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ABSTRACT: The functional-group tolerance and simplicity of reversible addition fragmentation chain transfer (RAFT) polymeri-
zation enables its use in the preparation of a wide range of functional polymer architectures for a variety of applications, including 
drug delivery. Given the role of tumor-associated macrophages (TAMs) in cancer and their dependence on the tyrosine kinase receptor 
FMS (CSF-1R), the key aim of this work was to achieve effective delivery of an FMS inhibitor to cells using a polymer delivery 
system. Such a system has the potential to exploit biological features specific to macrophages and therefore provide enhanced selec-
tivity. Building on our prior work, we have prepared RAFT polymers based on a P(BMA-co-MAA) diblock, which were extended 
with a hydrophilic block, cross-linker and mannose-based monomer scaffold; exploiting the abundance of macrophage mannose 
receptors (CD206) on the surface of macrophages. We demonstrate that the prepared polymers can be assembled into nanoparticles 
and are successfully internalized into macrophages, in part, via the macrophage mannose receptor (CD206). Finally, we showcase 
the developed nanoparticles in the delivery of an FMS inhibitor to cells, resulting in inhibition of the FMS receptor. As such, this 
study lays the groundwork for further drug delivery studies aimed at specifically targeting TAMs with molecularly targeted thera-
peutics. 

Introduction 
Tumor-associated macrophages (TAMs) have re-emerged as 

a viable target in cancer therapy.1,2 Recent evidence suggests 
that macrophages are involved in normal and diseased tissue re-
modeling and can contribute to angiogenesis, leukocyte infiltra-
tion and immunosuppression.3 Consequently, an abundance of 
TAMs is correlated with metastases and poor prognosis in a 
range of cancers, including breast, prostate, ovarian and non-
small cell lung cancers.4,5  

The growth and activity of tumor-associated macrophages 
are dependent on interactions between the tyrosine kinase re-
ceptor FMS (CSF-1R) and macrophage colony-stimulating fac-
tor-1 (CSF-1), with continuous CSF1 exposure and CSF-1R 
mediated signaling being inextricably linked to the develop-
ment of several tumor types.6 Thus, targeting the CSF-1R/CSF-
1 axis is an attractive strategy to eliminate or repolarize TAMs 
to the pro-inflammatory, tumouricidal (M1) phenotype.7 How-
ever, a number of FMS kinase inhibitors suffer from poor bioa-
vailability or have a certain degree of promiscuity, leading to 
off-target effects.8 Dasatinib, for example, was developed as a 
dual inhibitor of the Src and Abl tyrosine kinases but has also 
been reported as a potent inhibitor of FMS kinase.9 FMS inhi-
bition can also affect osteoclast production, which is useful in 
the treatment of bone cancers such as osteosarcoma, but 

obviously problematic for normal bone growth.9,10  It is there-
fore essential to design inhibitors that selectively target FMS 
kinase within TAMS, specifically within the tumor microenvi-
ronment. Taking advantage of both the phagocytic nature of 
macrophages, as well as the high cell surface expression of the 
lectin family of carbohydrate-binding proteins, one feasible 
way to achieve such selectivity is to encapsulate known and 
novel FMS inhibitors into a glycosylated drug delivery system 
for specific macrophage delivery.  

A range of vehicles have been investigated for use in effec-
tive drug delivery to macrophages, including liposomes, meso-
porous silica nanoparticles (MSNs), dendrimers and carbon 
nanotubes (CNTs).11–16 Despite the success that these carriers 
have had, there are still limitations with solubilization capacity 
and concerns over biocompatibility, particularly with respect to 
MSNs and CNTs. Polymeric materials offer solutions to these 
problems, by providing higher stability, extended circulation 
time, favorable biodistribution and highly tunable characteris-
tics.17 Recent advances in controlled polymerization techniques 
have enabled chemists to prepare a wide range of nano-objects 
with macrophage-targeting properties, including micelles,18,19 
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worm-like micelles, 20 polymersomes,21,22 and polymer-drug 
conjugates.23,24 For example, Cui and co-workers recently de-
veloped a PEG-sheddable mannosylated nanoparticle to target 
TAMs via mannose-mannose receptor recognition.25 PEG was 
used to protect the nanoparticles from rapid elimination and al-
low for tumor site accumulation. Stenzel and co-workers have 
also made notable advances in this area with the development 
of triblock copolymers that were able to self-assemble into sev-
eral morphologies, ranging from flower-like micelles to so-
called ‘nanocaterpillars’.26 These self-assembled materials had 
an abundance of mannose on the surface and were readily taken 
up by RAW264.7 macrophages. Glycosylated polymer-drug 
conjugates have also shown promise; Stayton and co-workers 
have developed macrophage-targeting drugamers that consist of 
hydrophilic mannose residues.27 These residues improve solu-
bility and uptake into alveolar macrophages and lead to a >10-
fold increase in sustained ciprofloxacin concentrations inside 
the cells, whilst increasing overall in vivo safety profiles.27  

Reversible addition-fragmentation chain transfer (RAFT) 
polymerization is perhaps the most widely used reversible-de-
activation radical polymerization (RDRP) method for the syn-
thesis of such polymers; the ease of use, high functional group 
tolerance and broad versatility in terms of reaction conditions 
makes this technique highly attractive in the synthesis of block 
copolymers with low molar mass dispersity.28, 29 However, there 
are still drawbacks in terms of scalability, time-consuming pu-
rification, and potential for dead chain formation via unwanted 
chain termination. To overcome these limitations, the auto-
mated synthesis of quasi-block copolymers via sequential 
RAFT polymerization has recently been reported.30 We recently 
reported preliminary studies to use quasi-block copolymers that 
were able to self-assemble into nanoparticles and deliver a cell-
impenetrable dye to macrophages.31 

In this paper, we have further applied the RAFT methodol-
ogy to the design and optimization of a glycosylated drug de-
livery system with macrophage-targeting properties, based on 
key features from the prior work cited above. The key aim was, 
for the first time, to achieve effective delivery of an FMS inhib-
itor to cells. In order to achieve this we modified our initial de-
sign31 by adding a macrophage-targeting sugar moiety and 

features that would allow for larger polymeric particles, as sum-
marized in Figure 1. 

 

Experimental section 
Materials. Butyl methacrylate (BMA), poly(ethylene gly-

col) methyl ether methacrylate (PEGMA-475), 2-hydroxyethyl 
methacrylate, boron trifluoride diethyl etherate, 
(3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-
2H,3aH,7H-bis[1,3]dioxolo[4,5-b:4',5'-d]pyran-5-yl]methanol 
(propylidene acetal-protected galactose) and the RAFT agent 
used in this work (4-cyano-4-(phenylcarbonothioylthio)penta-
noic acid) were purchased from Sigma-Aldrich. tert-Butyl 
methacrylate (tBuMA) was purchased from Tokyo Chemical 
Industry (UK). Inhibitors were removed from monomers by 
passing them through an aluminium oxide column prior to use. 
AIBN was purchased from Sigma-Aldrich and was recrystal-
lized from methanol prior to use. All other reagents were used 
as received unless otherwise stated. The cross-linker meth-
acrylic acid N-hydroxysuccinimide ester was synthesized ac-
cording to reported literature procedures.32 

 

Figure 1. Key design changes to achieve effective delivery to macrophages: CD206-targeting mannose; t-Bu-protected methacrylic acid 
to improve polymerization compatibility and the use of (4-cyano-4-(phenylcarbonothioylthio)pentanoic acid), which has a higher transfer 
constant and is less lipophilic than the RAFT agent we used previously. 
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Synthesis Methods. 1,2,3,4,6-penta-O-acetyl-α-D-manno-
pyranose (AcMan). Sulfuric acid (3 drops) was added, at 0 °C, 
to a stirred mixture of acetic anhydride (13 mL, 138.5 mmol) 
and D-mannose (2.5 g, 13.5 mmol) . The reaction mixture was 
stirred for 1 h at 0 °C, before being warmed to rt and reacted for 
a further 3 h. The reaction mixture was poured into ice cold wa-
ter (50 mL) and extracted with dichloromethane. The extract 
was washed with water (3 x 50 mL), sat. aqueous NaHCO3 (3 x 
50 mL), dried (MgSO4) and concentrated in vacuo to afford a 
colorless oil. Excess acetic anhydride was then removed azeo-
tropically with toluene, affording the title compound as a thick, 
colorless oil (5.13 g, 97%). 1H NMR (400 MHz, Chloroform-d) 
δ 6.07 (d, J = 1.9 Hz, 1H), 5.36 – 5.31 (m, 2H), 5.27 – 5.23 (m, 
1H), 4.32 – 4.24 (m, 1H), 4.12 – 3.99 (m, 2H), 2.16 (s, 3H), 2.16 
(s, 3H), 2.08 (s, 3H), 2.04 (s, 3H), 1.99 (s, 3H). 13C NMR (101 
MHz, Chloroform-d) δ 170.6, 170.0, 169.7, 169.5, 168.0, 90.6, 
90.4, 73.3, 70.6, 68.7, 68.3, 65.6, 62.1, 20.8, 20.7, 20.7. MS 
(ES+) m/z 391 [M+H]+.  

2-[(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl)oxy]ethyl 
2-methylprop-2-enoate (AcManMA). AcMan (2.5 g, 6.4 mmol) 
and 2-hydroxyethyl methacrylate (0.83 g, 7.4 mmol) were dis-
solved in anhydrous dichloromethane (30 mL) under N2 flow. 
Boron trifluoride diethyl etherate (4.54 g, 32 mmol) was added 
dropwise over a 10-15 min period with a gastight syringe and 
the solution was purged with N2 for 20 min. The flask was 
stirred at rt for 72 h to allow for full conversion. The reaction 
mixture was concentrated in vacuo, dissolved in ethyl acetate 
(100 mL) and poured into ice cold water. The aqueous layer was 
then extracted with ethyl acetate (3 x 50 mL) and the combined 
organic layer was washed with sat. aqueous NaHCO3 (3 x 100 

mL), brine (3 x 100 mL) and water (3 x 100 mL). The organic 
layer was dried (MgSO4) and concentrated in vacuo and the re-
sultant crude oil was then purified via column chromatography 
(10% EtOAc/DCM), affording the title compound as a white 
solid (1.39 g, 49%). 1H NMR (400 MHz, Chloroform-d) δ 6.15 
– 6.10 (m, 1H), 5.60 (t, J = 1.6 Hz, 1H), 5.38 – 5.22 (m, 3H), 
4.87 (d, J = 1.8 Hz, 1H), 4.37 – 4.31 (m, 2H), 4.27 (dd, J = 12.2, 
5.5 Hz, 1H), 4.10 – 3.99 (m, 2H), 3.95 – 3.70 (m, 2H), 2.15 (s, 
3H), 2.09 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.95 
(t, J = 1.3 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 170.7, 
170.1, 169.9, 169.7, 167.1, 136.0, 126.1, 97.5, 69.4, 69.0, 68.6, 
66.1, 65.9, 63.2, 62.4, 21.1, 20.9, 20.8, 20.7, 18.3. HRMS TOF 
MS ES+ (m/z): [M+Na]+ calc’d for C19H26O12Na: 483.1489; 
found: 483.1486. 

 [(3aR,5aS,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-
2H,3aH,7H-bis[1,3]dioxolo[4,5-b:4',5'-d]pyran-5-yl]methyl 2-
methylprop-2-enoate (GalMA). To a stirred solution of 
(3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-
2H,3aH,7H-bis[1,3]dioxolo[4,5-b:4',5'-d]pyran-5-yl]methanol 
(5 g, 19.2 mmol), and basic aluminium oxide (3.9 g, 88.2 mmol) 
in anhydrous acetonitrile (50 mL), methacryloyl chloride (10.3 
g, 98.9 mmol) was added at rt and was left to stir for 4 d. The 
reaction was monitored by TLC and when a suitable level of 
conversion was reached, the reaction mixture was concentrated 
in vacuo. The crude mixture was then purified by column 

 

Entry  [BMA]0:[tBuMA]0 [BMA]/[tBuMA] 
conversions (%) 

[BMA]:[tBuMA]             
(experimental) 

Mn 
       (NMR) (kDa)a 

       Mn 
(SEC) (kDa)b 

  Ð 

1 9:1 56.6/68.2 7.5:1                     8 8.5                 1.14 
2 9:1 76.6/100 6.9:1                     16 16                 1.08 
3 9:1  52.8/62.3 7.6:1                     24 21                 1.11 
4 2:1 60.3/71.4 1.7:1                     8 13.6                 1.17 
5 2:1 95.0/73.6 2.6:1                     16 14.3                 1.18 
6 2:1 84.4/66.6 2.5:1                     24 27.8                 1.57 

 

Table 1. Synthesis of P(BMA-co-tBuMA) macro-CTAs. 9:1 feed ratio: [BMA]0:[tBuMA]0:[CTA]0:[I]0 = 188:21:1:0.1; 2:1 feed ratio: 
[BMA]0:[tBuMA]0:[CTA]0:[I]0 = 28:14:1:0.1 aTheoretical number average molecular weight (Mn) was determined by 1H NMR, based 
on monomer conversion. bSEC analyses were obtained by using THF as the mobile phase (calibrated with polystyrene standards). 
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chromatography (3% EtOAc:DCM, rf = 0.3), affording the title 
compound as a white solid (5.58 g, 88%). 1H NMR (400 MHz, 
Chloroform-d) δ 6.02 (s, 1H), 5.46 (s, 1H), 5.42 (d, J = 4.9 Hz, 
1H), 4.52 (dd, J = 7.9, 2.5 Hz, 1H), 4.27 – 4.19 (m, 2H), 4.18 – 
4.08 (m, 2H), 4.02 – 3.91 (m, 1H), 1.83 (s, 3H), 1.39 (s, 3H), 

1.34 (s, 3H), 1.23 (s, 3H), 1.22 (s, 3H). 13C NMR (101 MHz, 
Chloroform-d) δ 167.0, 136.0, 125.6, 109.5, 108.6, 96.2, 71.0, 
70.6, 70.4, 66.0, 63.6, 25.8, 24.9, 24.3, 18.2. HRMS TOF MS 
ES+ (m/z): [M+MeCN+H+Na]+ calc’d for C18H27NO7Na: 
392.1685; found: 392.1675. 

 

 

 

Reactor 

no. 

Macro-CTA 
(entry from Ta-

ble 1) 

[NMS]: 
[PEGMA]: 
[AcManMA]* 

NMRa 
Mn 

(kDa) 

SECb 
Mn (kDa)      Ð 

DH (DLS) 
 (nm)                      PDI 

1 1 7:1:11 24.0 13.3 1.18 127 0.22 

2 1 11:4:9 25.1 14.1 1.16 131 0.30 

3 2 5:2:15 32.1 23.8 1.21 295 0.31 

4 2 10:3:9 31.0 26.7 1.12 268 0.27 

5 3 5:2:8 37.5 35.5 1.14 135 0.22 

6 3 9:3:8 39.0 31.0 1.21 200 0.26 

7 4 3:2:9 42.3 46.8 1.08 329 0.26 

8 4 8:3:9 44.0 46.5 1.06 195 0.08 

9 5 5:2:11 32.7 34.5 1.05 81 0.23 

10 5 9:3:8 32.7 34.7 1.04 88 0.27 

11 6 6:2:11 38.3 34.8 1.04 109 0.27 

12 6 9:2:9 36.7 33.0 1.05 100 0.24 

 

Table 2. Automated synthesis of quasi-block copolymers. [macro-CTA]0:[I]0  = 1:0.1. *Experimentally determined ratios. aTheoretical 
number average molecular weight (Mn) was determined by 1H NMR, based on monomer conversion. bSEC analyses were obtained by 
using THF as the mobile phase (calibrated with polystyrene standards). The hydrodynamic volume of the deprotected polymers was 
measured with DLS and based on the intensity mean. 
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Polymer Synthesis. P(BMA-co-tBuMA) macro-CTA (exam-
ple). With a target MW of 30 kDa and DP[BMA] = 188, 
DP[tBuMA] = 21:  tert-butyl methacrylate (594 mg, 4.18 
mmol), butyl methacrylate (5.34 g, 37.6 mmol), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (55 mg, 0.2 mmol) 
and AIBN (6.5 mg, 40 µmol) were dissolved in DMF (26 mL) 
along with 1,3,5-trioxane (~10 mg) as an internal standard. The 
reaction mixture was degassed by sparging with N2 for 30 min, 
before being heated to 70 °C for 16 h. Conversion was moni-
tored by 1H NMR (<80%) and the reaction mixture was cooled 
to rt. The polymer solution was then dialyzed against water for 
48 h, followed by lyophilization, affording the polymer as a 
pink solid (3.62 g, 60%). 

Automated Synthesis of Quasi-Block Copolymers. The 
commercially available synthesizer utilized in this work was a 
Chemspeed Swing-SLT automated parallel synthesizer. The 
synthesizer was equipped with a glass reactor block consisting 
of 16 reaction vessels (13 mL) with thermal jackets connected 
in series through the reaction block and connected to a heat-
ing/cooling system (Huber, -90 °C to 140 °C). In addition, all 
reaction vessels were equipped with cold-finger reflux conden-
sers (~7 C). Mixing was achieved by vortex agitation (up to 
1400 rpm). Liquid transfers were handled by a 4-needle head 
(4-NH) capable of four simultaneous sample transfers. The 4-
NH was connected to a reservoir bottle (degassed DMF solvent) 
for needle rinsing after each liquid transfer step. This DMF sol-
vent reservoir was degassed by continuous sparging with nitro-
gen and was also utilized to prime the tubing lines of the 4-NH. 
When experiments were carried out, the synthesizer was main-
tained under an inert atmosphere by supplying a constant flow 
of nitrogen into the hood of the synthesizer. A nitrogen atmos-
phere was also applied to reactors and stock solutions at all 
times. Prior to the experiments, the reaction vessels were heated 
to 135 °C and subjected to 10 cycles of vacuum (2 min each) 
and filling with nitrogen (2 min each) to ensure the elimination 
of oxygen. After this pre-treatment, the RAFT polymerization 
experiments were carried out following similar procedures as 
reported above(although utilizing an automated parallel freeze– 
evacuate–thaw degassing method rather than N2 sparging). 

Deprotection Conditions. Mannose Deprotection. P(BMA-
co-MAA-qb-NMS-co-PEGMA-qb-AcManMA) (190 mg, 
0.025 mmol – assuming 7.5 kDa polymer) was dissolved in a 
chloroform/methanol (28 mL: 2 mL) mixture and degassed with 
N2 at 0 °C for at least 40 min. Sodium methoxide (5.4 mg of a 
25% solution, 0.025 mmol, 0.25 equiv. per acetyl group) was 
then added and the reaction mixture was stirred for 3 h at rt, 
generating a cloudy mixture. The resultant solution was then 

purified by dialysis against water for 48 h, with a minimum of 
two changes of water. The purified polymer was then lyophi-
lized to yield the title polymer as a white solid (108 mg, 59%). 

tert-Butyl Deprotection. General procedure for deprotection: 
the polymer was dissolved in dichloromethane, followed by the 
addition of trifluoroacetic acid (5 equivalents, 1 per t-Bu group). 
The reaction mixture was then left to stir at rt for 24 h. Success-
ful deprotection was confirmed by 1H NMR. Upon completion 
of the reaction, the polymer was purified by dialysis against wa-
ter for 48 h, with a minimum of two changes of water. Any re-
sultant polymer was then dried in a vacuum oven at 30 °C, un-
less otherwise indicated. 

Galactose Deprotection. P(BMA-co-MAA-b-NMS-co-
PEGMA-qb-GalMA)  (20 mg, 1 µmol) was dissolved in formic 
acid (98-100% solution, 1 mL) and was stirred at 60 °C for 1 h. 
The solution was then cooled to rt and purified by dialysis 
against water for 48 h, with a minimum of two changes of water. 
The purified polymer was then lyophilized to yield the title pol-
ymer as a white solid (13 mg). Loss of isopropylidene signal at 
1.53 ppm (1H NMR) confirmed successful deprotection.  

Polymer Characterization. 1H NMR. All spectra were rec-
orded on a Bruker Advance 400 MHz spectrometer and were 
analyzed with MestReNova software. Monomer conversion 
was measured by analysis of the reduction in the olefinic peaks 
against an internal standard (1,3,5-trioxane). Exact DP of the 
macro-CTA chain extensions were calculated from the initial 
macro-CTA NMRs. 

Gel Permeation Chromatography (GPC). Gel permeation 
chromatography (GPC) was performed on a Waters Alliance 
system equipped with an Alliance 2695 Separations Module 
(integrated quaternary solvent delivery, solvent degasser and 
autosampler system), a Waters column heater module, a Waters 
2414 RDI refractive index detector, a Waters PDA 2996 photo-
diode array detector (210 to 400 nm at 1.2 nm) and 4 × Agilent 
PL-Gel columns (3 x PL-Gel Mixed C (5 µm) and 1 x PL-Gel 
Mixed E (3 µm) columns), each 300 mm × 7.8 mm2, providing 
an effective molar mass range of 200 to 2 × 106). Tetrahydrofu-
ran (THF) high purity solvent (HPLC grade) was pre-filtered 
through aluminium oxide (90 active neutral, 70-230 mesh) with 
0.45 µm filter, and 0.1 gL-1 2,6-di-tert-butyl-4-methylphenol 
(BHT) was added as inhibitor. The filtered THF containing 
BHT was purged slowly with nitrogen gas and used as an eluent 
with a flow rate of 1 ml min-1 at 30 °C. Number (Mn) and 
weight average (Mw) molar masses were evaluated using Waters 
Empower-3 software. The GPC columns were calibrated with 
low dispersity polystyrene standards (Polymer Laboratories) 

 

Figure 2. Deprotection conditions for mannose-based copolymer P(BMA-co-tBuMA-b-NMS-co-PEGMA-qb-AcManMA) and ga-
lactose-based copolymer P(BMA-co-MAA-qb-NMS-qb-PEGMA-co-GalMA). 
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ranging from 580 to 7,500,000 g mol-1 and molar masses are 
reported as polystyrene equivalents. A 3rd-order polynomial 
was used to fit the log Mp vs. time calibration curve, which was 
near linear across the molar mass ranges. 

Dynamic Light Scattering. Measurements were performed 
on a Beckman Coulter DelsaNano C Particle Analyzer. 
BRAND Macro Polystyrene (PS) Cuvettes were used. 

Cross-linking and drug loading. Cross-linking was achieved 
by adding JEFFAMINE-D230 directly to the aqueous polymer 
solution post-deprotection, followed by stirring for 24 h. Fur-
ther dialysis for 48 h, followed by lyophilization, afforded the 
cross-linked polymer. For drug loading, the cross-linked mate-
rial was co-dissolved in DMF (1 mL) at a concentration of 20 
mg/mL with the drug to be loaded onto the core (2 mg/mL). 
Water (5 mL) was then added dropwise with rapid stirring. The 
drug-loaded, cross-linked micelles were then dialyzed for 24 h, 
followed by lyophilization. Drug loading was then assessed 
with UV-vis spectroscopy (dasatinib λmax = 323 nm). 

 
The drug loading efficiency (DLE) was determined accord-

ing to the following equation:  
 

DLE =
mass	of	drug	loaded	onto	micelles
mass	of	drug	initially	added 	x	100 

 
In Vitro Uptake Studies. Mice. C57Bl/6 mice were bred at 

Monash Animal Research Platform (Monash University, Clay-
ton, Australia). Both male and female mice were used and were 
6–12 weeks of age. 

Cell Isolation.  The outer skin was removed from the area 
surrounding the peritoneal cavity and PBS-2% FBS (10 ml) was 
slowly injected into the cavity through a 16-gauge needle. The 
area was gently massaged to dislodge and resuspend cells be-
fore the cell suspension was aspirated by syringe needle. Ap-
proximately 2 x 106 cells were obtained per mouse.  

Flow Cytometric Analysis. Cells were immunolabelled for 
flow cytometry with an antibody cocktail containing any of the 
following (specified for each experiment): F4/80-AF647, 
F4/80-BUV395, CD11b-AF647, CD11b-FITC, 
CD206(MMR)-PECy7. TruStain fcX anti-mouse CD16/32 was 
used for blocking.(note: CD11b is also referred to as Mac-1). 
Flow cytometric analysis was performed on an LSR II (BD Bi-
osciences) with 7 solid state lasers: 355 nm 405 nm, 488 nm, 
532 nm, 561 nm, 592 nm and 628 nm. Flowjo X was used to 
analyze all flow cytometry data. The internalization of particles 
was determined by rhodamine fluorescence detected in cells. 
Rhodamine was excited with the 561 nm laser and fluorescence 
emission was detected with a 564–606 nm band pass filter.  

Mannose Pre-treatment Studies. Murine peritoneal macro-
phages (1 x 106/mL) were incubated with a solution of D-man-
nose (100 µL, 50 mM) in PBS at 37 °C for 30 min. Cells with 
no mannose treatment were used as controls. After incubation, 
the cells were thoroughly washed with PBS and were resus-
pended in polymer solution (100 µL, 10 µg/mL) at 0 °C for 30 
min. The cells were then warmed to rt for 5 min, washed and 
then immunolabelled with anti-F4/80 and anti-CD11b antibod-
ies for 15 min at 0 °C. The cells were washed, resuspended in 

PBS (2% FBS) containing propidium iodide (PI; 0.1 µg/mL) 
and analyzed by flow cytometry. 

Anti CD206 Studies. Primary peritoneal macrophages (1 x 
106/mL) were treated with polymer solutions (100 µL, 10 
µg/mL) at 0 °C for 30 min. The cells were warmed to rt for 5 
min, thoroughly washed with PBS and were blocked with 
TruStain fcX anti-mouse CD16/32 (50 µL) at 0 °C for 10 min. 
The cells were washed with PBS and then treated with anti-
CD206, F4/80 and CD11b antibodies for 15 min at 0 °C. The 
cells were washed, resuspended in PBS (2% FBS) containing 
propidium iodide (PI; 0.1 µg/mL) and analyzed by flow cytom-
etry. 

Transformation Assay with Rat-2 fibroblasts. For transfor-
mation assays, Rat-2 fibroblasts had previously been stably in-
fected using a retrovirus containing V-fms (Rat-2 v-fms) or c-
fms (Rat-2 c-fms) as described previously.9 These cells were 
seeded at 1 x 104 cells/ml in Dulbecco’s Modified Eagles Media 
(Invitrogen, Paisley, UK) + 10 % FCS, cultured for 24 h. These 
were then treated with dasatinib-loaded nanoparticles and incu-
bated for a further 2 h, followed by Western blot analysis.  

 

Results and Discussion 
Synthesis of hydrophobic macro-CTA 
Initial polymer designs were based on a P(BMA-co-MAA) 

diblock copolymer scaffold that had been previously synthe-
sized by our group, due to its efficient dye-loading and cellular 
uptake properties.31 Butyl methacrylate (BMA, 1, Table 1) and 
tert-butyl methacrylate (tBuMA, 2) were copolymerized at 65 
°C in DMF in the presence of dithiobenzoate-based RAFT 
agent, 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid 
(CPT, 3), with AIBN as the radical initiator. A full synthetic 
route for these materials can be found in the supporting infor-
mation (Scheme S1). CPT was chosen as the RAFT agent due 
to its high transfer constant and less hydrophobic R group (rel-
ative to the trithiocarbonate-ACVA hybrid RAFT agent, 4-cy-
ano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid), 
which may have impacted on the stability of the nanoparticles 
formed in our previous work.31 The major challenge in access-
ing high MW polymers with our original system, particularly 
the hydrophobic block, was the incompatibility in the kinetics 
of methacrylic acid (MAA) and butyl methacrylate (BMA). 
This incompatibility becomes much more pronounced when 
targeting higher molecular weights because a higher proportion 
of dead chains are produced (non-polymerizable chains that re-
sult from bimolecular termination and side reactions), which in 
turn raises the molar mass dispersity.  

Rizzardo and co-workers first reported the polymerization of 
acid-based monomers using RAFT polymerization.33 They pol-
ymerized acrylic acid (AA) and found that the process was ex-
tremely slow compared to other monomers (18% conversion af-
ter 4 h at 60 °C).33 There have, however, been a number of de-
velopments since these early polymerizations. P(AA)-based co-
polymers can now be made via RAFT polymerization under a 
range of optimized conditions.34–36 Much of these involve aque-
ous solvents or emulsion polymerization processes and would 
remain incompatible with polymerization directly with BMA in 
the same block.  
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To overcome these incompatibility issues, the tert-butyl es-
ter of methacrylic acid was chosen; tBuMA and BMA have a 
very similar kinetic profile, which allows for the formation of 
copolymers with well-defined MWs and narrow molar mass 
dispersities.  

The results of these preliminary polymerizations are summa-
rized in Table 1. These macro-chain transfer agents (macro-
CTAs) were made with very narrow monodispersities (Mw/Mn 
<1.20) and the reactions were stopped at <80% conversion to 
ensure high end-group fidelity. The high levels of control over 
the polymerization process is consistent with our previous work 
(Mw/Mn ranged from 1.16 to 1.42), thereby highlighting the ver-
satility of RAFT in the synthesis of vehicles for drug delivery.31 
The comonomer molar contents in the copolymers were esti-
mated from 1H NMR analysis against an internal standard 
(1,3,5-trioxane) and verified by gel permeation chromatography 
(see SI Section 2.8). Following synthesis, the macro-CTAs 
were purified via dialysis against water to afford pure 

copolymers. These were chain extended to afford copolymers 
with both pure- and quasi-block characteristics.  

 
Chain extension of macro-CTA via automated synthesis 
Following successful synthesis of the hydrophobic core, the 

resultant copolymer was used as a macromolecular chain trans-
fer agent (macro-CTA) to generate quasi-block copolymers via 
sequential polymerization. The copolymerizations were carried 
out on an automated platform with robotic handling of the reac-
tion components. The resultant polymers are summarized in 
Table 2. The hydrophilic chain, consisting of PEGMA-495 4, 
the cross-linker methacrylic acid N-hydroxysuccinimide ester 
(NMS, 5) and acetylated mannose-based monomer (Ac-
ManMA, 6) were then added in varying molar ratios, affording 
polymer chains in a variety of MWs. These target MWs and 
molar ratios were chosen to explore the impact that polymer 
composition, particularly high loading of the hydrophobic 

 

Figure 3. Cryo-TEM images of protected and deprotected copolymer compositions after large scale batch synthesis based on results 
from the ChemSpeed. Left (1): P(BMA-co-tBuMA-b-NMS-co-PEGMA-qb-AcManMA). A clear bilayer can be seen in these struc-
tures; right (2): P(BMA-co-MAA-b-NMS(Jeff)-co-PEGMA-qb-ManMA). Deprotection and cross-linking with NMS led to the for-
mation of a less uniform population of nanoparticles. Scale bar: 200 nm.  
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portion, had on the size and morphology of the resultant nano-
particles.  

NMS was incorporated as a reactive monomer and self-as-
sembled nanoparticles were crosslinked with the diamine cross-
linker, JEFFAMINE-D230, a polyetheramine commonly used 
to cross-link hydrogels in order to provide mechanical stabil-
ity.37 This reactive monomer was used in our previous nanopar-
ticle design to provide additional stability in a range of different 
media and to retain nanoparticle integrity below the critical mi-
celle concentration (CMC). While it is likely that partial hydrol-
ysis of the NHS ester may have occurred during the deacetyla-
tion reaction, successful crosslinking of these nanoparticles was 
confirmed by assessing their stability in a range of organic sol-
vents by DLS (Table S1).31 In the presence of JEFFAMINE-
D230, polymers formed stable nanoparticles in both isopropa-
nol and THF, but were unstable in its absence. This confirms 
the success of the cross-linking chemistry. 

Mannose was incorporated to take advantage of the abun-
dance of macrophage mannose receptors (CD206) on the sur-
face of macrophages.38,39 Galactose-based copolymers were 
also synthesized as a control for biological uptake studies; man-
nose should have a higher affinity for our receptor of interest, 
CD206, than galactose and therefore uptake should be higher 
with mannose-based copolymers.40 The interaction between 
single carbohydrate molecules and lectins (carbohydrate bind-
ing proteins) on the surface of cells is highly specific, but usu-
ally very weak (association constants >106 M-1).41 However, 
multivalent interactions, from a polysaccharide chain for exam-
ple, can increase the strength of the binding by many fold.42 
This phenomenon is known as the cluster glycoside effect, and 

was first coined by Lee and co-workers.43 Both acetyl-protected 
mannose- and propylidene acetal-protected galactose- mono-
mers were polymerized. These polymerizations were carried 
out in their protected form to prevent solubility issues and allow 
for the RAFT process to proceed smoothly.26,44 It is notable that 
RAFT polymerization allows the polymerization of glycosyl-
ated materials directly, without the need for post-polymeriza-
tion functionalization, due to its wide functional group toler-
ance.  

The experimental (GPC) Mn for entries 4 to 12 are in good 
agreement with the theoretical calculations (1H NMR – see SI 
Section 2.5) and the molar mass dispersity (Ð) is low, which is 
indicative of good control over the polymerization process. 
Many chain extensions in Table 2 led to a reduction in Ð, which 
may have resulted from partial collapse of the polymer chain 
due to the pendant PEG moieties. This can result in decreased 
hydrodynamic volumes by SEC, thereby resulting in a decrease 
in both Mn and Ð.45–47 The deviation in entries 1 to 4 can be 
attributed to the difference between the hydrodynamic volumes 
of the polystyrene standards used in the GPC measurements and 
the methacrylate backbone.30 

The polymers were then deprotected in either one (galactose) 
or two (mannose) steps (Figure 2). For mannose-based copol-
ymers 7, the pendant mannose moieties were deacetylated un-
der basic conditions, following a procedure reported by Stenzel 
and co-workers.26 The copolymer was dissolved in an anhy-
drous CHCl3/MeOH mixture and treated with sodium methox-
ide (0.25 equivalents per acetate group), followed by dialysis 
and lyophilization. The reaction was monitored by qualitatively 
assessing the disappearance of the acetyl peaks at 2.0-2.4 ppm 

 

 

 

Figure 4. Assessment of rhodamine fluorescence in primary murine macrophages (Mac1+F4/80+) that were treated with glycosylated 
copolymers (10 µg/mL) at 0 °C (to promote receptor binding) followed by brief incubation at rt (to promote internerlization). (a) = 
P(BMA-co-MAA-qb-NMS-qb-PEGMA-co-GalMA); (b) = P(BMA-co-MAA-qb-NMS-qb-PEGMA-co-ManMA); (c) = P(BMA-co-
MAA-qb-NMS-qb-PEGMA). A difference in uptake is observed with the mannosylated copolymers between the cells that have been 
pre-treated with mannose vs. the non-pre-treated population. No CD206 gating was carried out on these cells. Polymers used were from 
batch synthesis post-ChemSpeed: Mannose-based copolymer: P(BMA-co-MAA-qb-NMS-qb-PEGMA-co-ManMA - (Mn = 14.5 kDa, Ð 
= 1.55)); galactose-based copolymer: P(BMA-co-MAA-qb-NMS-qb-PEGMA-co-GalMA)( Mn = 13.5 kDa, Ð = 1.54); no sugar: P(BMA-
co-MAA-qb-NMS-qb-PEGMA). 
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(1H NMR). Deprotection was confirmed via a combination of 
1H NMR, GPC and DLS. This protocol was then applied to all 
future deprotections. It should be noted that by 1H NMR, any 
hydrolysis of the polymer backbone esters appeared to be min-
imal. Zemplén deprotection is commonly used in the deprotec-
tion of glycopolymers with minimal degradation.48–53 However, 
an in-depth study to examine the affect that this reaction can 
have on other polymeric esters would be of great interest. 

 The control polymer, galactose-based copolymer 8, was 
deprotected under acidic conditions. Formic acid was initially 
chosen to avoid unwanted degradation of the polymer backbone 
when TFA was used – a problem that had previously been re-
ported by Stenzel and co-workers.54 We later found, however, 
that the TFA deprotection methodology used to deprotect the t-
Bu ester also simultaneously removed the acetal groups, afford-
ing the desired polymer in one step. Minimal degradation of the 
rest of the polymer was observed by 1H NMR. 

The tert-butyl groups were then removed from the copoly-
mers under acidic conditions, following a procedure developed 
by Colombani and co-workers. 55 The copolymer was treated 
with five equivalents of trifluoroacetic acid (TFA – relative to 
tert-butyl groups) at room temperature for 48 hours. Following 
successful removal of the tert-butyl groups (confirmed by 1H 
NMR), the reaction mixture was concentrated and dissolved in 
MeOH, followed by dialysis against water for 48 hours. 19F 
NMR was then conducted to determine the presence of residual 
TFA. If any TFA remained, the copolymer was dissolved in 
MeOH and passed through a PD-10 desalting column.  

The hydrodynamic radii of the self-assembled nanoparticles 
were assessed using DLS and sizes ranged from 81 nm to 329 
nm, which is indicative of the formation of micellar aggregates 
and higher order structures. AcManMA and PEGMA were not 
evenly incorporated across the 12 polymers given the quasi-
block approach, therefore direct comparisons cannot be made 
between the molar ratios. However, there is an interesting trend 
between the Mn and hydrodynamic diameter (DH), as shown in 
the SI (Figure S24); there is a clear increase in the formation of 
aggregate and higher order structures (DH=200-300 nm) be-
tween 14 and 31 kDa, as the loading of the hydrophobic com-
ponent was large relative to the hydrophilic component. The DH 
then decreased to ~100 nm between 33 and 40 kDa, which is 
more indicative of true micelles. Aggregation effects then begin 
to re-occur at 40 kDa and above.  

Upon further examination with transmission electron cry-
omicroscopy (cryo-TEM) (Figure 3), it was found that the pro-
tected copolymers displayed high levels of aggregation, pre-
sumably due to the hydrophobic acetyl protecting groups pre-
sent on the mannose monomers. As these protecting groups 
were in the hydrophilic block, efficient self-assembly was more 
challenging and it is likely that the polymer chains folded in on 
themselves, exposing the pendant PEG. However, it was clear 
that spherical micelles were still formed to a degree, as well as 
larger self-assembly constructs such as polymersomes. 

A central bilayer is clearly visible on acetyl-protected copol-
ymer P(BMA-co-MAA-b-NMS-co-PEGMA-qb-AcManMA). 
The TEM image of mannose deprotected copolymer P(BMA-
co-MAA-b-NMS(Jeff)-co-PEGMA-qb-ManMA) is also con-
sistent with the DLS results; this is a mannose-containing co-
polymer that has been fully deprotected (exposing both meth-
acrylic acid and sugar moieties) and cross-linked with 

JEFFAMINE-D230. This polymer appears to form populations 
of uniform micelles of 50 and 80 nm in diameter. The homoge-
neity of these morphologies can be controlled by the rate of ad-
dition of water to the DMF solution of copolymer.  

The goal for this screen was to identify a polymer composi-
tion that can generate larger nanoparticles and higher order 
structures such as polymersomes, in order to take advantage of 
the phagocytic nature of macrophages. Entries 2, 3 and 4 were 
particularly promising as these self-assembled into micellar-
type structures above the traditional size for micelles (>100 nm) 
but were less prone to aggregation effects compared to the pol-
ymers >35 kDa. We also found that polymers between 10 and 
20 kDa with a relatively high sugar loading relative to PEGMA 
(3:1) were also able to generate larger polymersome-like mor-
phologies. These were characterized with a combination of 
DLS and cryo-TEM. Given that polymeric materials with mo-
lecular weights <20 kDa have been shown to penetrate deeper 
into solid tumors 56 and materials >30 kDa begin to reach the 
renal clearance threshold,57 we ultimately selected a composi-
tion that balanced particle size, sugar loading and efficient drug 
loading/release for characterization in preliminary biological 
assays.   

 
Batch synthesis of selected polymers and drug loading 
Based on the synthetic work carried out with the automated 

synthesizer, 20 kDa triblock copolymers were synthesized on a 
larger scale. Galactose-functionalized materials were also made 
as a control for biological uptake studies. These materials were 
then labelled with fluorescent monomer, rhodamine B isothio-
cyanate (RhoB) for use in biological uptake assays. An overall 
MW of 13 to 16 kDa and Mw/Mn of approximately 1.5 was ob-
tained for each material post-deprotection. Following the cross-
linking step, DLS analysis indicated a particle size of around 
100 nm, which is in close agreement with the trends observed 
in Table 2. The size and polymersome-like morphology of the 
glycopolymers was confirmed by cryo-TEM.  

Drug loading of the particles was then investigated. The 
strategy used relied on the hydrophobicity of the particle core 
to stabilize the drug-particle interaction, which is further stabi-
lized by outer-corona/shell cross-linking. This is a direct devel-
opment from our previous work, which demonstrated the deliv-
ery of a cell-impenetrable dye as a proof of concept. 31 The ty-
rosine kinase inhibitor dasatinib was chosen as a model sub-
strate as it has been shown to be a potent inhibitor of TAMs and 
FMS kinase.9 Furthermore, the slightly basic nature of this drug 
should further stabilize the drug-particle via acid-base interac-
tions with the methacrylic acid monomer unit. 
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Drug loading was achieved by dropwise addition of water to 
a 20 mg solution of polymer, co-dissolved with 2 mg of da-
satinib in 1 mL of DMF. The resultant suspension was then di-
alyzed against water for 48 hours, followed by lyophilization. 
The polymer-drug nanoparticles were then resuspended in wa-
ter and UV-vis spectroscopy was used to determine the concen-
tration of dasatinib in the core against a previously determined 
concentration curve at the dasatinib λmax of 323 nm. Polymers 
with a 2:1 ratio of BMA:MAA showed at least a two-fold in-
crease in drug loading efficiencies (10% DLE) compared to a 
9:1 ratio (5% DLE). However, higher molar ratios of BMA in 
the core led to polymers with the desired self-assembly charac-
teristics (vide supra) and still allowed for loading of µM con-
centrations of dasatinib. Therefore the 9:1 ratio of BMA:MAA 
was maintained for biological studies.  

A leakage study was also carried out with UV-Vis spectros-
copy to determine the rate of drug release in solution and there-
fore stability of the nanoparticle encapsulated cargo prior to cell 
treatment (SI, Figure S29). Within the first hour, only ~1.5% 
of the total drug loaded had been released into solution. Follow-
ing this initial period however, the rate of leakage slowed dra-
matically to approximately 0.2%/h, which suggests that these 
nanoparticles are stable in solution. Nevertheless, nanoparticle 
solutions were prepared fresh for each experiment in biological 
studies.  

To determine the stability of the nanoparticles in media con-
taining serum, lyophilized dasatinib-containing P(BMA-co-
MAA-b-NMS(Jeff)-co-PEGMA-qb-ManMA) polymer nano-
particles were resuspended in either PBS or 55% v/v human se-
rum in PBS. A 55% dilution of serum was chosen as this mimics 
the concentration of in vivo serum proteins.58 These nanoparti-
cle suspensions were then dialyzed against PBS at 37 °C for 24 

h. At 6 h and 24 h, the dialysis membranes were opened, and 
aliquots were taken for analysis by UV-Vis spectroscopy (SI, 
Figure S30). Drug release was determined by comparing the 
absorption of dasatinib (λmax of 323 nm) at each given time 
point, relative to the concentration at t = 0 h. After 6 h, 4.5% of 
dasatinib had been released in PBS, and 17.5% had been re-
leased in the solution containing human serum. After 24 h, 
31.3% and 35.7% had been released in PBS and the solution 
containing human serum, respectively.  

In addition to examining the stability of the drug-nanoparti-
cle interaction, the integrity of the nanoparticles after 24 h in-
cubation in human serum was assessed with DLS (SI, Figure 
S31). Both PBS and serum-incubated nanoparticle suspensions 
gave similar results, with a Z-average of 225 nm and 250 nm, 
respectively. Larger aggregate structures were observed in sam-
ples incubated in serum; however, this was attributed to the 
large serum proteins. Filtration of the suspension (0.45 µm fil-
ter) to remove the proteins afforded nanoparticles that were con-
sistent in size with the PBS control, indicating that these nano-
particles remain stable in the presence of serum proteins.59 

 
Assessment of uptake in primary macrophages 
In our previous work we examined the uptake of a series of 

cross-linked copolymers into primary macrophages and showed 
the particles to be efficiently internalized.31 Given that our new 
designs now contain sugar units, we were interested in the role 
of glycosylation for uptake. Mannose receptors play a central 
role in innate and immune responses. The macrophage mannose 
receptor (MMR; CD206) is a transmembrane protein that binds 

 

Figure 5 (a) Fluorescence spectra of rhodamine-B-labelled quasi-block copolymers at 10 µg/mL in CHCl3. (b) FACS plots showing the 
fluorescence intensity of rhodamine in CD206+ primary murine macrophages after incubation with glycosylated copolymers (10 µg/mL) 
(gating given in the ESI). Mannose- and galactose-based copolymers have a similar fluorescence intensity, however the normalized flow 
cytometric value suggests that mannose-based copolymers are taken up at least two-fold more efficiently than the polymers with galac-
tose. Polymers used were from batch synthesis post-ChemSpeed: ManMA = mannose-based copolymer: = P(BMA-co-MAA-qb-NMS-
qb-PEGMA-co-ManMA - (Mn = 14.5 kDa, Ð = 1.55)); GalMA = galactose-based copolymer: P(BMA-co-MAA-qb-NMS-qb-PEGMA-
co-GalMA)( Mn = 13.5 kDa, Ð = 1.54); no sugar polymer: P(BMA-co-MAA-qb-NMS-qb-PEGMA). 
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to terminal mannose residues on pathogens and is able to medi-
ate phagocytosis and pinocytosis of particles containing man-
nose.60 Primary murine macrophages were selected as an initial 
model to assess uptake via CD206.61,62 The cells were isolated 
from the peritoneal cavity of mice and were incubated with gly-
cosylated P(BMA-co-MAA-qb-NMS-qb-PEGMA) copoly-
mers. They were then analyzed by flow cytometry, following 
immunostaining. The cellular markers Mac-1 and F4/80 were 
used to differentiate macrophages from non-macrophages.63 
Uptake was then assessed by analyzing the fluorescence inten-
sity of RhoB (582 nm). 

The role of CD206 for uptake was initially investigated by 
pre-treating the macrophages with mannose (50 mM) to saturate 
the receptor, before incubating with polymer (10 µg/mL). 64 In-
itial polymer incubation was carried out at 0 °C for 30 min to 
minimize endocytosis and maximize receptor binding. The cells 
were then warmed to room temperature for 5 min and excess 
polymer was washed away. The results are summarized in Fig-
ure 4. Polymers with exposed mannose on the outer shell had a 
lower uptake relative to untreated cells. A 25% decrease in 
mean fluorescence intensity (MFI) was observed. Polymers 
with galactose and polymers with no glycomonomer showed 
only minimal decrease. These results are expected if the uptake 
of the mannose-bearing nanoparticles is (at least in part) reliant 
on CD206 for uptake. This effect has also been observed by 
Huang and co-workers.64 

As further confirmation of the role of CD206 in uptake, pri-
mary macrophages were immunolabelled with anti-mouse 
CD206 (MMR) antibody (Figure 5). Cells were gated on 
Mac1+F4/80+ markers and expression of CD206 was analyzed 
against rhodamine intensity. It would be expected that cells with 

a higher level of CD206 show an increased uptake of particles 
bearing mannose units. Figure 5(a) shows the fluorescence 
spectra of the polymers at 10 µg/mL in CHCl3, which was used 
to qualitatively compare the rhodamine loading of each polymer 
composition (it should be noted that CHCl3 was used for nor-
malization to avoid any differences in fluorescence that would 
be observed by micelle formation and aggregation; all three pol-
ymers were      fully soluble in CHCl3, which allowed for direct 
fluorescence measurements for each concentration of polymer). 
This allows normalization of the flow cytometry data (Figure 
5(b)) against the intrinsic fluorescence signal of the particles.  
Normalization can be done by dividing the MFI (flow cytome-
try) by the maximum emission (fluorescence spectroscopy). 
From this normalization process, the GalMA-based copolymer 
and polymer without sugar had an efficiency index of ~55, 
whereas the mannose-based copolymer had an efficiency index 
of ~106. This further demonstrates the importance of CD206 in 
the uptake of these materials, however, does not rule out non-
specific uptake by macrophages. We also cannot discount the 
role that polymer negative charge may have on the uptake. This 
will be a subject of future studies. 

Impact of dasatinib-loaded nanoparticles  
To determine whether the drug-loaded micelles were releas-

ing their cargo to engage the FMS receptor, an uptake study was 
carried out with Rat-2 fibroblasts that express the v-fms onco-
gene.9 When these cells express v-fms they have a transformed 
morphology as shown in Figure 6(a). 65 When FMS was sup-
pressed by dasatinib (1 nM) there was a clear morphology 
change from spindle-like and disordered to more uniform and 
globular. The same effect was observed with cells that were 
treated with dasatinib-loaded P(BMA-co-MAA-b-NMS-co-

 

Figure 6 (a) Rat-2 vfms fibroblasts after treatment with dasatinib (1 nM) and dasatinib-loaded : P(BMA-co-MAA-qb-NMS-qb-
PEGMA-co-ManMA nanoparticles (1 nM confirmed concentration of dasatinib post-dialysis and lyophilization) for 2 h. A clear 
morphology change is observed compared to the controls. The DMSO-treated control cells have the same morphology as untreated 
cells.9 Scale bar = 200 µm. (b) Western blot to show the successful inhibition of FMS with the glycosylated drug delivery vehicles 
via disappearance of the mature FMS and immature FMS bands. D = free dasatinib (1 nM), P = copolymer with no drug loaded, P+D 
= copolymer with 1 nM dasatinib loaded. The full blot can be found in the SI (Figure S33).  
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PEGMA-qb-ManMA) copolymers for 2 h. These cells were 
then lysed and quantified via Western blotting (Figure 6(b)). 
This data shows the clear inhibitory effect that dasatinib (D), 
and consequently the dasatinib-loaded nanoparticles (P+D), has 
on FMS signaling in the fibroblast cell line relative to the poly-
mer with no dasatinib (P) and the vehicle (DMSO). It should be 
noted that, based on the drug-leakage study, <18% of the total 
concentration of dasatinib would have leaked out into the sur-
rounding media (timepoint taken for leakage study: 6 h = 18% 
leakage into surrounding media; time point taken for this exper-
iment = 2 h). This corresponds to a concentration < 180 pM, 
which is below the concentration required to induce a morphol-
ogy change in these cells (approximately 500 pM).9 This there-
fore demonstrates the success of our drug delivery system for 
FMS inhibitor delivery to cells. 

 

Conclusions 
A series of fluorescently labelled, glycosylated quasi-block 

copolymers were synthesized with varied ratios of hydrophobic 
and hydrophilic blocks. These compositions were then assem-
bled into nanoparticles, cross-linked and loaded with the kinase 
inhibitor dasatinib. In vitro studies showed that these nanopar-
ticles were successfully internalized into macrophages, in part, 
via the macrophage mannose receptor (CD206). Furthermore, 
we were able to demonstrate successful delivery of dasatinib to 
cells using this system, resulting in inhibition of the FMS recep-
tor. As such, this study lays the groundwork for further drug 
delivery studies aimed at specifically targeting TAMs with mo-
lecularly targeted therapeutics. 
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