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Poly (lactic-co-glycolic acid) (PLGA) is a versatile synthetic co-polymer that is widely used in pharmaceutical applications. This is
because it is well-tolerated in the body and co-polymers of varying physicochemical properties are readily available via ring-
opening polymerisation. However, native PLGA polymers are hard to track as drug delivery carriers when delivered to sub-cellular
spaces due to the absence of an easily accessible ‘handle’ for fluorescent labelling. Here we show a one-step, scalable, solvent-
free, synthetic route to fluorescent blue (2-aminoanthracene), green (5-aminofluorescein) and red (Rhodamine-6G) PLGA, in
which every polymer chain in the sample is fluorescently labelled. The utility of initiator-labelled PLGA was demonstrated
through the preparation of nanoparticles, capable of therapeutic sub-cellular delivery to T-helper-precursor-1 (THP-1) macro-
phages, a model cell line for determining in vitro biocompatibility and particle uptake. Super resolution confocal fluorescence
microscopy imaging showed that dye initiated PLGA nanoparticles were internalised to punctate regions and retained bright
fluorescence over at least 24 hrs. In comparison, PLGA nanoparticles with 5-aminofluorescein introduced by conventional nano-
precipitation/encapsulation, showed diffuse and much lower fluorescence intensity in the same cells and over the same time
periods. The utility of this approach for in vitro drug delivery experiments was demonstrated through the concurrent imaging of
the fluorescent drug doxorubicin (Aex 480 nm, Aem 590 Nm) with carrier 5-aminofluorescein PLGA, also in THP-1 cells, in which the
intracellular locations of the drug and the polymer could be clearly visualised. Finally, the dye-labelled particles were evaluated
in an in vivo model, via delivery to the nematode C. elegans, with bright fluorescence again apparent in the internal tract after 3
hrs. The results presented in this manuscript highlight the ease of synthesis of highly fluorescent PLGA, which could be used to
augment tracking of future therapeutics and accelerate in vitro and in vivo characterisation of delivery systems prior to clinical
translation.

Poly (lactic-co-glycolic acid) (PLGA) is a synthetic biocompat-
ible copolymer widely used for biomedical applications.™ PLGA
particulate carriers have been used to deliver therapeutics rang-
ing from low molecular weight drugs, peptides and proteins,
through to nucleic acids, vaccines and cells.” 5'° In addition,
PLGA-based scaffolds based on colloidal particles, hydrogels and
fibres have been extensively explored for regenerative medi-
Cine.M3

For therapeutic applications, it is essential to monitor the ki-
netics of tissue and cellular drug uptake, specific organ accumu-
lation after systemic administration, in vivo bio-distribution and
intracellular fate of these therapeutics.' For in vitro studies, the
most common strategy used is to load PLGA nanoparticles with
fluorophores, which can then be imaged with wide field or con-
focal fluorescence microscopy to determine polymer biodistri-
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bution.'> However, the major drawback associated with this ap-
proach has been the separation and leakage of the fluorophore
from the PLGA nanoparticles, which can result in measurement
and experimental artefacts. This is because it is extremely chal-
lenging to distinguish between the signal from the loaded nano-
particles and unbound leaking fluorophores,'® which can lead to
an overestimation of the nanoparticle uptake.! Furthermore, free
fluorophores may interact with biological systems and can in-
duce unwanted biochemical processes, while burst release of
dyes from nanoparticles can result in transient high local concen-
trations and potential; toxicity."” To enhance fluorescence imag-
ing of PLGA nanoparticle biodistribution and to overcome the
challenges associated with fluorophore leaching, PLGA can be
covalently linked to fluorophores.’”® However, PLGA itself has a
limited number of easily modifiable functional groups, i.e. the hy-
droxyl and carboxyl termini, which restricts the efficacy of fluor-
ophore labelling. In a typical example, a labelling efficiency of
65% was achieved when 5-aminofluorescein was reacted with
PLGA." Other routes to functionalized PLGA have required mul-
tiple steps and were performed in organic solvents, which in turn
renders scale-up challenging.?®
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Our motivation was to overcome fluorophore leakage and
the low efficiency of PLGA labelling through a simple, solvent
free, one-step reaction to prepare fluorescent polymers with a la-
bel on each chain. This was achieved using fluorophores with ac-
tive nucleophilic moieties as initiators in a solvent-free ring open-
ing polymerisation (ROP) reaction of lactide (LA) and glycolide
(GA) monomers.

We used this method to synthesise three different fluores-
cently labelled PLGA copolymers, by ring-opening LA and GA in
the presence of 2-aminoanthracene (2AA, blue), 5-aminofluores-
cein (5AF, green) and Rhodamine-6G (R6G, red). The newly syn-
thesised polymers were then used to fabricate nanoparticles via
a solvent displacement method.

The initial one-step synthesis used a conventional (Sn(Oct).)
catalysed ring opening polymerization route?' and fluorophores
(2AA, 5AF and R6G) with pendant amines were used as the nu-
cleophiles. The mechanism of this reaction occurs through ani-
onic ROP, in which the initial dye amine attacks a carbonyl group
in the LA or GA ring.
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Figure 1. Schematic representation of PLGA-2AA, PLGA-5AF, PLGA-R6G and synthesis using ROP. All reactions were conducted at 140 °C under Nitrogen

(N2), catalysed by tin (Il) 2-ethylhexanoate (Sn (Oct)z).

This frees a nucleophilic hydroxyl group which opens further LA
and GA rings, such that the reaction continues until all the LA and
GA are consumed. The resulting polymers were denoted as
PLGA-AA, PLGA-5AF and PLGA-R6G (Figure 1B) and their struc-
tures were confirmed using H' NMR spectroscopy (Figures S1, S2
and S3, respectively). The kinetics of the reaction (for %AFPLGA,
as a model material) was followed and analysed (Figure S4).
These experiments showed that high conversion to polymer was
reached after 60 mins of reaction (Figure S4A and B). By leaving

the reaction for an additional 2 hours, the conversion reached a
plateau value and the linearity was lost (Figure S4C). In the case
of 2AA initiated ROP reaction a concurrent loss in molar mass
control and also a drop in final yield in polymer were observed.
In fact, when 2AA was adopted as initiator after 60 minsa D of 1.3
was registered (Table 1) while a D of 1.8 was reached after 180
mins. On the other hand, a constant value of 1.2 was observed
for 5AF-initiated PLGA independently from the reaction time.
This may imply an increasing instability with time, under reaction
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conditions, and triggering side reactions (unzipping or branch-
ing) in the presence of 2AA. All the synthesised polymers
showed a narrower molecular weight distribution compared to
the commercially-available labelled-PLGA (B ~ 1.55 Figure S5).
Moreover, the presence of the dye linked to the polymeric chain
was confirmed by GPC measurements carried out with UV-vis-RI
tandem detectors. The two traces overlapped for all the synthe-
sised polymers confirming the presence of the dye on the poly-
mer chain (Figure S5 and insets).

The yields of purified polymers for PLGA-AA, PLGA-5AF and
PLGA-R6G, were 65% (grey solid), 65% (deep orange solid) and
60% (light pink solid), respectively (Table 1). Following synthesis,
PLGA nanoparticles were produced via a controlled flow sol-
vent/anti-solvent nanoprecipitation methodology. Both fluores-
cent and unlabelled PLGA NPs had comparable hydrodynamic
diameters, centred at 100 nm, and with zeta potentials of approx-
imately -40 mV (Table S1). TEM imaging confirmed that the fluo-
rescent nanoparticles were of low size dispersity, and that there
were no obvious differences between the polymers used to man-
ufacture the nanoparticles (Figure S6), which is in accord with
previously reported literature.2 To compare the relative emis-
sion intensities of newly prepared fluorescent-dye-initiated
PLGA nanoparticles versus unlabelled PLGA nanoparticles
loaded with the analogous dye (5-AF), fluorescence spectros-
copy was conducted. PLGA-5AF nanoparticles were found to be
~ 12.5x brighter than PLGA nanoparticles loaded with 5-AF
(p<0.0001). Furthermore, 24 hrs after initial preparation, the flu-
orescence of PLGA-5AF nanoparticles had decreased by ~3 %
whereas for PLGA nanoparticles loaded with 5-AF, the fluores-

cence intensity reduced by 45% (Figure S7A). These results indi-
cated PLGA nanoparticles prepared using fluorophore linked
PLGA were significantly brighter (p<0.0001) and demonstrated
enhanced stability after 24 hours of storage, thus suggesting
their promise for medium and long-term experimentation. In ad-
dition, 100 nm nanoparticles prepared from PLGA polymerised
from 5-aminofluorescein were ~8-fold brighter than a commer-
cially available fluorescent-labelled PLGA formulated into analo-
gous 100 nm particles (Figure S8). It is also important to note AF,
a fluorescein, is a pH sensitive fluorophore. As such the fluores-
cence intensity of fluorescein derivatives is quenched in acidic
environments,'”2* such as those found in endosomal/lysosomal
compartments.* Therefore, observation of live cell behaviour
with PLGA-AF polymeric nanoparticles, in the absence of a rati-
ometric control can be challenging. This effect can be overcome
through chemical fixation and resuspension of cells for analysis
in buffered media, such as phosphate buffered saline (pH 7.4), to
equilibrate cellular pH where AF fluorescence intensity is not di-
minished (please see ESI).

The effects of these PLGA nanoparticles on cell metabolism
were then evaluated through AlamarBlue assays and the intra-
cellular location of internalized particles further investigated
with wide field fluorescence microscopy in human T-helper-pre-
cursor-1 (THP-1) macrophages, a model cell line for determining
in vitro biocompatibility and particle uptake.® These assays di-
rectly compared PLGA NPs (PLGA-AA, PLGA-AF and PLGA-R6G),
with commercially produced unlabelled PLGA (PLGA), fluoro-
phore loaded PLGA (AF loaded NPs) and a commercially available
green fluorescent PLGA. Cells were challenged with increasing
nanoparticle concentrations (50-500 pg/mL) for 24 hrs,

Table 1. Labelled PLGA (Blue, green and red) synthesis, composition (monomer ratio), molecular weight (g.mol™) and yield. NMR
calculated molar mass (M Cal), and determined molar masses (Mn, Mw via GPC, using PMMA standards as calibrants) and poly

dispersity Index (D). LA = lactide, GA = glycolide.

Molecular weight (g mol™?)

Feed ratio (mol %)  Product ratio (mol %) Yield

Polymer 9
LA GA Dye LA GA Dye M (calc)  Mn Mu (%)
PLGA-2AA 59 39 2 46 32 2 15000 5500 7260 13 65%
PLGA-5AF 59 39 2 47 40 2 11600 8700 10440 1.2 65%
PLGA-R6G 59 39 2 53 33 2 11900 5600 7840 1.4 60%

Fluorescently labelled PLGA NPs were well-tolerated by the cells,
as more than 75% of cells were shown to be actively metabolis-
ing at 500 pg/mL (Figure S7B). More importantly, no significant
difference was observed in cell viability between PLGA-AA,
PLGA-AF, PLGA-R6G, PLGA (commercial), AF loaded PLGA NPs
and TEM imaging confirmed that the fluorescent nanoparticles
were of low size dispersity, and that there were no obvious dif-
ferences between the polymers used to manufacture the nano-
particles (Figure S6), which is in accord with previously reported
literature.”? To compare the relative emission intensities of newly
prepared fluorescent-dye-initiated PLGA nanoparticles versus
unlabelled PLGA nanoparticles loaded with the analogous dye

(5-AF), fluorescence spectroscopy was conducted. PLGA-5AF na-
noparticles were found to be ~ 12.5x brighter than PLGA nano-
particles loaded with 5-AF (p<0.0001). Furthermore, 24 hrs after
initial preparation, the fluorescence of PLGA-5AF nanoparticles
had decreased by ~3 % whereas for PLGA nanoparticles loaded
with 5-AF, the fluorescence intensity reduced by 45% (Figure
S7A). These results indicated PLGA nanoparticles prepared using
fluorophore linked PLGA were significantly brighter (p<0.0001)
and demonstrated enhanced stability after 24 hours of storage,
thus suggesting their promise for medium and long-term exper-
imentation.
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Figure 2. Super-resolution microscopy images of fluorescent (A) blue, (B) green and (C) red PLGA nanoparticles (100 pg/mL, 3 hrs) in activated THP-1
macrophages. Cells were fixed and stained for cytoskeleton (A) Alexafluor 488, green and (B&C) Alexafluor 647, magenta) and nucleus (A) Draq 5 nucleus,
magenta and (B&C) Hoechst nucleus, blue). Images Aii, Bii and Cii are zoomed regions of interest, highlighted in Ai, Bi and Ci, respectively. Scale bar for
Ai, Bi & Ci = 20 pm and Aii, Bii & Cii = 10 um. (D) Fluorescence images of PLGA loaded with 5AF (100 pg/mL)) treated THP-1 cells. Cells were fixed and
stained for cytoskeleton (Alexafluor 647, magenta) and nucleus (Hoechst, blue). Image (Di) and (Dii) show the same region of interest, however, (Di) was
acquired under the same experimental laser power as (Bi), whereas Figure (Dii) was acquired at 8 times the laser power required to excite green fluores-
cence. (Dii) Orthogonal cross section of THP-1 cells showing internalisation of 5AF fluorophore. Scale bar = 20 pm.

The effects of these PLGA nanoparticles on cell metabolism
were then evaluated through AlamarBlue assays and the intra-
cellular location of internalized particles further investigated
with wide field fluorescence microscopy in human T-helper-pre-
cursor-1 (THP-1) macrophages, a model cell line for determining
in vitro biocompatibility and particle uptake.® These assays di-
rectly compared PLGA NPs (PLGA-AA, PLGA-AF and PLGA-R6G),
with commercially produced unlabelled PLGA (PLGA), fluoro-
phore loaded PLGA (AF loaded NPs) and a commercially available
green fluorescent PLGA. Cells were challenged with increasing
nanoparticle concentrations (50-500 ug/mL) for 24 hrs. Fluores-
cently labelled PLGA NPs were well-tolerated by the cells, as
more than 75% of cells were shown to be actively metabolising
at 500 pg/mL (Figure S7B). More importantly, no significant dif-
ference was observed in cell viability between PLGA-AA, PLGA-
AF, PLGA-R6G, PLGA (commercial), AF loaded PLGA NPs and

commercially available dye-conjugated nanoparticles at all ex-
perimental concentrations (p<0.01). Therefore, a concentration
of 100 ug/mL was used for subsequent experiments.

To investigate the subcellular localisation of fluorescently la-
belled PLGA NPs (100 pug/mL), THP-1 cells were dosed with parti-
cles for 3 hours and imaged using super-resolution confocal mi-
croscopy. All fluorescent PLGA NPs were internalised as demon-
strated by the orthogonal cross-sections (Figure 2 Ai-Ci). As ap-
parent from Figure 2A-D, dye-initiated PLGA nanoparticles
(PLGA-AF) demonstrated rather different fluorescence re-
sponses, when compared to fluorophore loaded PLGA nanopar-
ticles. Images A, B and C show the dye-initiated nanoparticles lo-
calized in bright fluorescent regions, whereas Figure 2Di indi-
cated that the dye-loaded particles were less bright and more
diffuse in the cells. For Figures 2Di and 2Dii the same regions of
interest are shown; however, Figure 2Di was acquired under the
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same experimental laser power as Figure 2Bi, whereas Figure 2Dii
was acquired at 8 times the laser power in order to excite the
same level of fluorescence as occurred from the dye-initiated na-
noparticles in Bii.

In addition, the images shown in Figures Aii, Bii and Cii indi-
cated that the dye-initiated nanoparticles were present in dis-
crete sub-cellular vesicles. This suggested that the dyes were re-
tained with the polymers in nanoparticles which were stable to
endocytic pathways and intracellular transport processes. In con-
trast, close analysis of Figures 2Dii and 2Diii revealed no clear
punctate regions, implying that the PLGA NPs loaded with AF re-
leased their contents into a diffuse intracellular space and that
dye and nanoparticles were most probably no longer co-local-
ised. These data were further corroborated with analysis of the
dye-initiated PLGA nanoparticles in comparison with the com-
mercial dye-conjugated 100 nm PLGA nanoparticle formulation.
As apparent in Figure S9, both nanoparticle formulations were
localised in punctate regions in the THP-1 cells, again indicating

3 hours

24 hours

that covalent attachment of dyes to the polymer chains pre-
vented general cytosolic fluorescence due to generalised dye dif-
fusion. The dye-initiated PLGA nanoparticles were also notably
brighter than the commercial samples (Figure S9, as evidenced
by comparison of the images optimised for brightness for each
nanoparticle type.

In order to demonstrate the advantages of the single chain
fluorescently labelled PLGA (PLGA-AF) for tracing the intracellu-
lar fate of nanomaterials in a representative drug delivery exper-
iment, the polymers were formed into nanoparticles containing
encapsulated doxorubicin hydrochloride. This DNA intercalating
anticancer drug exhibits red fluorescence (Aex 480 NM, Aem 590
nm) and has been very widely used both in laboratory studies
and in the clinic.?6?° We selected THP-1 cells for these experi-
ments because they are non-proliferative, which makes them tol-
erant to doxorubicin and therefore a good model to study its cel-
lular delivery. Accordingly, doxorubicin loaded PLGA-AF NPs
were fabricated and dosed to activated THP-1 cells at sub toxic
concentrations (100 ug/ml, 3 hours).
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Figure 3. The uptake of doxorubicin loaded PLGA NPs by activated THP-1 cells. Cells were treated with RPMI complete medium containing (100 pg/mL)
of doxorubicin loaded NPs for 3 hours and imaged after (A) 3 hours and (B) 24 hours. Following exposure cells were fixed and stained for the cytoskeleton
(magenta) and nucleus (blue). Arrowheads in A (v) and B (v) show distribution of doxorubicin in the cells after 3 and 24 hours, respectively. (C) Comparison
of fluorescence intensity of doxorubicin in PLGA-5AF loaded nanoparticles after 0, 3 and 24 hours. (A&B) Scale bar = 20 um and (C) error bars represent

standard deviation (n=3).

Figure 3 shows that doxorubicin fluorescence (red) was distrib-
uted in regions of interest away from PLGA-AF (green) when im-
aged after 3 hours (Figure 3A) and after 24 hours (Figure 3B).
Through further analysis of microscopy images, the data sug-
gests doxorubicin/PLGA-AF formulated nanoparticles (yellow),
appear to reside in punctate vesicles, which were likely to be ly-
sosomal or endosomal compartments. Doxorubicin was found to
diffuse away from these regions and the labelled polymers, while
the aminofluorescein dye remained attached to the polymers

over these time periods. However, the extent of any degradation
of the PLGA chains during the cell assays could not be ascer-
tained other than that no fragments were able to diffuse away at
the same rate as the small molecule drug.

The release of doxorubicin from PLGA-AF nanoparticles was con-
firmed in parallel release assays in aqueous media: after 24 hours
the fluorescence intensity of PLGA nanoparticles loaded with
doxorubicin by nanoprecipitation had dropped by 44 % (Figure
3C). These results highlighted the advantages of dye-initiated
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PLGA during the monitoring of therapeutic delivery to show the
subcellular distribution of both drug and carriers in vitro.

The culminating experiments aimed to demonstrate the ad-
vantages of the single-chain labelled PLGA in vivo. The nematode
C. elegans was chosen as an accessible model to study in vivo bi-
odistribution of the labelled nanoparticles (Figure 4). Synchro-
nized cycles of C. elegans (L4-young adult stages) were washed
with sterile deionised water prior to dosing, and ~300 nema-
todes were the exposed to a range of PLGA nanoparticles at 100
pg/mL (n = 3) for 3 hours. The nematodes were washed again be-
fore examination and collected for fluorescence microscopy im-
aging.

The images in Figure 4 clearly show the internalization of the
nanoparticles and their localization in the digestive tracts of the
nematodes. The key result in these experiments was the different
localisation of fluorescence arising from the dyes encapsulated
in the nanoparticles and the fluorescence from the dyes cova-
lently-linked to the PLGA chains. The encapsulated rhodamine B
dye diffused throughout the then nematode digestive tract
within 12 hours (Figure 4B) and was not fully co-localised with
the fluorescein signals from the nanoparticles (Figure 4D, E). For
the dye-initiated NPs, bright fluorescence was apparent in dis-
crete regions of the nematodes (Figure 4 G-H) and this was re-
tained throughout the experiment without any obvious changes
in the behaviour or viability of the worms (Figure S11). These ex-
periments indicated good tolerability of the nanoparticles in ad-
dition to the retention of their bright fluorescence in vivo. In ad-
dition, and of crucial importance, the data indicated the ad-
vantage of using covalently-linked dyes, in which every polymer
chain was tagged, to track in vivo transport of nanoparticles in
the presence of encapsulated labels and/or actives.

A= = 0

Rhodamine B
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Figure 4. Fluorescence microscopy images of representative C. elegans
nematodes following incubation with PLGA-based nanoparticles. Panels
(A-E) show nematodes exposed over 12 hrs to PLGA-5AF NPs with encap-
sulated Rhodamine-B, with images (A) brightfield, (B) green (5-AF chan-
nel), (C) red (rhodamine channel) and (D) merged. Panel (D) is seg-
mented (i-vi) to show the regional distribution of Rhodamine-B, and (E)
shows the fluorescence intensities of Rhodamine-B and 5-AF in the vari-
ous anatomical parts/sections of the nematode. The different distribu-
tions of 5-AF, arising from the PLGA chains in the nanoparticles and the
free rhodamine indicate the utility of the labelled polymers to track in
vivo transport in the presence of released actives. In panels (F-H), fluores-
cence images of C. efegans challenged with the various blue, green and
red fluorescent PLGA nanoparticles are shown. Scale bar blue = 100um,
green =200 pm red = 200 pm.

CONCLUSIONS

This study described the synthesis of fully fluorescently la-
belled PLGA using three different fluorophores via a single step
ROP reaction under solvent-free conditions. The resultant dye-
initiated PLGA polymers were able to self-assemble into well-de-
fined nanoparticles which were significantly more bright in fluo-
rescence microscopy when compared to dye-encapsulated and
commercially available dye-linked analogues. The nanoparticles
were readily internalised by activated THP-1 macrophages and
exhibited a comparable cytocompatibility profile to commer-

Page 6 of 9



cially available PLGA in vitro. In addition, the stability of the fluo-
rescent dye-polymer link was demonstrated by retention of the
label in punctate regions of the THP1 cells, again in contrast to
dye-encapsulated PLGA, which released the entrapped label
over time. In turn this property was exploited in a model drug
delivery experiment in which the separate intracellular locations
of a released drug, doxorubicin, and the carrier polymers were
shown in THP-1 cells. The preliminary in vivo study in C. elegans
further exemplified the use of these bright and stable nanoparti-
cles, with clear differences between the distribution of released
dye and dye-initiated PLGA nanoparticles. We believe this syn-
thetic strategy may be further used to prepare a range of intrin-
sically labelled biodegradable polymers which could greatly fa-
cilitate the tracking of delivery systems in sub-cellular locations
in the presence of multiple therapeutic constructs. In turn, these
materials will allow better characterization of delivery pathways
and cellular transport kinetics to accelerate clinical translation.
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Full experimental methods are provided in the Supporting Infor-
mation including NMR spectra of polymers, GPC chromato-
grams, TEM, DLS and zeta potential data, and details of cell and
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Internet at http://pubs.acs.org.
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Fluorescent-dye initiated polymerisations of lactide and glycolide yield stable and bright fluorescent polymers in one step
allowing facile sub-cellular tracking of drug delivery



