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ABSTRACT: Dextrans are a versatile class of polysaccharides
with applications that span medicine, cell biology, food science,
and consumer goods. Here, we report on a new type of large
monofunctionalized dextran that exhibits unusual properties:
eﬃcient cytosolic and nuclear uptake. This dextran permeates
various human cell types without the use of transfection agents,
electroporation, or membrane perturbation. Cellular uptake
occurs primarily through active transport via receptor-mediated
processes. These monofunctionalized dextrans could serve as
intracellular delivery platforms for drugs or other cargos.

■

INTRODUCTION
Dextrans are glucose polymers with widespread applications in
the modern clinic, laboratory, and home. Dextrans are isolated
from Lactobacillales, an order of Gram-positive, low guanine−
cytosine content, nonsporulating bacteria.1 The constituent
glucose units are linked through α(1,6)-glycosidic bonds, with
occasional α(1,4) and α(1,3)-glyosidic linkages being introduced by biosynthetic promiscuity.2
Many applications of dextrans leverage its nonimmunogenic
nature, large size, and viscogenic properties.3,4 For example,
dextrans are on the World Health Organization’s “Model List of
Essential Medicines” due to their antithrombotic and volumeexpanding properties, among other beneﬁcial eﬀects.5,6
Recently, dextran nanoparticles have been used as the basis
for a small-molecule drug delivery platform.7 Immediately after
uptake via endocytosis, these nanoparticles degrade, allowing
embedded small molecules to escape and diﬀuse into the
cytosol.8 In the laboratory, ﬂuorophore-conjugated dextrans
serve as a tracking agent for macro- and micropinocytosis,
facilitating imaging of endocytosed particles or organisms and
probing the details of autophagy.9−11 At home, dextrans are
employed as thickening agents in cuisines and as a base for
cosmetics.12,13
To provide a conjugation handle for ﬂuorophores or other
moieties, dextrans are functionalized by either chemoselective
reactions at the reducing-end14 or nonselective reactions such
as periodate oxidation.15−17 Commercial ﬂuorophore-conjugated dextrans are typically produced using nonspeciﬁc
functionalization followed by ﬂuorophore conjugation that
peppers the dextran with up to 130 mol equiv of dye.18 Because
typical dyes are hydrophobic and interact with lipids,19
© 2018 American Chemical Society

functionalizing dextrans with excess dye risks undesirable
changes to structural and surface properties. In addition, the
nonselective processes that are used to polyfunctionalize
dextrans can impart structural damage and leave residual
reactive moieties.20
To overcome the limitations of current ﬂuorophore−dextran
conjugates, we sought to create a ﬂuorogenic dextran with
minimal perturbation to the dextran by selectively conjugating a
ﬂuorogenic probe to the reducing end. We chose to use a pHindependent, electronically stabilized ﬂuorogenic probe21 that is
suitable for the next generation of agents to track endocytosis
and autophagy. The probe has ester moieties that mask a
ﬂuorescent signal until entry into cells, upon which intracellular
esterases cleave the masking groups and restore ﬂuorescence.
Conjugation of the probe to dextrans enables precise
spatiotemporal monitoring of cellular uptake. More importantly, this ﬂuorogenic dextran exhibits high contrast ratios and
real-time imaging capabilities. These advantages stem from the
ﬂuorogenic nature of the probe, which ensures little-to-no
background, even without washing of the cells. In contrast,
commercially available ﬂuorescent dextrans are constitutively
ﬂuorescent and are not amenable to real-time imaging. Finally,
we compare the cellular uptake of a monofunctionalized
dextran with that of polyfunctionalized dextrans. The results
revealed unanticipated diﬀerences between these two types of
dextrans, which suggest potential applications of monofunctionalized dextrans as a cytosolic delivery platform.
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Scheme 1. (A) Synthetic Route to Conjugates 2, 3a, and 3b from Commercial Dextrans D1 and D3. (B) In Cellulo Enzymatic
Activation of Conjugate 2

■

RESULTS AND DISCUSSION
Our ﬂuorogenic probe (1a) was conjugated to commercial 100
kDa and 70 kDa dextrans via thiol−ene and N-hydroxysuccinimide-amine chemistry (Scheme 1A) to produce ﬂuorogenic
dextrans 2, 3a, and 3b.22,23 To the best of our knowledge,
conjugate 2 is the ﬁrst monofunctionalized ﬂuorogenic dextran.
Conjugate 2 was prepared in good yield with no residual
unconjugated small molecule ﬂuorophore contaminants. Upon
incubation with pig liver esterases or upon exposure to cytosolic
esterases, the isobutyryl masking groups in conjugate 2 were
cleaved to eﬀect total reclamation of ﬂuorescence (Scheme 1B,
Figure S1).
Next, we assessed the cellular uptake of conjugate 2 in HeLa
cells by confocal microscopy. To our surprise, we observed the
ﬂuorescent signal for conjugate 2 to be dispersed evenly
throughout the cytosol and nucleus (Figures 1A and S2−S5),
instead of the punctate staining that is typical of commercially
available ﬂuorophore−dextran conjugates.24,25 Although mixed
cytosolic and vesicular uptake of dextrans was reported in a few
studies using smaller polyfunctionalized dextrans,26−28 conjugate 2 seemed to far surpass these in the eﬃcacy of its
cytosolic internalization, with no observable vesicular ﬂuorescence.
We sought to validate our initial observations. The cytosolic
dispersion of conjugate 2 was replicated consistently across
diﬀerent dextran batches and HeLa cell passages. Further, the
same transport localization observed in HeLa cells (cervix
adenocarcinoma) was observed in H1299 and H460 cell lines
(non-small cell lung carcinoma), suggesting that probe entry
into the cell was not an artifact of cell type (Figure 1B and C).
Indeed, conjugate 2 dispersed generally throughout the cytosol
and nucleus with only small deviations in rate of uptake
between these three cell types (Figure 1). Imaging analysis
indicates that the same linear rate function is observed in all cell

types, suggesting that the mechanism of cell entry is conserved
within this set.
Having established the consistent cytosolic entry of
conjugate 2 into mammalian cells, we next compared conjugate
2 with commercially available ﬂuorophore−dextran conjugates.
Although conjugate 2 displayed a dispersed signal within cells
(Figure 1), commercial polyfunctionalized tetramethylrhodamine−dextran conjugates of various sizes (TAMRA−dextran)
showed punctate staining (Figure S6).
To ensure that the hydrophobic ﬂuorophore-masking group
and linker components of conjugate 2 did not alter the cellpenetrating properties of the dextran signiﬁcantly, we also
prepared polyfunctional conjugates 3a and 3b (Scheme 1).
Although 3a and 3b were labeled with the same probe moiety
via thiol−ene or NHS-ester chemistry, respectively, both failed
to reproduce the diﬀuse staining achieved by conjugate 2. Upon
incubation of probes 3a and 3b with HeLa cells over 30 min,
polyfunctionalized conjugates 3a and 3b behaved similarly to
TAMRA−dextrans, yielding highly punctate staining patterns
indicative of being trapped within endocytic vesicles (Figures
S6 and S7). Accordingly, we concluded that the ﬂuorogenic
probe does not perturb dextran transport. Similarly, having
either a thioether or an amide in the linker had no eﬀect on
cytosolic penetration properties, as conjugates 3a and 3b
showed similar cellular distributions. Further, conjugate 2
exhibited increased ﬂuorescence signal relative to conjugates 3a
and 3b, indicating signiﬁcantly higher uptake in consideration
of the higher degree of dye labeling in 3a and 3b (Figure S8).
To conﬁrm the dextran localization patterns quantitatively,
Pearson’s correlation coeﬃcients between each dextran and
Lysotracker (which is a stain for acidiﬁed vesicles), or Hoechst
33342 (which is a stain for nuclei) were calculated from cell
images (n ≥ 20, Table S1). The correlation coeﬃcients
conﬁrmed that conjugate 2 was indeed distributed throughout
1943
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Figure 1. Uptake of conjugate 2 by human cells. Time-courses for the uptake of conjugate 2 (10 μM, green signal) were obtained by summing the
background-subtracted signal within HeLa cells (A), H1299 cells (B), and H460 cells (C), counterstained with Hoechst 33342 stain (blue signal) for
15 min prior to imaging. Confocal microscopy was used to image the cells continuously from 0 to 30 min. Scale bars: 25 μm.

Figure 2. Graphs showing the acid stability of components of conjugate 2 upon incubation in 1.0 M HCl for 1 h. (A) C4 HPLC trace of conjugate 2
and, for reference, probe 1a. Size distribution as measured by DLS before (B) and after (C) incubation in acid.

performance liquid chromatography (HPLC) and dynamic
light scattering (DLS). In HPLC experiments monitoring
ﬂuorophore absorbance at 254 nm, intact conjugate 2 elutes
rapidly because its large size results in minimal interactions with
column packing material. Any fragmentation of conjugate 2
would be visible as a secondary peak with signiﬁcantly longer
retention time, with free ﬂuorogenic dye 1a (tR = 32.3 min) as
reference. We found that conjugate 2 was stable in acid (even at
60 °C), growth medium, and cell lysates (Figures 2, S9, and
S10). These data suggest that the cytosolic ﬂuorescence (Figure
1) arises from intact conjugate 2.
We sought to examine if there were any inherent structural
diﬀerences in conjugate 2 relative to other dextrans that might

the cytosol whereas conjugates 3a and 3b correlated strongly to
only the Lysotracker vesicle stain.
Next, we assessed the chemical stability of the linkers and
dextran in conjugate 2. If any of the linker components were to
decompose, then the ensuing ﬂuorescent fragments could
diﬀuse across a lipid bilayer into the cytosol. We were
concerned, for example, about acid-catalyzed hydrolysis
following endocytosis. As endocytic vesicles mature, their pH
drops to 4.6.29,30 We were also concerned about enzymecatalyzed hydrolysis, because endosomes contain glycohydrolases.31 To test stability, we subjected conjugate 2 to conditions
at least as harsh as those encountered on the route to the
cytosol. After treatment, we assessed its integrity by high1944
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Figure 3. Confocal microscopy images showing the eﬀect of temperature on the uptake of probe 1a (5 μM; A and B) and conjugate 2. (5 μM; C and
D) by HeLa cells. Scale bars: 25 μm.

dextran (Figure 4). The exponential (rather than linear) nature
of the curve is diagnostic of a receptor-mediated process.40 An

cause cell penetration. Physical characterization of dextrans
typically entail determining their average hydrodynamic radius
(which is correlated with molecular mass) and branching
ratios.2,32−,34 We were especially interested in deviations among
the parent dextrans in our conjugates (D1−D3) as well as an
unconjugated 100 kDa dextran (D4). We ﬁrst determined the
hydrodynamic radii, which agreed closely with standard
parameters for dextrans.33 Then, we veriﬁed that aggregation
was not playing a signiﬁcant role, as changes in concentration
did not alter the hydrodynamic radius signiﬁcantly (Figure
S10).
The branching in a dextran can be calculated from 1H NMR
peak areas that correspond to α(1,6), α(1,4), and α(1,3)
glycosidic linkages. We measured the branching ratios of all
dextrans using glucose disaccharides with α(1,6), α(1,4), and
α(1,3) linkages as standards. The frequency of α(1,4) branches
between dextrans D1 and D2 varied by 3%, whereas dextran
D4 was branched half as frequently (Table S2, Figures S11A−
H). The dextrans showed 2-fold diﬀerences in the frequency of
rare α(1,3) branches, and no dextrans appeared to have
detectable α(1,2) branches. Protein−carbohydrate interactions
can be highly speciﬁc,35 and additional studies are needed to
identify causal relationships between structural variations and
the unusual transport properties of dextran D1.
To better understand the transport process, we conducted
mechanistic studies of the cellular entry of conjugate 2.
Lowering environmental temperature to 4 °C is known to
inhibit active transport (e.g., endocytosis), which is energydependent.36−38 At 4 °C, we observed no cellular uptake of
conjugate 2, indicating that its entry relies on active transport
rather than passive diﬀusion (Figure 3C,D). These data are in
agreement with previous work showing dextran uptake through
a mixture of clathrin-mediated endocytosis and macropinocytosis,25 both energy-dependent processes inhibited by
low temperatures. In contrast, small-molecule probe 1a diﬀused
across the membrane and stained the cytosol similarly at 4 and
37 °C (Figure 3A,B).
Endocytic processes can largely be classiﬁed into three
componentspinocytosis, phagocytosis, and receptor-mediated endocytosis.8 Unlike the speciﬁc cargo−receptor interactions required for receptor-mediated endocytosis, pinocytosis
entails the ingestion of solutes in a nonspeciﬁc manner.
Competition assays titrating labeled ﬂuorogenic dextran with
unlabeled dextran provide a means to study the extent of
reliance on receptor-mediated transport.39 HeLa cells were
incubated with a constant concentration of conjugate 2 while
varying the unlabeled dextran, then imaged using confocal
microscopy. Because the added unlabeled dextran does not
contain a ﬂuorophore, any loss of signal is directly proportional
to lowered uptake of conjugate 2. Quantiﬁcation of the
resulting cell images shows an exponential decay of the signal
from conjugate 2 versus increasing concentrations of unlabeled

Figure 4. Graph showing the eﬀect of increasing concentrations of
unlabeled dextran on the uptake of conjugate 2 by live HeLa cells.
Uptake was quantiﬁed by confocal microscopy after a 30 min
incubation with conjugate 2 (5 μM) and unlabeled dextran (0−75
μM).

asymptotic basal level of uptake was observed, which can be
attributed to the rate of nonspeciﬁc uptake via pinocytosis.
Thus, the uptake of conjugate 2 occurs via a combination of
receptor-mediated endocytosis and pinocytosis.

■

CONCLUSION
We prepared a monofunctionalized ﬂuorogenic dextran,
conjugate 2, with improved imaging capabilities compared to
previous polyfunctionalized dextran−ﬂuorophore conjugates.
Our initial intent was to use conjugate 2 as a ﬂuorogenic tracker
for endocytosis. Conjugate 2 is impervious to pH ﬂuctuations,
easy to synthesize, and most importantly avoids the
complications associated with nonspeciﬁc polyfunctionalization.
Remarkably, conjugate 2 engages in highly productive cellular
transport into the cytosol. Although this renders conjugate 2 a
poor tracker of endocytosis, the rapid and disperse uptake
observed with conjugate 2 suggests monofunctionalized
dextrans as a vehicle for cytosolic delivery. Structural
characterization following degradation experiments show that
the cellular environment and its enzymatic machinery do not
degrade 2. Variations in the branching ratios or surface
diﬀerences of dextrans investigated could be responsible for
various transport properties. Encouraged by the results of the
cellular uptake studies, we are currently investigating the
mechanism of uptake while exploring alternative cargos that
could use monofunctionalized dextrans as a delivery system.
1945
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EXPERIMENTAL PROCEDURES
Materials. Monothiodextran (100 kDa, D1) was purchased
in three batches (JZ134P62, JZ13JP91, and MOS0099) from
Fina Biosolutions (Rockville, MD). Polyaminodextran (70 kDa,
D3) and TAMRA−dextrans (70 kDa and 100 kDa) were from
Thermo Fisher Scientiﬁc (Waltham, MA). Unfunctionalized
dextran (100 kDa, D4) was from Sigma−Aldrich (St. Louis,
MO). Pig liver esterase (PLE) was from Sigma−Aldrich. All
other materials were from Sigma−Aldrich, Fischer Scientiﬁc
(Hampton, NH), or Alfa Aesar (Haverhill MA), and were used
without further puriﬁcation.
HeLa, H460, and H1299 cell lines were from American Type
Culture Collection (Manassas, VA) and were maintained
according to recommended procedures. Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM), RPMI 1640 medium, fetal bovine
serum (FBS), trypsin (0.25% w/v), OptiMEM, and Dulbecco’s
phosphate-buﬀered saline (PBS) were from Thermo Fisher
Scientiﬁc. HeLa cells were grown in DMEM supplemented
with FBS (10% v/v), penicillin (100 units/mL), and
streptomycin (100 μg/mL). H460 and H1299 cells were
grown in RPMI 1640 medium supplemented with FBS (10% v/
v), penicillin (100 units/mL), and streptomycin (100 μg/mL).
For all imaging experiments, 8-well microscopy slides from
Ibidi (Madison, WI) were seeded with 105 cells/mL 24 h before
use. All imaging experiments were performed in live cells
without ﬁxation. ImageJ was used for all image-processing,
signal quantiﬁcation, and colocalization measurements.41 HeLa
cell lysates were prepared by treating HeLa cells with M-PER
mammalian protein extraction reagent from Thermo Fisher
Scientiﬁc (1 mL per 107 cells) with and without the addition of
protease inhibitor (Pierce Protease Inhibitor tablets). Lysates
elicited ﬂuorescence from probe 1a immediately, indicative of
enzymatic activity (data not shown).
General Procedures. Chemical reactions were monitored
by thin-layer chromatography (TLC) with EMD 250 μm silica
gel 60-F254 plates visualized by UV illumination or KMnO4
stain. Flash chromatography was performed on a Biotage
Isolera automated puriﬁcation system using prepacked SNAP
KP silica gel columns.
The phrase “concentrated under reduced pressure” refers to
the removal of solvents and other volatile materials using a
rotary evaporator at water aspirator pressure (<20 Torr) while
maintaining the water-bath temperature of 40 °C. Residual
solvent was removed from samples by the vacuum (<0.1 Torr)
achieved by a mechanical belt-drive oil pump.
All procedures were performed at ambient temperature (∼22
°C) and pressure (1.0 atm) unless noted otherwise.
Instrumentation. 1H and 13C NMR spectra were acquired
on Bruker spectrometers at the National Magnetic Resonance
Facility at Madison (NMRFAM) operating at 500 MHz for 1H
and 125 MHz for 13C. Electrospray ionization (ESI) mass
spectrometry was performed with a Thermo Scientiﬁc Q
Exactive Plus instrument at the Mass Spectrometry Facility in
the Department of Chemistry at the University of Wisconsin−
Madison. Dynamic light scattering data were acquired with a
Malvern Zetasizer Nano ZSP instrument at the Soft Materials
Laboratory of the University of Wisconsin−Madison. Microscopy images were acquired with a Nikon A1R-Si+ confocal
microscope (60× objective, GaAsP PMT detector, 405 nm/488
nm excitation laser), at the University of Wisconsin−Madison
Biochemistry Optical Core.

Fluorescence data were acquired with a PTI QuantaMaster
spectroﬂuorometer. Absorbance measurements were made with
an Agilent Cary 60 UV−vis spectrophotometer. Thiol−ene
conjugation reactions were performed with a Spectronics
Spectrolinker XL-1500 UV cross-linker. Dextran purity was
veriﬁed with a Shimadzu LC-20 HPLC equipped with a Vydac
C4 peptide 214TP510 column.
Optical Spectroscopy. All ﬂuorogenic probes and
ﬂuorescent molecules were dissolved in spectroscopic grade
DMSO and stored as frozen stock solutions. For all
measurements, DMSO stock solutions were diluted such that
the DMSO concentration did not exceed 1% v/v.
UV−vis and Fluorescence Spectroscopy. Spectroscopy
was performed using 1 cm path length, 4 mL quartz cuvettes or
1 cm path length, 1 mL quartz microcuvettes. Fluorescence
spectroscopy was performed on solutions that were stirred with
a magnetic stir bar.

Synthesis of 2′,7′-Dichloro-3′,6′-bis(isobutyryloxy)-3-oxo3H-spiro[isobenzofuran-1,9′-xanthene]-6-carboxylic acid)
(1a). 3′,6′-Diacetyl-2′,7′-dichloro-6-carboxyﬂuorescein42 (200
mg, 0.33 mmol), HATU (150 mg, 0.39 mmol), and
diisopropylethylamine (144 μL, 0.83 mmol) were dissolved in
DMF (2 mL). Allylamine (50 μL, 0.33 mmol) was added to the
resulting solution, which was then stirred for 2 h. After
concentration under reduced pressure, the residue was
dissolved in EtOAc and washed with 1.0 M HCl and brine
(3×), dried with MgSO4(s), and concentrated under reduced
pressure. The residue was suspended in 10 mL of DCM. 4Dimethylaminopyridine (4.0 mg, 33 μmol) and pyridine (106.4
μL, 1.32 mmol) were added to this suspension. Isobutyryl
chloride (139 μL, 1.32 mmol) was added dropwise, and the
resulting solution was stirred for 2 h. The mixture was diluted
with water (50 mL) and DCM (50 mL). The organic phase was
washed with saturated aqueous NH4Cl and brine, dried with
MgSO4(s), and concentrated under reduced pressure. Puriﬁcation by column chromatography (0−60% v/v EtOAc in
hexanes) on silica gel aﬀorded the title compound as a white
solid (146 mg, 62% yield). 1H NMR (500 MHz, CDCl3, δ):
8.14 (d, J = 1.0 Hz, 2H), 7.51 (s, 1H), 7.13 (s, 2H), 6.84 (d, J =
3.5 Hz, 2H), 6.44 (t, J = 5.6 Hz, 1H), 5.89 (ddt, J = 16.1, 10.2,
6.0 Hz, 1H), 5.25 (dd, J = 17.1, 1.3 Hz, 1H), 5.18 (dd, J = 10.2,
1.2 Hz, 1H), 4.04 (tt, J = 5.9, 1.3 Hz, 2H), 2.89 (dt, J = 14.0, 7.0
Hz, 2H), 1.36 (dd, J = 7.0, 4.6 Hz, 13H). 13C NMR (125 MHz,
CDCl3, δ): 174.34, 167.80, 165.37, 152.60, 149.71, 148.93,
141.79, 133.36, 130.21, 129.09, 127.92, 126.28, 123.08, 122.32,
117.93, 116.81, 113.00, 80.72, 43.04, 34.27, 18.96. HRMS−ESI
(m/z) calcd for C32H28Cl2NO8, 624.1187; found, 624.1178.
Synthesis of 2′,7′-Dichloro-3′-(isobutyryloxy)-6′-((3-methylbut-1-en-2-yl)oxy)-3-oxo-3H-spiro[isobenzofuran-1,9′-xanthene]-6-carboxylic acid (1b). 2′,7′-Dichloro-6-carboxyﬂuorescein1 (200 mg, 0.45 mmol) was suspended in DCM. 4Dimethylaminopyridine (5.5 mg, 45 μmol) and pyridine (144
μL, 1.8 mmol) were added to the suspension. Isobutyryl
1946
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TFA; B: acetonitrile containing 0.1% v/v TFA). Eluates were
monitored at 254 nm.
Synthesis of Conjugate 3a. Thiol groups were installed on
70 kDa polyaminodextran. Brieﬂy, the dextran (10 mg, 14
nmol) was reacted with succinimidyl 3-(2-pyridyldithio)propionate (SDPD) from Thermo Fisher Scientiﬁc according
to the manufacturer’s instructions. The resulting polythiodextran (D2) was dissolved in sodium acetate buﬀer and
conjugated with probe 1a as described above for the synthesis
of conjugate 2. After irradiation, conjugate 3a was dialyzed
overnight against 1.0 L of PBS. Conjugate 3a had an average of
11 ﬂuorogenic moieties per dextran molecule.
Synthesis of Conjugate 3b. The NHS ester of probe 1b was
generated by stirring probe 1b (10 μmol) with Nchlorosuccinimide (10 μmol) in DCM for 1 h, followed by
removal of solvent under reduced pressure. The resulting NHS
ester was used without further puriﬁcation. 70 kDa
polyaminodextran (10 mg, 14 nmol) was dissolved in 1.0 mL
of PBS. To this solution was added 100 μL of a 30 mM solution
of the NHS ester in DMSO. The resulting solution was stirred
gently for 1 h, then dialyzed overnight against 1.0 L of PBS.
Conjugate 3a had an average of 9 ﬂuorogenic moieties per
dextran molecule.
Enzymatic Unmasking of Conjugate 2. PLE (168 kDa,
≥15 units/mg solid) was suspended in 10 mM HEPES−NaOH
buﬀer at pH 7.3, and the resulting solution was diluted to
appropriate concentrations before use in protein LoBind tubes
from Eppendorf. Conjugate 2 (1 μM) in 10 mM HEPES−
NaOH buﬀer, pH 7.3, was allowed to equilibrate with stirring in
a cuvette for 5 min, after which PLE was added to ﬁnal enzyme
concentration of 9 nM. After stirring for 30 min, the absorption
and emission spectra (λex = 470 nm) were recorded.
Aggregation Assay. Solutions of dextrans were prepared
in PBS at 1.0 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.0125 mg/
mL, and 0.00625 mg/mL, ﬁltered through a 40 μm ﬁlter, and
equilibrated for 30 min at 25 °C. The average hydrodynamic
radius was measured by dynamic light scattering at 25 °C. Data
were analyzed by the method of cumulants.46
Dextran Stability Assay. Solutions of dextrans were
prepared in PBS at 1.0 mg/mL, ﬁltered through a 40 μm
ﬁlter, and equilibrated for 30 min at 25 °C. Solutions were then
acidiﬁed to pH 0.4 by the addition of 1.0 M HCl, shaken
thoroughly, and incubated for 15, 30, 45, or 60 min. The
solutions were then neutralized by the addition of 1.0 M
NaOH, and the average hydrodynamic radius was measured by
dynamic light scattering at 25 °C.
Linker Stability Assay. The stability of the linker and
dextran components in conjugate 2 was assessed by incubating
conjugate 2 (10 μM) for 1 h in 1.0 mL of 1.0 M HCl, DMEM
supplemented with fetal bovine serum (FBS, 10% v/v),
penicillin (100 units/mL), and streptomycin (100 μg/mL),
or HeLa cell lysate. The integrity of conjugate 2 was assessed by
HPLC using a Vydac C4 peptide 214TP510 column as
compared against probe 1a eluted under the same conditions,
which were an isocratic wash for 10 min followed by a linear
gradient of B (10−95% v/v) over 45 min at 5 mL/min (A:
H2O containing 0.1% v/v TFA; B: acetonitrile containing 0.1%
v/v TFA). Eluates were monitored at 254 nm, a wavelength
that unconjugated dextran D1 does not absorb signiﬁcantly
(Figure S1C). Note that the isobutyryl masking groups in
conjugate 2 are cleaved by some of the incubation conditions,
unveiling the parent dichloroﬂuorescein ﬂuorophore conjugated to the dextran (see Scheme 1B). The diﬀerence in

chloride (189 μL, 1.8 mmol) was added dropwise, and the
resulting solution was stirred for 1 h. After dilution and
extraction with DCM (3×), the combined organic extracts were
washed with 1.0 M HCl and brine, dried with MgSO4(s), and
concentrated under reduced pressure. Puriﬁcation by column
chromatography on silica gel (30−80% v/v EtOAc in DCM)
aﬀorded the title compound as a white solid (224 mg, 86%
yield). 1H NMR (500 MHz, CDCl3, δ): 8.40 (dd, J = 8.0, 1.1
Hz, 2H), 8.17 (d, J = 8.0 Hz, 2H), 7.90 (s, 2H), 7.17 (s, 4H),
6.85 (s, 4H), 2.89 (dt, J = 14.0, 7.0 Hz, 4H), 1.36 (dd, J = 7.0,
2.3 Hz, 21H). 13C NMR (125 MHz, CDCl3, δ): 183.29, 174.00,
173.99, 169.22, 167.47, 152.15, 149.66, 148.82, 136.28, 132.36,
129.61, 128.71, 125.93, 125.76, 122.90, 116.61, 112.92, 80.86,
34.13, 18.82. HRMS−ESI (m/z): [M + H]+ calcd for
C29H23Cl2O9, 585.0714; found, 585.0712.
Ellman’s Assay. Ellman’s assay43 was used to assess the
concentration of free thiols in dextrans. The assays was
performed in 0.10 M sodium phosphate buﬀer, pH 8.0,
containing EDTA (1.0 mM) using ε = 14 150 M−1 cm−1 at 412
nm for reduced 5,5′-dithio-bis(2-nitrobenzoic acid).
Synthesis of Conjugate 2. Fluorogenic probe 1a was
conjugated to dextran D1, which has 0.82 (JZ134p62), 0.79
(JZ13JP91), or 0.31 (MOS0099) free thiols per dextran
according to Ellman’s assay, by a thiol−ene reaction.44,45 The
linker connecting the dextran and thiol in D1 is located at the
reducing end of the dextran and contains amide and ether
moieties. All concentrations of conjugate 2 were measured as
total dextran concentration (labeled and unlabeled), and all
three batches showed identical same staining patterns and
qualitative results. Quantitative ﬂuorescence measurements
were acquired with consistent batches of conjugate 2.
Brieﬂy, dextran D1 (10 mg, 100 nmol) was dissolved in a
solution of 200 μL of 0.20 M sodium acetate buﬀer, pH 4.0, 50
μL of acetonitrile, and 100 μL of DMSO. Glutathione (1.5
equiv), lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) initiator44,45 (2.5 equiv), and probe 1a (5 equiv) were
added. The reaction mixture was irradiated with a 365 nm light
source for 15 min. The resulting solution was diluted with 800
μL of PBS, transferred into a 10 kDa MWCO Slide-A-Lyzer
MINI dialysis device from Thermo Fisher Scientiﬁc, and
dialyzed against 1.0 L of PBS. After 2 h, the dialysis buﬀer was
replaced, and dialysis was continued for an additional 8 h. TLC
of conjugate 2 (60% v/v EtoAc in hexanes) showed a single
baseline spot with no residual unconjugated probe 1a. The
average hydrodynamic radius (Rh = 6.3 nm) of the dextran was
unchanged after conjugation. The absorbance spectrum of the
dextran in aqueous 0.1 M NaOH (which hydrolyzes the
isobutyryl esters) was indicative of >90% conjugation to free
thiols (or an average of 0.29 ﬂuorogenic moieties per dextran
molecule). The purity of conjugate 2 from contaminating
unconjugated probe 1a was veriﬁed further by comparing
HPLC traces of probe 1a, dextran D1, and conjugate 2,
obtained using a linear gradient of B (10−95% v/v) over 45
min at a ﬂow rate of 5 mL/min (A: H2O containing 0.1% v/v
1947
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polarity between unmasked and masked ﬂuorophore does not
signiﬁcantly alter conjugate-retention time due to its large size
excluding it from interaction with the resin. Although the
presence or absence of the isobutyryl groups should materially
aﬀect retention times for dye-containing degradation fragments,
no such degradation was observed in any of the tested
incubation conditions.
Branching Assay. Solutions of dextrans D1−D4, kojibiose
(α(1,2)), nigerose (α(1,3)), maltose (α(1,4)), and isomaltose
(α(1,6)) were prepared in D2O. 1H NMR spectra of each
solution were the recorded with 2048 scans. Disaccharide 1H
NMR spectra were used to establish the 1H chemical shift of
the proton attached to the anomeric carbon: α(1,3), 5.20−5.27
ppm; α(1,4), 5.30 ppm; α(1,6), 4.85 ppm; and α(1,2), 5.33
ppm. These chemical shifts were in close agreement with values
reported previously.6 Peaks in the 1H NMR spectra of dextrans
D1−D4 that corresponded to these shifts were integrated, and
the branching of the dextrans was calculated from the values of
these integrals.
Time-Course Imaging. HeLa, H1299, or H460 cells in 8well microscopy slides were incubated with Hoechst 33342 (2
μg/mL) for 15 min and washed. Dextran-conjugated probe (10
μM) was added to the well on stage, and images were acquired
every 30 s. At each 30-s time point, data from the 408 and 488
nm excitation channels were acquired sequentially, with
exposure time and excitation intensities selected to prevent
saturation in images taken at the ﬁnal time point. No wash
steps were performed before or during imaging. The background-subtracted ﬂuorescence signal and standard deviation
for each the three time series were quantiﬁed with the program
ImageJ.
4 °C Internalization Imaging. HeLa cells in 8-well
microscopy slides were incubated at 4 °C with OptiMEM
containing either conjugate 2 (10 μM) or small molecule 1a (5
μM) for 20 min. The cells were counterstained with Hoechst
33342 (2 μg/mL) for 10 min at 4 °C, then washed thoroughly
with OptiMEM at 4 °C to ensure complete removal of residual
conjugate 2 or probe 1a from the medium. Cells were then
visualized with confocal microscopy at room temperature.
Pearson’s Colocalization Coeﬃcient. Pearson’s colocalization coeﬃcient was calculated for dextrans and Lysotracker
or Hoechst 33342 by processing confocal images using an
ImageJ plugin.41 Regions of interest corresponding to
individual cells were processed (n ≥ 20), and the means and
standard deviations for each experiment are listed in Table S1.
Competition Assay. HeLa cells in 8-well microscopy slides
were incubated with conjugate 2 (5 μM) and dextran D1 (0−
75 μM) for 30 min. Cells were counterstained with Hoechst
33342 (2 μg/mL) for 10 min, washed, and visualized with
confocal microscopy at room temperature. Overall uptake was
calculated as the sum of cell area signal and compared. The
resulting data was ﬁt to a single exponential decay function
using GraphPad Prism software with R2 = 0.992, asymptote =
89.6 ± 10.6 RFU (95% CI, 47.1−114.9).
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