ksv. However, as the solution pH increased a marked 
bathochromic shift was observed (totalling 12 nm at pH 10, 
Figure S.63). The progressive redshift as the equilibrium was 
pushed towards complete naphtholate dominance indicated 
increasing incorporation of the anion in the hydrophobic core. 
Despite the logical orientation of the highly charged naphtholate 
end group towards the hydrated shell, covalent attachment of the 
species to the hydrophobic block appeared to lead to significant 
interaction of the anion with the nonpolar core at high pH. In 
these conditions, where the ratio of naphtholate to naphthol 
species is exceptionally high, total rearrangement of a bulk of the 
polycaprolactone chains to position these end groups in the polar 
shell evidently cannot occur, leaving a significant population of 
the anion in the core microenvironment. This phenomenon was 
not observed for formulations in which SNAFL-C was 
physically encapsulated, a case in which mobility of the 
fluorophore species within the core-shell structure would not be 
constrained in the same manner as conjugate μ2. 

3.6 Impact of Conjugation and Assembly - Protolytic Equilibria

An important nuance of the incorporation of a fluorophore in 
nanoparticles is the perturbation of protolytic equilibria. For pH 
sensors such as SNAFL-C, successful application in imaging 
contexts hinges on the accuracy of relevant protolytic constants. 
Changes in the microenvironment of a fluorophore in the vicinity 
of a surfactant, including local polarity differences and hydrogen 
bonding effects, have been reported to impact equilibrium 
constants.78, 98, 99 The primary pKa of interest relevant to imaging 
of these systems relates to the equilibrium between the naphthol 
and naphtholate species. Determination of this pKa for SNAFL-
C and related ratiometric benzoxanthenes is best carried out by 
the high sensitivity ‘two excitation, two emission’ method 

State KSV  A    / M-1 KSV  B    / M-1

Free 18 ± 1 3.2 ± 0.4

Encapsulated 14.7 ± 0.5 3.1 ± 0.1

Conjugated 6.6 ± 0.2 4.5 ± 0.2
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Table 5. Stern Volmer quenching constants of free SNAFL-C, encapsulated SNAFL-
C, and assembled μ2 isolated for A) Naphthol (λex = 485 nm) and B) Naphtholate (λex 

= 540 nm) species

Figure 5. Visualized equilibrium between A) Encapsulated SNAFL-C naphthol (λex =485 nm, λem = 543 nm) and naphtholate (λex =540 nm, λem = 623 nm) in comparison to B) Assembled 

μ2 naphthol (λex =485 nm, λem = 549 nm) and naphtholate (λex =540 nm, λem = 635 nm)
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described by Whitaker et al.38 For each solution of a measured 
pH, the two species are excited individually and measured at 
their characteristic wavelengths. The following equation was 
utilized for pKa determination. 

𝑝𝐻 = 𝑝𝐾𝑎 ― log [(𝑅 ― 𝑅𝑚𝑖𝑛 𝑅𝑚𝑎𝑥 ― 𝑅)·( 𝐹𝐵 𝐹𝐴 )]

Here, R represents ratios of emission intensity from naphthol and 
naphtholate species, with Rmax and Rmin as limiting values and the 
pKa of the species as the y intercept. The term FA/FB was a ratio 
of emission intensity in maximum acidic and basic solutions, 
measured at the wavelength on the denominator of R. Relevant 
data and fitting can be found in the Supporting information 
(Figures S.52 – S.66). 

The pKa of SNAFL-C determined by this method, 7.81, was 
utilized as a reference to evaluate the effects of physical 
encapsulation and conjugate self-assembly (Table 6). The 
apparent pKa of encapsulated SNAFL-C was seen to be 7.77, a 
minor decrease from that of the free fluorophore. This subtle 
change, nearly within error, was reflected in the pH dependent 
intensity profiles for both the encapsulated naphthol and 
naphtholate species, closely mirroring those of free SNAFL-C 
(Figures 5A, S.54). These observations, coupled with clear 
indications of differing localization of the fluorescent species in 
the two formulations, were consistent with literature accounts of 
the equilibria of xanthenes incorporated into non-ionic micelles. 
Minor differences in apparent pKa point towards an equal 
availability of protons in the vicinity of the fluorophore in 
comparison to the free species in water. The hydrated 
polyethylene glycol corona, where encapsulated SNAFL-C was 
seen to primarily localize, provides such an environment. In 
addition, the absence of aggregation caused quenching effects is 
likely to contribute to the lack of significant apparent pKa 

alteration. Conversely, the pKa of the self-assembled conjugate, 
at 8.04, differed more significantly from that of free and 
physically encapsulated SNAFL-C. While phenolic pKa values 
are expected to decrease with incorporation in a region of 
reduced H+ availability, as in the case of the conjugated 
fluorophore which partitioned strongly into the hydrophobic core 
of the assembly, the opposite was observed here.78, 100  This result 
may be traced primarily to major differences in the normalized 
emission profile of the conjugated naphthol, evident in Figure 
5B. 

While naphthol emission reached a maximum at pH 6.0 when 
SNAFL was both free and encapsulated, this extreme occurred 

at pH 7.0 for assembled μ2. Moving from pH 11 to pH 7 naphthol 
fluorescence rose rapidly, in line with the increased apparent 
pKa. As seen in Figure 5B, naphthol emission dropped off steeply 
between pH 7 and 6. This was accompanied by notably low 
absorptivity at pH 6 (Figure S.41). While aggregation effects 
were known to be at play, these are expected to be relevant over 
the full range of pH conditions and are not documented to be 
associated with decreased extinction coefficients. These 
observations indicated the presence of a secondary equilibrium, 
forming a weakly absorbing and minimally fluorescent species, 
occurring below pH 7. While the naphthol – naphtholate 
equilibrium determined the primary relevant properties of 
SNAFL-C, a secondary transformation was seen to become 
significant in highly acidic solutions. This lactonization process, 
illustrated in Scheme 5, has not previously been evaluated in 
detail for SNAFL-C beyond the initial prototropic equilibrium 
proposed by Whitiker et al.38 The associated equilibrium 
constant was denoted here as pKL with calculated values 
presented in Table 6. For intracellular imaging applications, an 
environment spanning a wide pH range, a sound understanding 
of this ring closure equilibrium is essential. This lactone is 
understood to be generated from the naphthol species, both in 
highly acidic aqueous solutions and in non-polar organic 
solvents.23, 101, 102 The low absorptivity and weakly emitting 
nature of this species introduces complexity to its detection. 
Here, appearance of the lactone was monitored indirectly via the 
decay of naphthol fluorescence. While further transformation of 
the lactone to the corresponding cationic ring closed compound 
has been observed for seminaphthofluorescein and simple 
fluoresceins, this cation was observed primarily at negative pH 
and can be expected to have a similarly negligible quantum 
yield.23, 38 

The equilibrium was first investigated for free SNAFL-C in 
an aqueous medium. Maximum emission of the naphthol species 
occurred at pH 6, the condition at which concentrations of 
naphtholate and the non-fluorescent lactone are minimized. 
Gradual acidification of the solution revealed the anticipated 
decay of fluorescence corresponding with formation of the ring 
closed structure. The plateau to minimum fluorescence, seen in 
Figure 6A, was observed below pH 2 with a corresponding pKL 
of 4.33. Encapsulated SNAFL exhibited similarities to the free 
species with maximum emission from the naphthol occurring at 
pH 6. However, a more complete depletion of fluorescence 
occurred, with nearly no naphthol signal observed below pH 3.5. 
The pKL of encapsulated SNAFL-C was calculated to be 4.94, a 

State pKa  pKL

Free 7.81 ± 0.01 4.33 ± 0.01

Encapsulated 7.77 ± 0.02 4.94 ± 0.01

Conjugated 8.04 ± 0.02 5.56 ± 0.03

Table 6. Equilibrium constants for free SNAFL-C, encapsulated SNAFL-C, and 
assembled μ2

Scheme 5. Equilibrium between SNAFL-C naphthol and ring closed lactone species 

Naphthol (Green, λem = 543 nm) Lactone (Weakly / non- emissive)

O

HO

OH

O O

HO O

OH

HO O
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significant increase from that of the free fluorophore. As partially 
observed in the titration of the conjugate between pH 6 and 11, 
the behaviour of assembled μ2 in the acidic regime diverged from 
that of the physically encapsulated fluorophore. Rather than 
reaching a maximum at pH 6.0, emission from the naphthol 
species continued to increase up to pH 7.0. The corresponding 
pKL, 5.56, reflected these marked differences in the lactonization  
equilibrium. The more significant alterations to pKL in 
comparison to pKa, totalling over a unit with respect to the 
assembled conjugate, are likely to reflect differences in 
localization of the lactone. With respect to the encapsulated 
species, where the naphthol and naphtholate were seen to be 
located primarily in the core/shell boundary and outer shell, the 
physically incorporated lactone is expected to partition deeper in 
the polycaprolactone core as a result of its hydrophobicity and 
reduced charge. The confined core microenvironment, with 
limited access to protons, distinct polarity differences, and ACQ 
effects, lends itself to a more significant modulation of 
equilibrium constants. This effect is logically amplified for 
formulations of the conjugate, where a population of end group 
fluorophores were already seen to localize in the core in the 6-11 
pH range.

The functionality of free, encapsulated and conjugated 
SNAFL-C in the context of lifetime-based imaging 
methodologies was then briefly investigated. While SNAFL-C 
(like its commercial counterpart SNARF-C) has potential for 
applicability in fluorescence lifetime imaging, this translation 
has remained largely unexplored. Time resolved techniques like 
fluorescence lifetime imaging microscopy (FLIM) are functional 
both as a stand-alone technique and as a tool to provide an 
additional layer of information to traditional imaging 
methods.103, 104 Figure 6B illustrates the pH dependent 
fluorescence lifetimes of free and nano-formulated SNAFL. As 
predicted by the numerous parallels between free and 
encapsulated SNAFL-C in the standard 6 to 11 pH region, there 
were no discernible distinctions in their pH dependent lifetime 
curves. Conversely, the observed differences in the lifetime 
profile of the assembled conjugate reflected the complexity of 
protolytic equilibria in the μ2 system. In the studied pH range the 
assembled conjugate exhibited lowered lifetimes with respect to 
both free and encapsulated SNAFL. The curve visually indicated 

a lowered pKa, imitating the decay of the conjugated naphtholate 
in this range. Here, the diminished brightness of the naphthol 
component in comparison to that of the naphtholate appeared to 
skew the detected lifetimes to primarily reflect the behaviour of 
the latter. These results indicated physically incorporated 
SNAFL could be utilized in the same manner as the free 
fluorophore for lifetime imaging with no major adjustments 
while the μ2 nanoformulation would be expected to require 
further optimization prior to practical application. 

3.7 Biological Evaluation 

Considering the defined pH response of SNAFL-C and its 
nanoformulations, we evaluated if these changes could also be 
observed in a more complex biological environment. Here, the 
model cells selected for this exploration were human 
glioblastoma (GBM). Intracellular pH imaging was investigated 
for free SNAFL-C and diacetate 4, in addition to two 
nanoformulations (encapsulated and conjugated). Prior to 
imaging we assessed cell viability to determine the concentration 
range which was non-toxic. Under concentrations of 50 μM there 
was no significant cytotoxicity observed for the any of the four 
samples (Figure S.91). In all imaging experiments we utilized 
low concentrations well within this range (1.5 μM). The two 
fluorescent species in the prototropic equilibrium of SNAFL 
were detected separately via the use of individual excitation 
wavelengths and appropriate emission filters. In the specific case 
of SNAFL-C, the 80 nm separation in emission bands between 
the two species and 55 nm difference in excitation wavelengths 
was crucial to the practical imaging of ratiometric emission. 
While the naphthol was best suited to the GFP filter and 
represented as green in the subsequent figures, it is relevant to 
note that naphthol emission was redshifted 28 nm from 
fluorescein, a fluorophore traditionally associated with green 
fluorescence.23, 48 

SNAFL-C, introduced as compound 3, was first examined 
and seen to exhibit two detectable species. As depicted in Figure 
7B, the neutral and anionic species were visible as green and red 
fluorescence, respectively. In some cells the green signal was 
dominant, while red channel emission from the naphtholate 
species was comparatively weak. Chloroquine (CQ) was then 
utilized to increase intracellular pH.105 Cells were initially treated 
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Figure 6. A) Decay of naphthol fluorescence in the acidic pH regime demonstrating formation of the SNAFL-C lactone; and B) Fluorescence lifetimes of free SNAFL-C, encapsulated 
SNAFL-C, and assembled conjugate μ2
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with chloroquine (CQ, 25 μM, 24 h.) and subsequently incubated 
with SNAFL-C for 30 minutes. The red fluorescence signal 
increased in intensity after this treatment, consistent with an 
increase in pH in the local environment of the fluorophore. 
SNAFL-C was then introduced to the cells in its masked form, 
diacetate 4. The function of this compound, beyond its 
unexpected synthetic function in preparation of the conjugate μ2, 
was primarily to chaperone the fluorophore into the cell as its 
neutral (and thus more membrane permeable) non-fluorescent 
form. Once internalized, the protecting group was expected to be 
cleaved by intracellular esterases to yield the free fluorophore 
(SNAFL-C 3). As seen in direct introduction of SNAFL-C, both 
red and green signals were observable after 30 minutes of 
incubation with diacetate 4, indicating successful cleavage of the 
acetate moieties. In comparison to incubation with free SNAFL-
C, use of the diacetate induced several subtle differences 
including a minor increase in overall brightness, likely stemming 
from increased internalization. The relative intensity of the red 
signal both before and after CQ treatment was moderately higher 
than those associated with the direct introduction of SNAFL-C. 
Skewing of this ratio towards the anionic naphtholate indicated 
a local environment of higher pH experienced by the 
fluorophore, likely due to minor differences in intracellular 
localization. The presence of both red and green signals in the 
initial images as well as the significant increase in the anionic 
species with CQ treatment pointed towards the local pH 
experienced by both SNAFL-C 3 and deprotected diacetate 4 as 
broadly close to neutral. 

Cells were then incubated with nanoparticles in which the 
fluorophore was physically encapsulated or covalently linked. 

Images derived from incubation with these nanoparticles 
diverged significantly from those associated with the free 
fluorophore. For both formulations, before and after pH 
adjustment, no naphtholate emission was measurable (Figures 
7C/D). The immediately visible dominance of the naphthol 
species with no detectable signal from the red channel indicated 
an acidic local environment experienced by the assemblies. For 
both conjugated and encapsulated SNAFL-C, treatment with 
chloroquine to increase intracellular pH resulted in increased 
brightness of the green signal and the continued absence of red 
emission. Significantly, this further indicated that both 
nanoparticle formulations were localized in a region of low pH, 
as informed by investigations of the SNAFL-C lactonization 
equilibrium. As depicted in Figure 6A, an increase in solution 
pH in the acidic regime (under pH 6 for free and encapsulated 
SNAFL-C and pH 7 for the conjugate) resulted in an increase in 
emission at the naphthol emission maximum. This was attributed 
to a shift of the lactone – naphthol equilibrium in which the 
relative abundance of the weakly fluorescent ring closed species 
was decreased, with a corresponding increase in the 
concentration of the green emitting naphthol (Scheme 5). When 
localized in the acidic lysosomal compartment, both 
encapsulated and conjugated SNAFL-C would be expected to 
exhibit increased emission from the green channel with an 
increase in intracellular pH. The visual indications of an acidic 
microenvironment experienced by both nanoformulations were 
consistent with reports showing localization of nanostructures 
primarily in lysosomes, an organelle with low pH.13, 106-108 
Lysosomes, the late endocytic compartment, play a fundamental 
role in cell function and the regulation of homeostasis, with their 

Nuclei - Blue Naphthol - Green Naphtholate - Red Overlay

SN
A

FL
 (4

)
SN

A
FL

 (4
) +

 C
Q

_ 
+ 

C
Q

A

A 10 μm

En
ca

ps
ul

at
ed

 3
En

ca
ps

ul
at

ed
 3

 +
 C

Q

_ 
+ 

C
Q

20 μm

C

A

Nuclei - Blue Naphthol - Green Naphtholate - Red Overlay

SN
A

FL
 (3

)
SN

A
FL

 (3
) +

 C
Q

10 μm

B

A

A
ss

em
bl

ed
 μ

2
A

ss
em

bl
ed

 μ
2 
+ 

C
Q

_ 
+ 

)C
Q

20 μm

D

A

Figure 7. Detection of A) Free SNAFL-C (compound 3), B) SNAFL diacetate (compound 4, C) Encapsulated SNAFL-C, and D) Assembled conjugate μ2 in human glioblastoma cells. 
Cells were treated with chloroquine (CQ, 25 μM) for 24 hours where appropriate. 1.5 μM of the selected fluorophore was added 30 minutes prior to imaging. Species were detected 
using fluorescent live imaging (GFP green and Cy5 filters); nuclei were labelled with Hoechst 33342 blue. 
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malfunction implicated in multiple degenerative disorders.109, 110 
Lysosomes have been seen to exhibit heterogeneity between and 
within cell types, both in terms of their distribution and 
associated pH.111 To confirm that the nanoparticles ended up in 
the lysosomal compartment we utilized LysoTracker™ Red 
labelling. A significant co-localization of the nanoparticles with 
LysoTracker Red was observed, indicating that the nanocarriers 
were delivered to the lysosomal compartments following cellular 
internalization (Figure S.90). 

4. Conclusions
In this work we employed a holistic approach to the 

development of a platform to trace the intracellular fate of 
miktoarm polymer based soft nanoparticles, built on the 
ratiometric pH sensor SNAFL-C. Our streamlined synthesis of 
high purity single isomer SNAFL-C contributes to improved 
accessibility of the fluorophore via both vastly diminished costs 
and acceleration of the isomer separation process. Significantly, 
the optimized synthetic procedure for ligation of SNAFL-C to 
the star polymer eliminated the need for additional synthetic 
tailoring of the fluorophore or polymer end group replacement 
and did not involve chromatographic purification techniques, as 
was the case in our preparation of SNAFL-C itself. 

Encapsulated SNAFL-C was seen to closely mimic the 
spectral and photophysical properties of the free fluorophore 
with no evidence of aggregation caused quenching (ACQ). 
Nanoparticles of the conjugate also retained several desirable 
characteristics of SNAFL-C including a high Stokes shift and 
ratiometric emission despite moderate ACQ effects. This 
diverging aggregation behaviour between the two formulations 
was rationalized by a quenching-based assessment which 
uncovered differing localization of the naphthol and naphtholate 
species in the core-shell nanostructure. The encapsulated 
naphthol was seen to be situated at an intermediate core-shell 
boundary region while the anionic naphtholate remained 
distributed in the hydrated shell. The clear lack of spatial 
confinement was consistent with the absence of ACQ despite 
SNAFL representing an impressive 11% of the total formulation 
mass, double that of the conjugated formulation. The differences 
in localization in relation to the conjugated fluorophore 
(assembled μ2) were most pronounced at neutral pH. Under these 
conditions the naphthol was seen to be embedded in the confined 
hydrophobic core, logically leading to ACQ. The naphtholate 
localized in the shell, revealing the ability of the structure to 
reorient polycaprolactone chains with differing end groups 
according to their physiochemical characteristics. These results 
emphasized the necessity of evaluating fluorophore incorporated 
nanocarriers on a highly individual basis with respect to the 
distinct properties of the guest, including all significant species 
existing in equilibrium. A change in perspective on ACQ, and 
methods to investigate it, is of broad importance to the 
fabrication of fluorescent soft nanoparticles. With respect to the 
quenching of brightness in nanoformulations, the effect should 
not be considered directly proportional to concentration, but 

rather as a more complex issue tied to the individual behaviours 
of protolytic species and their localization. 

SNAFL-C was utilized in live cell fluorescence imaging, 
demonstrating successful translation to a complex biological 
environment. The parallel investigation of four formulations 
(free SNAFL-C 3, SNAFL-C diacetate 4, physically 
encapsulated SNAFL-C, and assembled conjugate μ2), 
underpinned by a concrete understanding of the optical 
properties of the individual systems, enabled clear and direct 
comparisons. Imaging with respect to both conjugated and 
physically encapsulated SNAFL-C visually emphasized the 
differing and highly acidic microenvironment experienced by the 
internalized nanoparticles in comparison to the free fluorophore. 
Paired with co-localization experiments, these results indicated 
delivery of the nanoparticles to the lysosomal compartments of 
glioblastoma cells. The detailed spectral and photophysical 
evaluation of SNAFL-C and its nanoformulations, including 
investigation of the lactonization equilibrium, was a key 
component in the interpretation of the combined imaging results. 
Finally, considering these results, we propose that SNAFL-C is 
not only useful for imaging in glioblastoma cells but in many 
other cell types, with wide utility in revealing abnormalities in 
lysosomal and cytoplasmic pH in models of neurological and 
other disorders. 
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