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Abstract

The alteration of cellular functions by anchoring macromolecules to specified organelles may
reveal a new area of therapeutic potential and clinical treatment. In this work, a unique phenotype
was evoked by influencing cellular behavior through the modification of subcellular structures
with genetically targetable macromolecules. These fluorogen-functionalized polymers, prepared
via controlled radical polymerization, were capable of exclusively decorating actin, cytoplasmic,
or nuclear compartments of living cells expressing localized fluorgen-activating proteins. The
macromolecular fluorogens were optimized by establishing critical polymer architecture-
biophysical property relationships which impacted binding rates, binding affinities, and the level
of internalization. Specific labeling of subcellular structures was realized at nanomolar
concentrations of polymer, in the absence of membrane permeabilization or transduction domains,
and fluorogen-modified polymers were found to bind to protein intact after delivery to the cytosol.
Cellular motility was found to be dependent on binding of macromolecular fluorogens to actin
structures causing rapid cellular ruffling without migration.

Introduction

The modification of cells and proteins with macromolecules has shown significant clinical
impact and therapeutic potential.1 Poly(ethylene glycol) modifications, i.e. PEGylation, can
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inhibit the immune response to foreign proteins and cells, improve biomolecule solubility,
increase protein stability and circulation lifetime, and prevent rejection of heterologous
transplanted cells.1¢ Protein-polymer hybrids have been used in numerous applications,
including uses as siRNA delivery vehicles, sensitive tags for fluorescence or mass-based
detection, and as high-dose drug and radionuclide carriers.1d-2 The effectiveness of these
approaches and their ability to alter biological function in living systems is contingent upon
the degree of specificity to which these hybrid molecules can be delivered to their target
organism or subcellular structure.

Targeting and anchoring of macromolecules onto subcellular structures and organelles has
been an ongoing scientific challenge and represents a new frontier in polymer-based
engineering of biological systems.3 To date, many effective approaches exist to target
macromolecules within the body and to enhance their uptake by specific cell types using
various “passive” and “active” targeting ligands.3@ Macromolecule conjugated proteins,
including antibodies and fragments,* affibodies,® nanobodies,® and recombinant endogenous
proteins’ have been effectively used for cellular targeting within tumors and brain tissues.
Macromolecules coupled to peptides, sugars, and folate molecules,® as well as nucleic acid-
type targeting ligands (e.g. aptamers)® have enabled receptor mediated targeting and uptake
in specific cells in-vivo. In spite of these accomplishments, successful navigation of complex
in vivo environments remains elusive, and targeting of macromolecular structures has been
limited to cell-specific targets and cytosolic internalization. To our knowledge, targeting of
polymeric materials to specific intracellular structures or subcellular organelles is not yet
possible.3¢

Fluorogen-activating proteins (FAPs) and their cognate small molecule fluorogens provide a
powerful imaging tool uniquely capable of homing small molecule probes to programmed
locations within living cells. Fluorogen molecules, when in the presence of FAPs,
specifically and non-covalently bind with strong host-guest binding affinities of ca. <1 nM
accompanied by an incipient fluorescent activity.19 In their unbound state, fluorogen
molecules are fluorescently inactive which circumvents non-specific background signals and
simplifies labeling procedures. A variety of fluorogen molecules have been developed based
on unrigidized dyes including thiazole orange,!! dimethylindole red,2 and malachite green
(MG).19 Fluorogen molecules can also be coupled with other augmenting molecules to
provide supplemental imaging elements (i.e. “tandem-dyes”),13 stimuli-responsive
diagnostic properties,14 or to enhance probe performance.1> Among the aforementioned
fluorogens, MG based fluorogens have been demonstrated to have excellent binding
affinities to FAPs in the pM concentration range and to function within living cells.1® To
extend the functionality of this fluoromodule technology, we envisioned that this FAP-
fluorogen tool could serve as a self-reporting molecular anchoring system to position
macromolecular structures within cells (Figure 1A-B). Similar to polymer-modified proteins
in vitro and in vivo, the properties of cellular proteins fused with FAPs could be altered upon
polymer binding thereby providing dials to influence cellular behavior (Figure 1C).

Here, we present the use of a genetically encoded FAP combined with a new
macromolecular platform to achieve specific and pre-defined targeting of the same
polymeric materials to distinct subcellular structures within living cells (Figure 1). Site-
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specific targeting was unequivocally demonstrated via live-cell imaging using stable cell
lines expressing FAP-fusion constructs within actin, cytoplasmic, and nuclear
compartments. Genetically targetable polymers, based on a fluorogen functionalized initiator
and a controlled radical polymerization process, have nanomolar FAP binding affinities and
cell membrane permeability under physiological conditions (Figure 1A-B). Modification of
the actin cytoskeleton via polymer binding shows pronounced effects on macroscopic
cellular ruffling (Figure 1C). To our knowledge, this work represents the first instance of a
genetically targetable macromolecule that can be specifically delivered to subcellular
compartments, visualized, and which perturbs cellular behavior. This approach can reveal
details about subcellular targeting of polymeric materials and drug carriers, improve
targeting and design of diagnostic and therapeutic biomaterials, and can provide a means to
manipulate cellular behavior and function for applications in fundamental and synthetic
biology.

Results and Discussion

Prior to evaluating whether the FAP-fluorogen platform could be utilized as a
macromolecular homing device, imaging agent, and cellular modification tool; the influence
of polymer architecture on fluoromodule properties was first investigated. A series of
narrow dispersity fluorogen-functionalized polymers was prepared to determine the effect of
side-chain length and polymer backbone length on their biophysical properties when
complexed with dL5** protein. In order to establish these critical polymer structure-
biophysical property relationships, controlled radical polymerization was employed to
produce well-defined macromolecules from an assortment of monomers having pre-
determined number-average molecular weights (M) with narrow molar-mass dispersity
values (B < 1.3).17 In other literature accounts, step-growth polymerization was used to
synthesize conjugated polymers having broad dispersity values (By, = 1.8) for live cell
imaging; however, these systems lacked the required uniformity to extract fundamental
polymer structure-biophysical property relationships for improving their performance and
were not targeted to specific subcellular components.18

Atom transfer radical polymerization (ATRP) was employed to synthesize well-defined
polymeric fluorogens comprised of oligo(ethylene oxide)methacrylate (OEOMA) monomer
and a custom MG functionalized ATRP initiator (Malachite Green-Propyl Bromo
isoButyrate: MG-PBiB). MG-PBIiB was synthesized according to Scheme S1 in the
supporting information (SI) to contain a latent MG moiety19 for imaging and an alkyl halide
functionality for ATRP. The bromoisobutyrate functionality is known to be an effective
initiator for ATRP.1° Furthermore, MG specifically binds with FAPs, in this case dL5**, to
generate highly fluorescent complexes.1-15 Ethylene oxide based monomers were selected
based upon its polymers inherent water solubility, biocompatibility,20 and effectiveness in
penetrating living cells.?!

Monomer, initiator, solvent, and a copper-based catalyst (Cu'/TPMA, TPMA = Tris(2-
pyridylmethyl)amine) were charged into a reactor producing a dark green solution and then
polymerization was initiated by injecting Sn'/(Oct), reducing agent into the reaction. All
polymerizations were carried out in anisole containing a small amount of DMSO for
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solubility purposes. Figure 2A shows that ~75 % of the monomer was consumed within 5
hours and that first-order behavior existed with respect to monomer. Linearity in the first-
order kinetic plot confirmed a constant concentration of propagating chain-ends was present
throughout the polymerization. Gel permeation chromatography multi-angle laser light
scattering (GPC-MALLS, Sl Figure S1) was used to characterize the polymer's M,, and By
during the progression of polymerization. The linear relationship between the M,, and
monomer conversion in Figure 2B confirmed that this was a controlled polymerization
process. These results verified that predetermined molecular weight polymers could be
synthesized with narrow dispersity values (By < 1.3). After purification, the resulting
polymers were observed to be a dark green tacky material as shown in Figure 2A (inset).
Each polymer chain was assumed to be uniform owing to the controlled nature of the
polymerization and to contain a single end-capped fluorogen moiety because MG was an
integral part of the initiator.

Once polymerization control was established, a range of MG functionalized polymers with
varying side-chain lengths and backbone lengths were synthesized, as summarized in Table
1. For clarity, all polymers described in the following discussion will be identified as
P[(EO)mMA],-MG; where subscript “m” represents the number-average of ethylene oxide
(EO) side-chain repeat units and subscript “n” represents the number-average of
methacrylate backbone repeat units, i.e. the degree of polymerization (DP). A structural
depiction of the polymer fluorogen can be found in Figure 1A. Two main categories of
P[(EO)mMA],-MG were synthesized to investigate the influence of (1) overall backbone
length (Entry 1-4: DP or n = 66-372) and (2) side-chain length, which were prepared from
monomers having varying ethylene oxide (EO) repeat unit lengths (Entry 1,5-8: EO =
2-19.3). Two of the polymers synthesized for the side-chain length study were disregarded
from further analysis because of either broad dispersity values (Entry 7: EO =19.3, b =
1.82) or limited solubility in PBS* buffer (Entry 8: EO = 2). A broad dispersity would
reduce the accuracy of subsequent dissociation constant and binding-rate constant
measurements owing to the diverse population of polymers, whereas the limited water
solubility from short side-chains created analytical difficulties. One additional polymer
(Entry 9) was polymerized using a unique MG amide initiator, synthesized according to Sl
Scheme S2, containing a longer molecular spacer between the MG functionality and the
attached P[(EO)g 5sMA]»04 polymer.

Initial spectroscopic analysis of P[(EO)g sMA]372-MG complexed with dL5** FAP revealed
nearly identical behavior to the small molecule MG-ester (Figure 2C-D). UV-Vis absorption
spectra in PBS* buffer (Sl Figure S2) displayed maximum absorption bands at 463 nm and
616 nm for the MG functional polymer, and 463 nm and 608 nm for the small molecule
analog. The slight bathochromic shift of the polymer fluorogen was attributed to its
modification of the solvent environment surrounding the dye.22 Fluorescence excitation and
emission spectra showed that the polymeric fluorogen was efficiently quenched unless
bound to the FAP, whereas when complexed, it became activated at similar levels to that of
the small molecule fluorogen (Figure 2D). Molecular brightness values determined by
fluorescence correlation spectroscopy (FCS) were similar (+/- 15 %) for P[(EO)y,MA],-MG
and MG-ester fluorogens (Table 1). The observed spectroscopic behavior confirmed these

Biomaterials. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Magenau et al.

Page 5

small molecule and macromolecular fluorogens were analogous, and that they would
function as protein-targeted and activated fluorogens in physiological solution.

Polymers bound to small ligands may perturb their binding to proteins.23 To assess the
functional consequence of these macromolecules on MG's binding affinity to FAPs, Kp and
kon values were determined for each polymer (Method and Figures, Sl - Fig S3-S4). While
the small molecule Kp with dL5** protein is 18 pM,16 Kp's of these macromolecular
fluorogens were considerably higher, i.e. weaker binding constants of ca. 2-40 nM
depending on the specific macromolecular architecture. At high molecular weights, Kp
values showed little dependence on polymer length (Figure 3A, DP ~ 150-400), whereas
short polymers bound with lower Kp values of ca. 10 nM at a DP = 66. These results were
bolstered by kinetic measurements (Figure 3A -y, axis) demonstrating the largest kon
values at low molecular weights (DP = 66), and smaller but fairly constant values at higher
molecular weights (DP ~ 100-400). Larger koy Values can be in part rationalized by faster
diffusion of smaller polymer chains, inferred from smaller diffusion times (tq) (Figure 3C),
thereby reducing the Kp values (i.e. Kp = korr/kon)- The molecular weight dependence of
polymer diffusion coefficients are known to obey power-law functions resembling the
curves in in Figure 3A.24 It should be stressed that the observed kop values of these
polymeric fluorogens are as much as 1000-fold lower than the kqn values measured for
MG-ester binding to the same protein in solution, suggesting the polymer's inherent bulk
provides a considerable steric barrier to association.

Considering the polymer's steric bulk, it is reasonable to anticipate that there may be more
pronounced effects from side-chain length in comparison to polymer backbone length. A
series of polymers having similar DPs (Entry 2, 5-6: DP ~ 150-170), but with different EO
side-chain lengths (Figure 3B), was evaluated for their biophysical properties. Shorter EO
side chains reduced the determined Kp values to as low as 5 nM, whereas their larger
counterpart had a Kp value of 45 nM. ko values reinforced these results with shorter side-
chains showing faster association (3x10* M1 s'1) compared to longer side-chains (1.5x10%
M-1s1). However, a 9-fold change in Kp cannot be explained by a two-fold change in ko,
suggesting longer side-chains may also facilitate faster dissociation from the protein
complex. This behavior is rationalized to be a response of two main phenomena: shorter
side-chain polymers have (1) smaller hydrodynamic radii increasing their diffusion rate
inferred from respective tq values (Figure 3D), i.e. from diminished side-chain bulk and
reduced solubility in PBS*, and (2) minimal steric hindrance directly adjacent to the MG
functionality improving its propensity to remain bound, i.e. smaller dissociation-rate
coefficient.

To further investigate the influence of side-chain sterics on MG binding, an additional
initiator (MG-Amide) was synthesized containing a longer spacer between the MG
functionality and the attached polymer. Synthetic procedures and characterization for this
initiator can be found in the SI. The polymer fluorogen synthesized from this initiator (Entry
9, Kp = 1.9 nM) was observed to have a 20-fold reduction in the Kp compared to an
analogous MG-PBIiB polymer (Entry 2, Kp = 42 nM). This result suggests that providing an
adequate space for proper FAP-MG association mitigates the steric hindrance generated
from polymer side-chains. Although this polymer containing the extended linker had a
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broader molecular weight distribution (By = 1.84) than similar MG-PBIiB derived polymers,
the measured Kp is lower than the shortest MG-PBiB polymer, which implies this is a direct
effect of the extended linker and not a consequence of rapidly binding low molecular weight
polymers.

Optimal biochemical properties may not necessary translate into ideal properties for
intracellular labeling. Intracellular labeling requires that the macromolecular probe is
capable of cellular internalization (Figure 1A) and potentially subcellular transmembrane
penetration prior to binding (e.g. when labeling nuclear-localized FAPs, the polymer must
cross the nuclear envelope). The steady-state labeling of intracellular FAP-actin fusion
proteins in live HeLa cells was determined by flow cytometry for each polymer after 12
hours incubation in DMEM at 37° C, while using parental HeLa cells lacking FAP
expression as controls. The observed trends were similar to those seen with regard to the
biochemical properties, where the polymer backbone length imparted a minimal effect while
side-chain length exerted a dramatic effect, i.e. the shortest side-chains produced up to a 5-
fold higher signal with no change in the associated background (Figure 4A-B). This
intensity enhancement is attributed to a mixture of biochemical and macromolecular
properties, including slightly enhanced brightness values, smaller Kp values, and improved
transport across the plasma membrane from lipophilicity differences between
compositionally disparate polymers.2>

If solely an endocytosis process is in place, the size of these macromolecules should have
minimal impact on internalization. To gain insight into the mechanism of internalization,
labeling experiments were conducted using confocal microscopy at 4 and 37 °C (Figure 4C)
with various polymer fluorogens. Polymers with long and short backbone lengths,
P[(EO)g 5MA]37o-MG (entry 1) and P[(EO)g sMA]150-MG (entry 2) respectively, were
inhibited from take-up by cells at 4 °C indicating internalization through endocytosis. In
contrast, labeling experiments conducted at 4 °C for the same amount of time revealed a
surprising side-chain dependent uptake mechanism. The shortest side-chain polymer,
P[(EO)3MA]154-MG (entry 6), was internalized equally at 4 and 37 °C showing an
endocytosis independent mechanism, likely passive insertion into the cell membrane as a
result of its smaller thickness and increased lipophilicity. Based upon these and previous
results, short side-chain polymer fluorogens provided superior biophysical properties and
ability to internalize into living systems.

Genetically encoded targeting proteins can be expressed in any biological compartment of
interest. Actin, cytoplasmic, and nuclear localized FAPs were expressed in various cell lines
prior to labeling experiments using our optimized polymer fluorogen (P[(EO)3MA]164-MG,
Entry 6). Successful targeting of intracellular structures was observed, however, with signal
levels 4 fold lower than those seen with the small molecule MG fluorogen. Confocal images
(Figure 5A) unequivocally illustrate specific binding and activation of our macromolecular
probe to the actin, cytoplasm, and nuclear compartments of the cell. In FAP-actin cells,
stress fibers are plainly visible and homogenously distributed throughout the cell, showing
these stress fibers are a consequence of the fluorogen FAP-actin fusion and not a result of
off-target nonspecific interactions. Additional high-resolution FAP-actin images can be
found in SI Figure S5. The presence of the cytoplasmic FAP in the nucleus is consistent with
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previous reports for size selectivity of the nuclear pore.26 When expressed with a nuclear
localization signal, the FAP-fluorogen signal is found exclusively in the nucleus (Figure
5A).

Fluorescence does not necessarily ensure that the polymeric fluorogen has reached the site
of signal intact. The integrity of any artificial cargo or probe within cellular environments
may be compromised because of bond-cleavage by esterases, reductive conditions, or
reactive oxygen. Therefore, the integrity of these polymeric fluorogens was investigated in
the cytoplasm and nucleus of living cells using fluorescence recovery after photobleaching
(FRAP). Previous diffusion measurements by FCS (Table 1) revealed marked differences in
hydrodynamic diameter of the polymer-FAP complex compared to the MG-FAP complex. If
the MG functionality was cleaved from the polymer, FRAP diffusion measurements of
polymer-FAP complex would be equivalent to small molecule MG-FAP complex.
Cytoplasmic FRAP measurements revealed slower recovery of the polymer-FAP complex
compared to the MG-FAP complex, confirming the polymer fluorogen remained intact.
These recovery rates were consistent with measured differences in tq from FCS, where
FRAP had a 2.5 fold difference and FCS had a 1.7 fold difference. The suitable difference
between these analytical techniques is attributed to sub-Brownian diffusion of larger
molecules in the crowded cellular environment.2” Within the nucleus, the recovery rate and
immobile fraction of fluorophores were identical for MG-ester and the polymer-fluorogen
complexes. Similar size independent diffusion within the nucleus was also observed by
Bancaud and coworkers when using inert molecules and was ascribed to the fractal
organization of nuclear chromatin.28

Targeting macromolecules to intracellular proteins, especially those integral to cell
movement may allow alteration of cellular motility. There are two cell motion related
phenomena of particular interest here: membrane ruffling and cell migration. Membrane
ruffling is a repeated protrusion and retraction of cell-substrate contact surfaces, while
migration is polarized protrusion and retraction at the leading and trailing edges of the cell.
In preliminary experimentation, we observed that FAP-actin expressing HeLa cells labeled
with P[(EO)g 5sMA]372-MG (Entry 1), P[(EO)g 5sMA]150-MG (Entry 2), and
P[(EO)3MA]154-MG (Entry 6) showed statistically faster ruffling rates compared to cells
without polymeric fluorogen. In order to further enhance this effect, a knockdown of -actin
was performed using siRNA (Figure 6A) to reduce the native p-actin without affecting the
FAP-actin concentration in the cells; thus ensuring a high degree of polymer could be bound
to the actin cytoskeleton upon labeling. HeLa cells were incubated with polymeric
fluorogen, MG-ester, and MG-ester plus a 0.2% w/v P[(EO)3MA15¢] without MG
functionality. Incubation media, containing the fluorogens, was replaced with imaging
media and then the cells were monitored and recorded using an epi-fluorescence setup as
described in the SI. From each resulting movie, supplied in the Sl, several kymographs were
generated for each system in regions that showed high ruffling rates (Figure 6B). These
kymographs were segmented and speeds were calculated from selected points on the cell's
surface. Figure 6C shows the distribution of these speeds using various controls and polymer
fluorogen systems. Statistics of this speed analysis are available in SI Table S1. In all cases
where polymer fluorogens were bound to the FAP-actin cytoskeleton, two-fold larger mean-
instantaneous speed values (T ~ 45-50 nm/s) were observed compared to the unlabeled and
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labeled control systems (T ~ 19-22 nm/s) using MG-ester and unfunctionalized polymer.
Furthermore, while ruffling rates were higher compared to control systems minimal cellular
migration occurred. Although a detailed analysis of the mechanism underlying these
observations is beyond the scope of this paper, it is possible that polymer modification of
actin prevents engagement of actin bundles with the focal adhesions; allowing ruffling, but
reducing traction forces and decreasing cellular motility. This work demonstrates that
polymer-modified cellular structures can influence cellular behavior to display unique
engineered phenotypes, which may grant access to a new area of therapeutic and clinical
treatments.

Conclusion

Here, genetically encoded FAPs combined with a new macromolecular platform have
achieved specific targeting of polymeric materials to distinct subcellular structures within
living cells. Site-specific targeting was demonstrated via live-cell imaging using stable cell
lines expressing FAP-fusion constructs within actin, cytoplasmic, and nuclear
compartments. Genetically targetable polymers, based on a fluorogen functionalized initiator
and a controlled radical polymerization process, have nanomolar FAP binding affinities and
cell membrane permeability under physiological conditions. Modification of the actin
cytoskeleton via polymer binding shows pronounced effects on macroscopic cellular ruffling
and migration. To our knowledge, this work represents the first instance of a genetically
targetable macromolecule that can be specifically delivered to subcellular compartments,
visualized, and perturb cellular behavior. This approach may reveal details of subcellular
targeting of polymeric materials and drug carriers, improve targeting and design of
diagnostic and therapeutic biomaterials, and can provide a means to manipulate cellular
behavior for applications in fundamental and synthetic biology.
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(C) Slow ruffling: No P[(EO)MA]-MG Rapid ruffling: Actin-P[(EO)MA]-MG Complexed

. _—

Figure 1.
(A) llustration depicting internalization of a polymer fluorogen into a genetically targetable

actin-modified HeLa cell. Legend and schematic breakdown of the polymer fluorogen
consisting of MG (green), methacrylate backbone (red) with a DP of “n” repeat units, and
ethylene oxide (EO) side-chains (blue) with “m” repeat units. Subsequent data in Figure 3
and 4 are color-coded for clarity, where red figures indicated backbone DP variations and
blue EO side-chain variations. (B) Polymeric fluorescent probe disassociated and complexed
with a FAP representing its non-fluorescent and fluorescent states, respectively. (C)
Ilustration of binding polymer fluorogens to FAP-fused actin and their effect on cellular
ruffling behavior.
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Figure 2.

ATRP of OEOMA monomer with MG-PBIB initiator, and spectral properties of MG
functionalized P[(EO)g sMA]37, (black) and MG-Ester (red) in PBS*. (A) Monomer
conversion and first-order plot with respect to monomer (M) versus time, and (B) evolution
of number-averaged molecular weight (M,) and By, versus monomer conversion. (C)
Structures of MG functionalized polymer and MG-Ester. (D) Normalized excitation scans
observed at A = 730 nm and emission scans excited at 636 nm using P[(EO)g sMA]37o-MG
in the presence and absence of FAP. Excitation and emission scans of MG-Ester in the
presence of FAP are shown in red for comparison. Polymerization conditions:
[OEOMA475]o = 0.339 M in anisole at 60 °C and a total volume of 4 mL. [OEOMA7s]:
[MG-PBIiB]:[TPMA]:[Cu''Brs]:[Sn!!(Oct),] = 150:1:0.81:0.27:2.7.
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3]

-

550

500

T (usec)

1400

350

Kp and ko as a function of (A) polymer backbone length (DP) displayed in red and (B)
ethylene oxide (EO) side chain length displayed in blue. Kp values were determined with a
constant [FAP] typically between 1-10 nM in PBS+ using a Aey = 636 nm and hem = 664
nm. For each kg, [MG-PEO] =4, 2, and 1 uM and [dL5**] = 50 nM in PBS+ with Agy =
636/20 nm and Ao, = 700/20 nm. Brightness (solid circle) and diffusion time (hollow circle)
from FCS as a function of (C) polymer backbone DP and (D) EO side chain length. For
Figures 3A and 3C, all polymers had EO side chain lengths of ~8.5 (Table 1, Entries 1-4),
whereas polymers in Figures 3B and 3D had similar backbone DPs ~ 150-170 (Table 1,

Entries 2, 5-6).
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Figure 4.

Polymeric probe internalization via flow cytometry and fluorescence microscopy. All cells
were incubated in DMEM + 10% fetal bovine serum (FBS) containing 500 nM polymeric
dye for 12 hours. (A) Mean fluorescent intensity as a function of polymer backbone DP with
all polymers having EO side chain lengths of ~8.5 (Table 1, Entries 1-3). Red bars
correspond to FAP-actin modified HelLa cells, whereas white bars with black hashes
correspond to control wild-type HeLa cells. (B) Mean fluorescent intensity as a function of
varying EO side-chain length (integer corresponds to the number of EO repeat units) with all
polymers having backbone DPs ~ 150-170 (Table 1, Entries 2, 5-6). Red and blue bars
correspond to FAP-actin modified HelLa cells, whereas white bars with black hashes
correspond to control wild-type HeLa cells. A red laser was used to excite MG at 635 nm
and emissions of MG bound to FAP were recorded between 650-710 nm. (C) Confocal
images of FAP-actin modified HelLa cells incubated with 500nM P[(EO),MA],-MG and
MG ester in DMEM + 10% FBS at 4°C and 37°C for 6 hours. The scale bar in confocal
images represents 20 pm.
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Figure 5.

Live-cell confocal microscopy images of cells stably expressing targeted FAP proteins. (A)
FAP-Actin (HeLa), Cytoplasm (HEK-293), and Nuclear targeted proteins all show proper
localization when labeled with the polymeric fluorogen P[(EO)3MA]164-MG (Table 1, Entry
6). Cells were incubated in DMEM with a 500 nM polymeric dye for 12 h. Emission of MG
bound to FAPs was observed between 650-710 nm and excited with a 633 nm laser.
Additional Actin images are supplied in the supporting information (Figure S5). (B)
Fluorescence recovery after photobleaching (FRAP) images for polymeric dye and MG ester
in the cytoplasm and nucleus. The cells were imaged for a single frame at an exposure of a
100 ms followed by bleaching in the region shown using a circle with a white border. The
subsequent images show the recovery of the signal in a 4s duration. (C) Plots of average
intensity as a function of time in the circular regions shown in B, in nucleus and cytoplasm
for polymeric dye and MG ester. Scalebar in confocal images is 20 pm.
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Effect of actin bound polymer fluorogen on membrane ruffling. (A). Western blot showing
the knockdown of -actin by siRNA in HeLa cells expressing modified actin. (B)
Fluorescence images of HeLa cells after knockdown and incubation with 500 nM polymeric
dye or MG ester in DMEM + 10% FBS for 6 hours. A segment of interest was chosen along
the cell membrane and a kymograph was generated for the selected segment. Scalebars in
confocal images represents 10 um. From the kymograph, instantaneous speeds were
obtained at selected segment for various time points. (C) Histograms of the instantaneous
speed are shown for the knockdown cells with various polymer fluorogens and control
systems with their corresponding mean-instantaneous speed values ().
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