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Clickable polyamidosaccharides: accessing
bottlebrush inspired hyaluronic acid
glycopolymers for CD44 targeting of breast
cancer cells

Kaitlynn A. Sockett, †‡a Madeline K. Loffredo, †‡b Christian D. DeMoya, c

Zoe G. Garman c and Mark W. Grinstaff *a,b,c

Hyaluronic acid (HA) binds the transmembrane glycoprotein cluster of differentiation-44 (CD44), a highly

expressed surface receptor that plays a critical role in tumor growth, invasion, and metastasis. Approaches

to target CD44 utilize biologically sourced HA which inherently suffers from molecular weight (MW) het-

erogeneity and biological contaminants. Fully synthetic approaches to HA are attractive and circumvent

these biological contaminants; however, readily accessing oligomers of six monosaccharides or more, as

is required for CD44 binding, is challenging. To this end, we report the synthesis of glycopolymers func-

tionalized with HA disaccharide pendant chains. These well-defined and regioselective polymers consist

of glucose monomers linked via α-1,2 amide bonds, termed polyamidosaccharides, functionalized with

branched HA disaccharide moieties interspersed throughout via a strain-promoted azide–alkyne cyclo-

addition. Among these homopolymers and copolymers, two of the polymers bearing the highest HA dis-

accharide conjugation bind CD44 with nanomolar affinity. Assays using a rhodamine-labelled polymer

reveal a positive relationship between cellular internalization and CD44 expression levels in breast cancer

cells. Conjugation of paclitaxel to the polymer enhances paclitaxel potency in CD44-expressing cancer

cells compared to free paclitaxel.

1. Introduction

Hyaluronic acid (HA) is a naturally occurring linear, non-sul-
fated glycosaminoglycan consisting of alternating disaccharide
β-1,4-D-glucuronic acid and β-1,3-N-acetylglucosamine repeat
units (Fig. 1A).1–4 It is a main component of the extracellular
matrix and prominently found within synovial joints, provid-
ing structural support and water retention due to its anionic
character at physiological pH.3–8 The structure of HA com-
prises a densely hydroxylated carbohydrate with carboxylate
moieties which act as handles readily available for chemical
modification. HA is biocompatible, biodegradable, and non-

toxic, culminating in its wide-spread use in translational
research and regulatory approved products.9–12

Additionally of importance, HA binds the transmembrane
glycoprotein, cluster of differentiation-44 (CD44), which is
upregulated on the surface of numerous cancer cell types
including breast, prostate, pancreatic, gastrointestinal, lung,
colorectal, and head and neck squamous cell carcinoma.17–20

CD44 is a cell surface adhesion receptor and, in homeopathic
tissues, regulates cell growth, survival, cellular adhesion, sig-
naling, and motility.21 In cancerous tissues, increased CD44
expression positively correlates with tumorigenesis and meta-
stasis due to HA and CD44 binding interactions which activate
signaling cascades that facilitate cancer progression and
invasion.17,21,22 Numerous reports from the last decade
employ HA as a targeting ligand on delivery systems to achieve
tumor cell selectivity and localization of a chosen payload to
enhance therapeutic efficacy and decrease off-target
effects.23–31 These examples utilize HA isolated from biological
sources; however, biologically sourced HA is highly hetero-
geneous in its molecular weight (MW) and often carries poten-
tially harmful endotoxins and residual biological contami-
nants, all of which impact the biological function and experi-
mental reproducibility of the biopolymer.10
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Fully synthetic approaches to HA eliminate residual biologi-
cal contaminants and endotoxin concerns; however, these
syntheses are lengthy, given that the oligomer must contain at
least six monosaccharide repeat units for effective CD44
binding,32,33 and limited by scalability due to the series of
reactions necessary.34,35 Contrastingly, some synthetic poly-
mers capitalize on multivalency through brush-like glycopoly-
mers functionalized with low MW HA. For example, Carvalho
et al. report the synthesis of a glycopolymer with a 24-mono-
saccharide multivalent HA targeting ligand on a hydrocarbon
polymeric backbone, and demonstrate improved CD44
binding avidity with an association constant (KA) = (4.0 ± 6.0) ×
1010 [M−1] compared to low MW HA (4.8 kDa) with a KA = (1.5
± 0.9) × 107 [M−1], as determined by surface plasmon reso-
nance (SPR) (Fig. 1B).13 Utilizing a similar polymeric architec-
ture, Collis et al. describe hydrocarbon-based glycopolymers
bearing N-acetyl glucosamine (GlcNAc) or glucuronic acid
(GlcA) monosaccharides which bind CD44 with micromolar
affinity (GlcNAc: 0.6 μM, GlcA: 0.9 μM, 5 kDa HA: 0.15 μM) via
SPR to demonstrate CD44 binding with multivalent monosac-
charide pendant moieties.36

Polyamidosaccharides (PASs) are a novel class of polysac-
charide mimetics where α-1,2 amide linkages replace the
native glycosidic bonds between the repeating sugar units. An
anionic ring-opening polymerization of a reactive β-lactam
monomer yields nontoxic PASs with controlled MW, narrow
dispersity, and a helical secondary structure (Fig. 1C).14–16,37–42

PAS composition and structure afford opportunities to design
functionally active polysaccharide mimetics which retain the
biocompatibility, biodegradability, and dense functionality of

their natural counterparts,15,16,37,41 and herein, we report the
synthesis and biological activity of a HA-inspired PAS to target
CD44-expressing cancer cells for therapeutic delivery. From a
design perspective, we employ a “clickable” PAS backbone
where a HA disaccharide links to the polymer in a multivalent
fashion via a strain-promoted azide–alkyne cycloaddition
(SPAAC). We describe the synthesis of a carbohydrate-based
polymeric library consisting of HA disaccharide functionalized
homopolymers and copolymers (Fig. 1D). The bottlebrush-like
PAS armed with a synthetically accessible HA disaccharide
binds to CD44 with nanomolar affinity, is internalized by
CD44-expressing breast cancer cells, and exhibits potent cyto-
toxicity when functionalized with a chemotherapeutic against
such breast cancer cells.

2. Results and discussion
2.1. Synthesis of the pendant HA disaccharide

Our strategy to the pendant functionalized polymer entails
first synthesizing the HA derived pendant disaccharide target-
ing ligand and then employing a SPAAC reaction, due to its
mild and catalyst free reaction conditions, orthogonality, and
downstream biocompatibility, to link it to the PAS.43,44 Thus,
we synthesized the HA pendant via preparation of the azido-
armed glycosylation acceptor (Scheme 1A). Acetylation of
D-glucose affords 1, followed by iodination of the anomeric
center and subsequent treatment with thiourea and
iodoethane to give thioglycoside 2 in excellent yields (85%).45

Saponification45 and subsequent benzylidene acetal protec-

Fig. 1 (A) Chemical structure of HA. (B) Example of a previously reported brush-like HA glycopolymer.13 (C) Examples of previously reported PASs
with varied functionalities; glucose PAS,14 sulfate-PAS,15 and amino-PAS.16 (D) Proposed homopolymer and copolymer functionalized with a HA dis-
accharide pendant group.
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tion46 of O4 and O6 affords diol 3. Functionalization of the O2
and O3 positions with benzoyl groups47 gives 4, which serves
as the electrophilic partner in the trifluoromethanesulfonic
acid-catalyzed nucleophilic addition of azidoethoxy ethanol at
the anomeric position, furnishing 5.48 We confirmed the
β-anomeric stereochemistry via 1H nuclear magnetic resonance
(NMR) J-value analysis as JH-1 = 7.8 Hz, indicating a diaxial
proton orientation consistent with the β-configuration. Next,
trifluoroacetic acid-catalyzed benzylidene acetal deprotection
affords diol 6.49 Oxidation of the primary C6 hydroxyl to the
corresponding carboxylic acid via a TEMPO oxidation followed
by a chemoselective benzyl protection yields acceptor 7
(Scheme 1A).50

For the glycosylation donor synthesis, a selective protection
of glucosamine hydrochloride, affords imine 8 which is
further acetylated to 9.45 Acidic hydrolysis of the imine gives
the acetylated glucosamine salt 10 allowing subsequent instal-
lation of the N-trichloroacetyl (TCA) group to serve as the
N-acetyl analog.45 Lewis acid mediated thiolation furnishes
thioglycoside 11.51 Saponification followed by a benzylidene
acetal protection of the O4 and O6 positions affords thioglyco-
side 12.51 Benzylation51 of O3 provides 13, which underwent a
Lewis-acid catalyzed intramolecular cyclization47 to yield oxa-
zoline donor 14 (Scheme 1B). With both the glycosylation
acceptor and donor in hand, a triflate-mediated glycosylation
provides the diastereopure azido-armed disaccharide 15
(Scheme 1C).47 Once again we used 1H NMR J-value analysis to
confirm the stereochemistry of the isolated disaccharide. Due
to spectrum overlap, we estimated the JH-1′ to be ∼8.7 Hz;

however, the presence of the β-anomer is evident by the
approximate J-value as well as the observed splitting pattern
(Fig. S1).

2.2. Synthesis of the DBCO-functionalized linker

To functionalize the polymeric backbone, we next synthesized
a linker bearing a terminal dibenzocyclooctyne (DBCO) to
serve as the strained alkyne counterpart to the azido-armed
disaccharide 15. Additionally, the DBCO-functionalized linker
requires an electrophilic primary halide for nucleophilic sub-
stitution onto the PAS backbone, as wells as sufficient flexi-
bility to reduce steric interactions which may impede the
pendant disaccharide binding to CD44. To achieve this goal,
we prepared linker 17 in good yields (Scheme 2A) by first sub-
stituting 2-(2-aminoethoxy)ethanol with 1-chloro-6-iodohexane
to prepare 16, followed by a DBCO-N-hydroxysuccinimide
coupling.

2.3. Homopolymer synthesis and characterization

To prepare the “clickable” polysaccharide mimetics, we first
performed an anionic ring-opening polymerization of a pro-
tected β-lactam bicyclic monomer to afford the PAS
backbone.14–16,37–42 For post-functionalization, we require a
primary hydroxyl to serve as a handle for coupling with linker
17 and ultimately the pendant disaccharide 15, thus, we used
selectively protected 6-O-triisopropylsilyl (TIPS) β-lactam 18 as
the monomer.15 Lithium bis(trimethylsilyl) amide (LiHMDS)
catalyzed polymerization of 18 in the presence of the initiator,
Cbz-6-aminohexanoic acid pentafluorophenol ester, yields the

Scheme 1 Synthesis of azido-armed disaccharide. (A) Preparation of the azido-armed glycosylation acceptor. (B) Synthesis of the oxazoline glyco-
sylation donor. (C) Azido-armed disaccharide glycosylation. The yields reported as averages are mean values ± S.D. with n = 3.
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PASs. Through adjusting the monomer to initiator ratio ([M]/[I]
= 100 : 1, 50 : 1, 25 : 1) we obtain well defined homopolymers
P1a–P3a with controlled MW (Scheme 2B). Gel permeation
chromatography (GPC) equipped with a right-angle light scat-
tering detector with THF as the mobile phase, reveals the
measured degrees of polymerization (N) are in close agreement
with the theoretical N (Ntheory) for P1a–P3a (Fig. 2A, Table 1,
entries 1–3). Following polymerization, treatment with 1 M
TBAF in THF selectively deprotects the TIPS group to yield the
6-OH polymers P1b–P3b (Scheme 2B, Fig. 2B, Table 1, entries
4–6). Coupling of the previously prepared linker 17 to the O6
position using imidazole in THF, followed by precipitation
into cold n-pentane affords P1c–P3c (Scheme 2B, Fig. 2C,
Table 1, entries 7–9). Based on the increase in absolute MW-
weight-average molecular weight (Mw)-between polymers P1b–
P3b to P1c–P3c, the conjugation efficiency is roughly 100%
(Fig. 2C, Table 1, entries 4–9). 1H NMR analysis further corro-
borates the conjugation efficiency indicating a ∼1 : 1 ratio of
the polymeric H1 peak at ∼5.7 ppm to the amide proton peak
of the linker at ∼6.0 ppm (Fig. S2). With the linker substituted
polymers prepared, we next investigated the efficiency of the
SPAAC between polymers P1c–P3c and the azido-armed disac-
charide 15. The standard purification process of precipitation
(s) in cold n-pentane does not isolate polymers from excess dis-
accharide 15; however, cold methanol precipitations remove
the residual disaccharide with the exception of P2d which is

soluble in cold methanol. Thus, we carried P2d forward to the
next step without further purification (Scheme 2B, Fig. 2D,
Table 1, entries 10–12).

Sodium metal in liquid ammonia deprotection of polymers
P1d–P3d followed by dialysis against deionized water, using an
8.0 kDa MW cutoff dialysis membrane, and lyophilization
affords the final polymers P1d′–P3d′ as fluffy white solids in
low to moderate yields (13–25%, Scheme 2B, Fig 4A, Table 4,
entries 1–3). P1d′–P3d′ adopt a helical secondary structure as
determined by circular dichroism (CD) (Fig. S3A).14,37 1H NMR
spectroscopy confirms the removal of the aromatic protecting
groups and analysis of the ratio of the polymeric H1 peak
resolved at ∼5.75 ppm with the anomeric protons of the
pendant HA disaccharide at ∼4.55 ppm and ∼4.50 ppm pro-
vides an approximation of the SPAAC reaction conjugation
efficiency (Fig. 2E). The pendant conjugations range between
13–27% (Table 5, entries 1–3, Fig. S4A). These results are con-
sistent with the increased absolute Mw observed for polymers
P1d–P3d by GPC prior to deprotection. To calculate the
degrees of polymerization (N), we used the conjugation
efficiency determined by 1H NMR analysis of the deprotected
polymers; the final N values are consistent with the calculated
N from the previous steps, as seen with NP1a = 33 and NP1d =
31, for example (Table 1, entries 1 and 10). Equations for calcu-
lating N for each polymer class are listed in the SI. Our
attempts to improve the conjugation efficiency by increasing

Scheme 2 Synthesis of (A) DBCO-functionalized linker; (B) pendant disaccharide-functionalized homopolymers P1–P3; (C) pendant disaccharide-
functionalized copolymers P4–P11.
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the reaction temperature or increasing the equivalents of dis-
accharide 15 from 1.5 eq. to 2.0 eq. (relative to one monomer
unit) were unsuccessful. Using aqueous GPC equipped with a
right-angle light scattering detector and 1× PBS as the mobile
phase, we determined the absolute Mw of P1d′–P3d′ which are
in good agreement with the N calculated during the previous

synthetic steps (Fig. 4A, Table 4, entries 1–3, Fig. S5A). Raw
GPC traces are noisy due to the scattering effects of the salt;
therefore, traces were fit with a moving average trendline
(period of 50) for improved visualization (Fig. 4 and S5). The
GPC analysis confirms the polymers remain intact throughout
the deprotection and corroborates the approximate pendant
conjugation seen with their protected polymer counterparts
(Table 4, entries 1–11).

2.4. Copolymer synthesis and characterization

Given the ∼25% pendant conjugation efficiency of the homo-
polymers, we next investigated whether interspersing glucose
monomer units among the HA pendant functionalized poly-
mers impacts the SPAAC efficiency and downstream binding
with CD44. Thus, we synthesized copolymers comprising both
6-O-TIPS lactam 18 and tri-O-Bn lactam 19 in a 1 : 3 monomeric
ratio, respectively. We selected monomer 19 as the benzyl moi-
eties are stable throughout the post-polymerization modifi-
cations, yet readily debenzylated in the final global
deprotection.14,37 Due to the discrepancy between the polymer-
ization kinetics of the chosen monomers (tri-O-Bn lactam 19
fully polymerizes in 5 min,14 6-O-TIPS-3,4-O-PMB lactam 18
fully polymerizes in 20 min15), we explored two different copo-
lymerization methods as well as an additional higher MW
polymer (Ntheory = 200; [M]/[I] = 200/1) to expand the MW scope

Fig. 2 GPC chromatograms of protected homopolymers (A) P1a–P3a; (B) P1b–P3b; (C) P1c–P3c; (D) P1d–P3d. (E) Representative 1H NMR analysis
of approximate pendant disaccharide conjugation onto 6-DBCO backbone via 1H NMR; (i) P3d’; (ii) P6d’; (iii) P10d’.

Table 1 GPC analysis of protected homopolymers P1–P3

Entry Polymer
Mn
(kDa)

Mw
(kDa) Đ N Ntheory

Yield
(%)

1 P1a 16.4 19.2 1.17 33 25 65
2 P2a 34.2 36.4 1.06 62 50 63
3 P3a 64.3 68.5 1.07 117 100 70
4 P1b 12.6 15.6 1.24 36 25 43
5 P2b 27.4 28.5 1.04 66 50 60
6 P3b 47.6 48.9 1.03 114 100 64
7 P1c 28.9 28.9 1.002 32 25 58
8 P2c 49.6 49.2 1.01 55 50 62
9 P3c 92.6 111.8 1.21 124 100 62
10 P1d 30.6 32.7 1.07 31 25 34
11 P2d 63.3 63.9 1.01 66 50 —
12 P3d 65.8 115.3 1.75 114 100 18

N for P1c–P3c was calculated assuming 100% of Mw included linker-
functionalized monomer units; N for P1d–P3d was calculated from dis-
accharide conjugation percentages determined via 1H NMR analysis of
deprotected polymers (eqn (S1)). P2d was unable to be purified and
was thus carried forward to the next step without further purification.
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of the copolymer library and to yield variable branching
densities.

Method A involves simultaneous monomer additions fol-
lowing the same polymerization procedure utilized for the
homopolymerizations. LiHMDS polymerization of the mono-
mers in the presence of Cbz-6-aminohexanoic acid pentafluor-
ophenol ester yields copolymers, P4a–P7a, in good yields com-
parable to the homopolymers, and with N values that agree
with Ntheory (Scheme 2C, Fig. 3A, Table 2, entries 1–4). To
account for the 25% composition of the 6-O-TIPS monomer in
the subsequent steps, we calculated the reagent equivalents
based on monomer 18 content, while reaction concentrations
were based on total mmol of monomers 18 and 19. This
approach results in the successful selective deprotection of the
TIPS group to afford polymers P4b–P7b in high yields. The
observed Mw and calculated N6-OH for each copolymer are con-
sistent with the calculated N6-TIPS copolymers (Scheme 2C,
Fig. 3B, Table 2, entries 5–8, eqn (S2)). Addition of linker 17
affords polymers P4c–P7c in appreciable yields with a 100%
conjugation efficiency relative to the 6-OH monomer units, as
determined by the increase in absolute Mw from GPC analysis
(Scheme 2C, Fig. 3C, Table 2, entries 9–12). For the SPAAC, we
increased the equivalents of disaccharide 15 to 2.0 eq. from
1.5 eq. relative to the DBCO to drive the reaction to com-
pletion. Unfortunately, the disaccharide-functionalized copoly-
mers do not precipitate into cold methanol, therefore, we
carried the crude polymers forward to the next deprotection
step. GPC analysis of P4d–P7d shows increased Mw for all poly-
mers consistent with a successful SPAAC (Scheme 2C, Fig. 3D,
Table 2, entries 13–16). Following the global deprotection
using sodium metal in liquid ammonia, dialysis (8.0 kDa MW
cutoff membrane) against deionized water removes any
residual unconjugated disaccharide. Subsequent lyophilization
gives polymers P4d′–P7d′ as fluffy white solids in moderate

yields (17–36%, Scheme 2C, Table 4, entries 4–7). Polymers
P4d′–P7d′ also adopt a helical secondary structure as deter-
mined via CD (Fig. S3B). 1H NMR analysis of the ratio of the
anomeric H1 proton of copolymers P4d′–P7d′ to the corres-
ponding anomeric H1 protons of the pendant disaccharide
indicates a conjugation efficiency of approximately 11–15%
relative to the full polymeric backbone, except for P4d′ (∼3%
conjugation; Fig. 2E, Table 5, entries 4–7, Fig. S4B). Aqueous
GPC analysis of polymers P4d′–P7d′ reveals degrees of
polymerization N consistent with previous steps (Fig. 4B,
Table 4, entries 4–7, Fig. S5B). Again, we calculated the N of

Fig. 3 GPC chromatograms of copolymers P4–P11. (A) P4a–P7a; (B) P4b–P7b; (C) P4c–P7c; (D) P4d–P7d; (E) P8a–P11a; (F) P8b–P11b; (G) P8c–
P11c; (H) P8d–P11d.

Table 2 GPC analysis of Method A copolymers P4–P7

Entry Polymer
Mn
(kDa)

Mw
(kDa) Đ N Ntheory

Yield
(%)

1 P4a 17.6 17.7 1.01 37 25 78
2 P5a 24.5 24.5 1.001 51 50 63
3 P6a 49.2 49.6 1.01 101 100 57
4 P7a 95.7 102.0 1.05 210 200 57
5 P4b 15.9 16.0 1.002 35 25 76
6 P5b 23.1 23.3 1.01 52 50 67
7 P6b 40.6 42.7 1.05 95 100 62
8 P7b 89.4 94.9 1.06 210 200 61
9 P4c 17.6 18.7 1.06 36 25 64
10 P5c 24.4 25.3 1.04 48 50 36
11 P6c 58.5 58.8 1.01 112 100 61
12 P7c 85.5 109.4 1.28 209 200 74
13 P4d 20.1 21.0 1.04 40 25 —
14 P5d 30.2 30.9 1.02 57 50 —
15 P6d 58.8 59.2 1.01 107 100 —
16 P7d 97.0 118.6 1.22 218 200 —

N for P4c–P7c was calculated assuming 100% functionalization of
linker; N for P4d–P7d was calculated from disaccharide conjugation
percentages determined via 1H NMR analysis of deprotected polymers
(eqn (S2)). Polymers P4d–P7d were carried to the next step without
further purification.
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the deprotected polymers using the relative conjugation
efficiencies determined by 1H NMR analysis (eqn (S2)).

We hypothesized the decreased pendant conjugation
observed with copolymers P4d′–P7d′ relative to the homopoly-
mers P1d′–P3d′ is a result of a more block-like polymeric
sequence, which arises from the differences in the polymeriz-
ation kinetics of lactams 18 and 19. This discrepancy likely
affords polymers with increased steric restraints and dense
branching similar to those of the homopolymers preventing
full conjugation of the pendant disaccharide and, thus, we
explored a second polymerization approach.

The second polymerization method, Method B, addresses
the varying polymerization kinetics of our monomers to
furnish a randomized sequence relative to polymers P4–P7.
Herein we initiated the polymerization of the 6-O-TIPS lactam
18 alone, due to its slower polymerization kinetics (monomer
fully consumed in 20 min15) followed by intermittent
additions of the tri-O-benzyl lactam 19 in 0.5 mL aliquots over
the course of 20 min (Scheme 2C). The aliquots ensure a
polymerization concentration of ∼0.1 M relative to all
monomer units in solution and a final 1 : 3 monomeric ratio
of 6-O-TIPS lactam 18 to tri-O-benzyl lactam 19 as used in
Method A. Again, LiHMDS polymerization of the monomers in
the presence of Cbz-6-aminohexanoic acid pentafluorophenol
ester gives the copolymers P8a–P11a in good yields with MW
control. However, the dispersity increases relative to copoly-
mers P4a–P7a, which we hypothesized is a consequence of the
sequential additions of lactam 19 (Fig. 3E, Table 3, entries
1–4). We employed the same post-polymerization synthetic
steps described for copolymers P4–P7 for copolymers P8–P11
(Scheme 2C). Silyl deprotections afford P8b–P11b in high
yields with consistent N6-OH as compared to N6-TIPS (Fig. 3F,
Table 3, entries 5–8, eqn (S2)). Addition of linker 17 provides
copolymers P8c–P11c with full conjugation relative to each
6-OH monomer unit as determined by the increase in absolute
Mw via GPC analysis (Fig. 3G, Table 3, entries 9–12). The
SPAAC with disaccharide 15 results in an increased Mw for all
copolymers P8d–P11d (Fig. 3H, Table 3, entries 13–16) indica-
tive of successful conjugations. As before, copolymers P8d–
P11d do not precipitate in cold methanol and were carried
through to the global deprotection step. Dialysis (8.0 kDa MW
cutoff membrane) against deionized water removes any
residual disaccharide. Following lyophilization, copolymers

P8d′–P11d′ are white fluffy solids (moderate yields of 13–36%,
Table 4, entries 8–11) with helical secondary structure as deter-
mined by CD (Fig. S3C). 1H NMR analysis of P8d′–P11d′ reveals
improved pendant disaccharide conjugations relative to the

Fig. 4 GPC chromatograms fit with a moving average trendline (period of 50) of deprotected polymers (A) P1d’–P3d’; (B) P4d’–P7d’; (C) P8d’–
P11d’.

Table 3 GPC analysis of Method B copolymers P8–P11

Entry Polymer
Mn
(kDa)

Mw
(kDa) Đ N Ntheory

Yield
(%)

1 P8a 7.0 12.7 1.82 26 25 66
2 P9a 25.3 27.6 1.01 57 50 70
3 P10a 72.9 73.8 1.01 152 100 73
4 P11a 65.1 116.0 1.78 239 200 73
5 P8b 10.2 13.1 1.28 29 25 83
6 P9b 15.7 26.6 1.78 59 50 71
7 P10b 62.8 70.7 1.13 156 100 69
8 P11b 61.9 107.0 1.73 237 200 78
9 P8c 11.0 14.7 1.33 28 25 36
10 P9c 27.7 30.5 1.10 58 50 84
11 P10c 63.0 77.4 1.23 148 100 69
12 P11c 69.8 113.8 1.63 217 200 78
13 P8d 12.9 15.8 1.22 30 25 —
14 P9d 25.6 32.7 1.27 60 50 —
15 P10d 52.4 84.4 1.61 152 100 —
16 P11d 87.6 126.1 1.44 232 200 —

N for P8c–P11c was calculated assuming 100% functionalization of
linker; N for P8d–P11d was calculated from disaccharide conjugation
percentages determined via 1H NMR analysis of deprotected polymers
(eqn (S2)). Polymers P8d–P11d were carried to the next step without
further purification.

Table 4 GPC analysis of deprotected polymers P1d’–P11d’

Entry Polymer
Mn
(kDa)

Mw
(kDa) Đ N Ntheory

Yield
(%)

1 P1d′ 23.1 26.8 1.16 35 25 24
2 P2d′ 38.4 48.1 1.25 68 50 13a

3 P3d′ 82.0 82.4 1.01 112 100 25
4 P4d′ 6.9 8.7 1.26 37 25 17a

5 P5d′ 13.5 13.7 1.02 58 50 22a

6 P6d′ 31.9 32.8 1.03 132 100 36a

7 P7d′ 45.2 47.5 1.05 198 200 25a

8 P8d′ 4.9 6.2 1.25 27 25 36a

9 P9d′ 8.7 13.5 1.54 56 50 19a

10 P10d′ 22.6 38.6 1.71 160 100 36a

11 P11d′ 32.4 57.4 1.78 239 200 13a

a Yields were calculated over two steps. Raw GPC traces (Fig. S5) were
fit with a moving average trendline (period of 50).
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corresponding copolymers synthesized via Method A, consist-
ent with a decrease in overall steric hindrance and a decrease
in localized branching density (Table 5, entries 4–11, Fig. S4C).
For example, P10d′ conjugation efficiency of the pendant disac-
charide relative to the clickable monomer units (Method B,
Ntheory = 100) is 96% as compared to 72% for P6d′ (Method A,
Ntheory = 100) and 20% for P3d′ (homopolymer, Ntheory = 100)
(Table 5, entries 3, 6, and 10, Fig. 2E). Interestingly, the
pendant disaccharide percent conjugation increases in corre-
lation with an increase in N for all copolymers prepared via
both methods up to N = 100, before decreasing slightly at N =
200 (Table 5, entries 4–11). Aqueous GPC once again confirms
approximate disaccharide conjugations and absolute Mw for
copolymers P8d′–P11d′ demonstrated by N which are consist-
ent with the previous steps and based on disaccharide conju-
gation percentages as determined by 1H NMR (Fig. 4C,
Table 4, entries 8–11, Fig. S5C, eqn (S2)).

2.5. CD44 binding studies and cytotoxicity

With the polymer library prepared, we next measured the
binding affinity of the HA disaccharide conjugated polymers to
CD44 as compared to the binding affinity of native HA using
biolayer interferometry (BLI). We immobilized CD44-Fc onto
AHC Octet (Anti-Fc) sensors at 10 µg mL−1 in 1× PBS + 0.005%
Tween-20. We then incubated the immobilized CD44 sensor in

increasing concentrations of the polymer solutions to measure
the association kinetics (kon) followed by an incubation in
buffer to determine the dissociation kinetics (koff ), from which
we calculated the dissociation constant (KD). CD44 binding
occurs for P1d′ and P10d′ with KD values of 3.79 ± 0.43 nM and
9.88 ± 0.96 nM, respectively (Fig. 5A, Table 6, entry 1; Table 6,
entry 10, Fig. S6). The decrease in binding affinity as compared
to native HA (8–15 kDa; KD = 0.123 ± 0.02 nM) is approximately
30 and 80-fold for P1d′ and P10d′, respectively. Interestingly,
P1d′ and P10d′ also exhibit the highest pendant HA disacchar-
ide conjugation of the polymer library, with 27% and 24%,
respectively (Table 5). Additionally, we attempted to measure
the binding affinity of high MW HA (1.5–1.75 MDa) to CD44;
however, we were unable to complete the BLI experiment as
HA forms a viscous gel-like material at concentrations of
10–100 µM. Using SPR as the measurement technique, other
groups report a KD between 10–100 µM.52–54 As a negative
control, glcOHPAS shows no binding to CD44 (Fig. S7).

After confirmation of CD44 binding activity, we assessed
the cytotoxicity of P1d′ by treating NIH 3T3 mouse fibroblasts
with polymer concentrations ranging from 0.0001–1.0 mg
mL−1. We treated the cells with the polymer solutions for
24 hours before determining cell proliferation by measuring

Table 5 Relative pendant conjugation was determined by 1H NMR analysis
of the integral ratio of the polymeric H1 and disaccharide H1 and H1’

Entry Polymer

Relative conjugation
to full polymeric
backbone (%)

Relative conjugation
to DBCO-linked
monomer units (%)

1 P1d′ 27 27
2 P2d′ 13 13
3 P3d′ 20 20
4 P4d′ 3 12
5 P5d′ 11 44
6 P6d′ 18 72
7 P7d′ 12 48
8 P8d′ 6 24
9 P9d′ 13 52
10 P10d′ 24 96
11 P11d′ 18 72

Fig. 5 Association and dissociation BLI sensograms with immobilized CD44 of (A) P1d’ and (B) HA (8–15 kDa).

Table 6 Polymer library binding constants determined from BLI with
HA and glcOH-PAS as positive and negative controls, respectively

Entry Polymer KD (nM)

1 P1d′ 3.79 ± 0.43
2 P2d′ n.d.
3 P3d′ n.d.
4 P4d′ n.d.
5 P5d′ n.d.
6 P6d′ n.d.
7 P7d′ n.d.
8 P8d′ n.d.
9 P9d′ n.d.
10 P10d′ 9.88 ± 0.96
11 P11d′ n.d.
12 HA 0.123 ± 0.02
13 glcOHPAS n.d.

Polymers with no binding observed in the range tested are denoted as
not detected (n.d.).
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DNA content. HA (8–15 kDa) is not cytotoxic while P1d′ shows
no cytotoxicity up to 0.5 mg mL−1, dropping slightly to 78%
viability at 1.0 mg mL−1 (Fig. 6A).

2.6. Hyaluronidase degradation study

Hyaluronidase (HAase) readily degrades HA to give smaller
molecular weight species which exhibit reduced in vivo resi-
dence times and different biological activity.12,55–57 For
example, in the tumor microenvironment (TME) HAase con-
centrations are increased leading to an accumulation in LMW
HA.57 Consequently, native HA CD44-targeting cancer delivery
systems are suspectable to degradation and a loss of targeting
efficiency. With this in mind, we conducted a HAase degra-
dation study to discern potential enzymatic degradation, using
one polymer from each synthetic method: P1d′, P4d′, and P8d′.

We incubated the polymers and HA (8–15 kDa) in 1× PBS
(pH 7.4) with or without HAase at 37 °C for 24 h.58,59 Next, we
lyophilized and analyzed the polymers via GPC equipped with
a refractive index detector and 1× PBS as the eluent. As
expected, HAase degrades HA as evidenced by the increased
GPC retention time (Fig. S8). In contrast, HAase does not
degrade polymers P1d′, P4d′, and P8d′, as there is no shift in
the GPC retention times (Fig. S9). The emergence of a slightly
smaller MW peak is present with P4d′ and P8d′ incubated in
PBS only, indicating some hydrolysis occurring in the copoly-
mers, but not in the homopolymer. However, the lack of a
shift between the PBS control samples and the HAase samples
reveals the polymers are resistant to enzymatic degradation
(Fig. S9B and S9C). This resistance to HAase degradation is
likely due to the lack of glycosidic linkages and presence of an
amide linkage contained within a rigid helical secondary struc-

Fig. 6 Cytotoxicity and cellular uptake of P1d’ and PTX–P1d’. (A) Cytotoxicity of P1d’ and HA in NIH 3T3 fibroblasts following a 24 h treatment
period. DNA content was measured by a CyQuant cell proliferation assay with viability normalized to untreated wells. Data presented as mean values
± S.D. with n = 3. (B) CD44 expression representative images of breast cancer cell lines MDA-MB-231, MCF-7, and MDA-MB-453. Cells were stained
with DAPI (blue) for nucleus and immunostained for CD44 (green). Scale bars are 10 μm. (C) Relative fluorescence quantification of CD44 expression
on MDA-MB-231, MCF-7, and MDA-MB-453 cells normalized to DAPI fluorescence. Data presented as mean values ± S.D., **** = p < 0.0001 deter-
mined by one-way ANOVA, n = 3. (D) Representative images of rho-P1d’ (pink) cellular uptake after 6 h incubation with 250 μg mL−1 of polymer.
Cells were stained with DAPI (blue) for nucleus and immunostained for CD44 (green). (E) Relative fluorescence quantification of rho-P1d’ internaliz-
ation by MDA-MB-231, MCF-7, and MDA-MB-453 cells normalized to DAPI fluorescence. Data presented as mean values ± S.D., * = p < 0.05 deter-
mined by Brown-Forsythe and Welch ANOVA, n = 3. Scale bars are 10 μm. (F) Cytotoxicity of PTX–P1d’ and free PTX in MDA-MB-231 cells. Data pre-
sented as mean values ± S.D., * = p < 0.05 determined by two-way ANOVA, n = 3.
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ture shielding it from enzymatic degradation. In further
support of this shielding mechanism, stapled glycans exhibit
greater enzymatic stability compared to their linear
counterparts.60

2.7. In vitro CD44-mediated internalization studies

Given the low nanomolar affinity of P1d′ for CD44, we further
investigated its binding and subsequent cellular internaliz-
ation in three breast cancer cell lines (MDA-MB-231, MCF-7,
and MDA-MB-453) with varied surface CD44 expression
(Fig. S10, data was downloaded from DepMap portal).
Substantially higher CD44 expression is present in the highly
invasive breast cancer cell line MDA-MB-231.61,62 Meanwhile,
MCF-7 and MDA-MB-453 cell lines, possess moderate and low
CD44 expression, respectively.46,63 First, we confirmed the
CD44 expression of all three cell lines via immunofluorescence
confocal microscopy. As expected, CD44 expression is highest
on the MDA-MB-231 cell line followed by moderate expression
apparent on the MCF-7 cell line and low expression on the
MDA-MB-453 cells, albeit not significant (Fig. 6B and C).

To determine potential cellular uptake, we fluorescently
labeled P1d′ (rho-P1d′) for visualization by confocal
microscopy with rhodamine labeled HA (rho-HA) and
glcOHPAS (rho-glcOHPAS) as positive and negative controls,
respectively. Following the global deprotection, the CBz pro-
tecting group from the polymerization initiator is removed to
afford a functionalizable primary amine. Fluorescent labeling
was achieved by reacting 5-carboxy-X-rhodamine
N-succinimidyl ester with this terminal amine to afford rho-
P1d′. Excess rhodamine was removed via dialysis against DI
water with a 2.0 kDa MW cutoff dialysis membrane. We treated
each cell line with 250 µg mL−1 of rho-P1d′, rho-HA, and rho-
glcOHPAS for 6 hours. MDA-MB-231 cells treated with rho-P1d′
show polymer present within the cytoplasm and significantly
increased fluorescence as compared to rho-glcOHPAS
(Fig. S11). The relative fluorescence of P1d′ is highest within
the MDA-MB-231 cells with significantly decreased fluo-
rescence occurring in the MCF-7 and MDA-MB-453 cells
(Fig. 6D and E). These data suggest a receptor mediated intern-
alization of P1d′ dependent on CD44 cell surface expression.

The cellular internalization of P1d′ in CD44-positive cancer
cells supported evaluation of its potential use as a therapeutic
delivery system. Thus, we conjugated the chemotherapeutic,
paclitaxel (PTX), to the polymeric construct and investigated
its ability to deliver PTX to CD44-expressing breast cancer cells
in an effort to enhance therapeutic efficacy and reduce off-
target cell death. PTX is one of the most commonly used che-
motherapeutic agents for treatment of breast cancer as it inhi-
bits microtubule depolymerization causing cell cycle arrest
and ultimately cell death.64,65 However, PTX suffers from sig-
nificant limitations including poor solubility, requiring the
use of polyethoxylated castor oil and dehydrated ethanol
(Cremophore EL)66,67 or albumin (Abraxane)68 for delivery, and
indiscriminate toxicity due to both healthy and cancerous cells
being affected. Consequently, there is a need for alternative
and innovative therapeutic modalities to improve its potency,

selectivity, and/or specificity.69 Within the HA drug conju-
gation space, an HA–PTX conjugate (ONCOFID-F-B™) shows
promise for clinical translation and is currently undergoing
phase III clinical trials for bladder carcinoma (clinicaltrials.
gov identifier: NCT05024773). However, HA-drug conjugates
that employ native HA are hindered by widely dispersed MWs
and HAase degradation, which limit therapeutic efficacy. Thus,
we employed structurally defined P1d′ for PTX delivery given
its CD44 targeting ability.

First, we coupled the terminal amine of P1d′ to commer-
cially available NHS-functionalized PTX (MedChem Express
LLC) to give the PTX–P1d′ conjugate linked via a newly formed
amide. Dialysis against DI water using a 2.0 kDa MW cutoff
dialysis membrane removes excess PTX and lyophilization of
the polymer gives a white, fluffy solid. 1H NMR analysis of
PTX–P1d′ shows the presence of the PTX aromatic proton
(8.84 ppm) along with integral ratios between PTX and the
polymeric H1 (5.69 ppm) that are consistent with the ratios of
one PTX per P1d′ polymer chain (Fig. S13). We then incubated
CD44 high expressing MDA-MB-231 cells with PTX–P1d′ or
PTX alone (5 and 1 μg mL−1 of PTX) for 24 h before a washout
and incubation in PTX-free media for two days. At 5 μg mL−1,
PTX–P1d′ significantly decreases cell viability as compared to
treatment with free PTX demonstrating the importance of the
CD44 targeting for improved efficacy (Fig. 6F). This concen-
tration of treatment is well below the threshold of cytotoxicity
for P1d′ alone (5 µg mL−1 PTX on PTX–P1d′ is equivalent to
166 µg mL−1 P1d′). We hypothesized that PTX–P1d′ is interna-
lized via CD44-mediatd endocytosis and then hydrolyzed to
release free PTX leading to cancer cell death, similar to other
HA conjugate systems.70 Comparing these results to HA–PTX
conjugates in literature, Mittapalli et al. report the treatment
of MDA-MB-231 cells with a HA–PTX conjugate results in
∼20% viability following a 1 µM PTX treatment (∼0.9 µg mL−1)
compared to a 50% viability observed for equivalent concen-
trations of free PTX.71 We report similar results with PTX–P1d′,
albeit about a 5-fold decrease in cytotoxicity (∼20% viability in
MDA-MB-231 cells following treatment with 5 µg mL−1 PTX
equivalent). These results are promising when considering the
resistance of P1d′ to HAase degradation and synthetic control
over MW.

3. Conclusion

We describe the synthesis of a multivalent HA glycopolymer
mimetic which targets the CD44 receptor present on cancer
cells. The glycopolymer comprises a backbone of glucose
repeating units containing amide linkages (termed a polyami-
dosaccharide; PAS) bearing pendant HA disaccharide moieties.
A convergent approach provides the glycopolymer mimetic
where a DBCO modified “clickable” PAS is functionalized with
the azido-armed HA disaccharide. A series of glycosyl modifi-
cations affords the enantiopure glycosylation acceptor with the
azido functionality at the anomeric position in good to high
yields (74–86%). Similarly, a concise series of good to high
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yielding reactions (55–90%) give the thoughtfully protected gly-
cosylation donor. A triflate-mediated glycosylation furnishes
the diastereopure β-anomer disaccharide in good yields from
these monosaccharide building blocks. Next, an anionic ring-
opening polymerization of a bicyclic monomer(s) provides the
enantiopure PAS homopolymers or copolymers in good to high
yields with controlled MW and narrow dispersity. PASs with N
repeat units from 25 to 200 are easily obtained. For the homo-
polymers, the monomer design contains an orthogonally pro-
tected silyl O6 position for subsequent installation of a DBCO
linker, and generation of the first iteration of a “clickable”
PAS. For the copolymerization, we use the aforementioned
monomer along with a fully benzylated monomer at a 1 : 3
ratio, respectively, and describe two synthetic approaches
given the differences in the polymerization kinetics of the two
monomers. Both copolymerization methods followed by
chemoselective deprotection and functionalization with the
DBCO linker yield copolymers with 25% “clickable” PAS units.

A SPAAC between the “clickable” polyamidosaccharide and
the azido-armed HA disaccharide followed by global de-
protection yields: homopolymers P1d′–P3d′ containing
13–27% pendant disaccharide conjugation; copolymers P4d′–
P7d′, containing 3–18% disaccharide conjugation; and copoly-
mers P8d′–P11d′ containing 6–24% pendant disaccharide. The
range in disaccharide functionality among the copolymers
suggests a modulation of the branching density depending on
the polymerization method employed. Of the polymers in the
library, P1d′ and P10d′ exhibit the highest percent conjugation
of the HA disaccharide, and both bind CD44 with nanomolar
affinity. Hyaluronidase does not degrade polymers, P1d′, P4d′,
and P8d′, whereas HA is readily degraded. Breast cancer cells
with high CD44 expression internalize rho-P1d′ while low
CD44-expressing cells show decreased uptake, further corro-
borating the CD44 targeting of P1d′. Conjugating the che-
motherapeutic, PTX, to the terminal amine of P1d′ results in
decreased cell viability of CD44-expressing cancer cells com-
pared to free PTX highlighting the importance of targeted
delivery for improved chemotherapeutic efficacy. To our knowl-
edge, this is one of the first examples of a multivalent HA dis-
accharide glycopolymer mimetic achieving CD44 targeting,
and emphasizes the advantage of using a pendant polymer
architecture to overcome the previous linear oligomer of at
least six monosaccharides required for CD44 binding.32,33 This
work highlights the potential of polysaccharide mimetics as
tumor targeting modalities and provides insight into the
chemical design space required for such polymers.

4. Experimental section
4.1. General methods and materials

Proton (1H), carbon (13C), and fluorine (19F) NMR spectra were
acquired on a 600 MHz Bruker NMR Spectrometer at the
Boston University Chemical Instrumentation Center (BU-CIC).
All NMR spectra were acquired at ambient temperature with
spectral references made to residual solvent peaks (CDCl3 =

7.26 ppm, DMSO = 2.50 ppm, and D2O = 4.79 ppm for 1H
NMR, and CDCl3 = 77.16 ppm and DMSO = 39.52 ppm for 13C
NMR). Lyophilization was carried out on a Labconco FreeZone
4.5 liter −50 °C benchtop freezer dryer. Gel permeation chrom-
atography (GPC) spectra were acquired on an Agilent Infinity II
1260 instrument equipped with dual angle light scattering and
refractive index detectors. THF was used as the eluent for all
protected polymers at a flow rate of 1.0 mL min−1 through an
Agilent PLgel MIXED-C column (300 × 7.5 mm) fitted with a
PLgel 5 µm guard column. Deprotected polymers were charac-
terized by GPC with 1× PBS as the eluent at a flow rate of
0.7 mL min−1 through an Agilent PL aquagel-OH MIXED-M
column (300 × 7.5 mm) fitted with a PL aquagel-OH 8 µm
guard column. GPC analysis was completed with Agilent GPC/
SEC software version 2.2. The dn/dc was calculated via the soft-
ware assuming 100% mass recovery and in conjunction with
the concentration and refractive index detection of each
sample. High resolution mass spectrometry (HRMS) results
were acquired using a Waters QTOF API US. Circular dichroism
(CD) spectra were recorded on an Applied Photophysics CS/2
Chirascan (NSF MRI grant: CHE-112654) with a standard
xenon lamp. Column purification of small molecules was per-
formed on a Teledyne combiflash nextgen 300+ automated
chromatography system equipped with RediSep columns
loaded with normal phase silica. Commercially available
reagents and anhydrous solvents were purchased from Sigma
Aldrich. All cells were purchased from ATCC and cultured in
DMEM (Invitrogen) with 10% fetal bovine serum and 1× peni-
cillin/streptomycin (100 IU mL−1 penicillin, 100 µg mL−1 strep-
tomycin) in a 37 °C incubator under 5% CO2. GraphPad Prism
10 was used for analysis and generating GPC chromatograms
and in vitro figures.

4.2. Circular dichroism

Polymers P2d′, P5d′, and P9d′ were dissolved in DI water at a
0.2 mg mL−1 concentration. CD measurements were carried
out at ambient temperature in a 1 mm path length cuvette.

4.3. Biolayer interferometry

CD44-Fc was purchased from Sino Biological (12211-H02H).
Biosensors were purchased from Sartorius (Anti Human Fc
Capture (AHC); 18-5060). All BLI experiments were performed
at ambient temperature on an Octet RED384 instrument and
analyzed in Octet Analysis Studio 13.0 in the Center for
Macromolecular Interactions (CMI) at Harvard Medical School.
After equilibrating the AHC sensors in buffer (1× PBS + 0.005%
Tween-20) and establishing a baseline, the sensors were trans-
ferred into wells containing 10 µg mL−1 CD44-Fc, or buffer
(non-specific binding control), for immobilization onto the
sensor. Loading was followed by transfer back into buffer to
establish the second baseline. The loaded tips were then trans-
ferred into wells containing P1d′–P11d′ (0–100 µM) to allow for
association for 240 s before transfer back into buffer wells for
dissociation over 400 s. Native HA (8–15 kDa) and glcOHPAS
were used as positive and negative controls, respectively.
Association was controlled by subtraction of a trace where the
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tip was not loaded with protein before exposure to polymer
ligand for each concentration tested, and dissociation was con-
trolled via subtraction of a trace containing loaded CD44 but no
exposure to ligand. Y-axis was aligned to the last five seconds of
the second baseline and data was fit to a Mass Transport model.

4.4. Cytotoxicity

NIH-3T3 fibroblast cells were seeded into a 96-well plate at
10 000 cells per well and cultured for 24 h. Media was then
removed and replaced with 0.100 mL of sterile filtered polymer
solutions (P1d′ or HA) dissolved in media at concentrations
from 0.0001–1.0 mg mL−1. Cells were incubated with polymer
solutions for 24 h before removing media again and freezing.
After freezing, 0.200 mL of CyQuant working reagent contain-
ing lysis buffer (prepared as described by manufacturer) was
added to all wells and cells were incubated under light protec-
tion at room temperature with shaking for 5 min before
mixing thoroughly and transferring 0.150 mL to a black flat-
bottom 96-well plate and measuring fluorescence (480 exci-
tation/520 emission). Wells containing no cells were con-
sidered 0% proliferative and wells containing cells treated with
only media and no polymer were considered 100% prolifera-
tive, absorbance values were normalized to this range.

4.5. Hyaluronidase degradation study

Bovine testes hyaluronidase (50 µg) was incubated with poly-
mers, HA, P1d′, P4d′, or P8d′ (200 µg), in 0.2 µL of 1× PBS (pH
7.4) at 37 °C for 24 h. Polymer solutions were then lyophilized
and redissolved in 0.2 µL of 1× PBS and filtered through a
0.22 µm filter before analyzing via GPC equipped with a refrac-
tive index detector. GraphPad Prism 10 was used to analyze
GPC peak retention times.

4.6. Immunofluorescence confocal microscopy

Confocal microscopy was performed on an Olympus FV3000
Inverted Confocal Microscope. Cells were seeded at 12 000
cells per well and incubated in DMEM + 10% fetal bovine
serum + 1× penicillin/streptomycin for 24 h before treatment
or fixing with 4% paraformaldehyde for 15 min. Blocking was
done using 5% goat serum. Human CD44 monoclonal anti-
body (IM7) (eBioscience, Fisher Scientific) was used as the
primary antibody (1 : 400), and goat anti-rat AlexaFluor488
(1 : 1000) was used as the secondary antibody. Nuclear staining
was performed with 1 µg mL−1 DAPI. Imaging settings were
optimized to the highest expressing cells.

4.6.1. CD44 expression. To confirm CD44 expression levels,
cells (MDA-MB-231, MCF-7, or MDA-MB-453) were seeded,
incubated for 24 h, fixed, and stained with the human
CD44 monoclonal antibody (IM7) before imaging.

4.6.2. P1d′ cellular internalization. Breast cancer cell lines,
MDA-MB-231, MCF-7, and MDA-MB-453, were seeded and
incubated for 24 h before media was removed and cells were
treated with 0.100 mL of 250 µg mL−1 sterile polymer solutions
in media (rho-P1d′, rho-HA, or rho-glcOHPAS). Cells were incu-
bated with treatment for 1 h and 6 h. Cells were then fixed,
blocked, and stained.

4.7. Paclitaxel-P1d′ (PTX–P1d′) cytotoxicity assay

MDA-MB-231 cells were seeded at 16 000 cells per well and incu-
bated for 24 h. Media was then removed and cells were treated
with 0.100 mL of sterile solutions of 0, 1, or 5 µg mL−1 of PTX,
or the equivalent amount of PTX via PTX–P1d′; all concen-
trations of PTX–P1d′ were below the cytotoxicity threshold of
P1d′ previously determined, and the final DMSO concentration
was 0.1%. Cells were incubated at 37 °C, 5% CO2 for 24 h before
removing treatment, replacing with 0.100 mL of fresh media,
and incubating another 48 h for a total of 3 days post-treatment.
After this time, media was removed and replaced with 0.100 mL
of fresh media plus 20 µL of CellTiter 96® AQueous One
Solution Cell Proliferation Assay (MTS) Reagent. Cells were incu-
bated in this solution at 37 °C for 2–3 h before measuring absor-
bance at 490 nm. Wells containing no cells were considered 0%
proliferative and wells containing cells treated with 0 µg mL−1

PTX or P1d′–PTX (0.1% DMSO) were considered 100% prolifera-
tive, absorbance values were normalized to this range.
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