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Abstract

Spatial and temporal heterogeneities in expanded and collapsed surface bound pNIPAAm
films are studied by single molecule tracking (SMT) experiments. Tracking data are analyzed
using both radius of gyration (R) evolution and confinement level calculations to elucidate the
range of behaviors displayed by single Rhodamine6G (R6G) molecules. Confined diffusion that
is dictated by the free volume within surface tethered chains is observed with considerable
dispersion among individual R6G molecules. Thus, the distribution of probe behavior reflects
nanometer scale information about the state of the polymer brush at temperatures above (7>
T1esp) and below (7' < Ticsy) the lower critical solution temperature (LCST). In this context,
confinement level analysis and R, evolution both show a larger degree of confinement of the
probe in pNIPAAm at 7> Tycsr. Temperature-dependent changes in confinement are evidenced
at T> Tycsr by a higher percentage of confined steps, longer periods of confined events, and
smaller area of confined zones as well as a shift in the overall distribution of R evolution paths

and final R, distributions.



Introduction

Stimulus-responsive materials (SRMs) have attracted enormous attention due to their
ability to react to external stimuli by increasing or decreasing the free volume between individual
polymer chains, resulting in the transport of water into or out of the material, thus producing
changes in size or shape of polymer brushes consisting of these materials. Physical and chemical
properties such as free volume, thickness, hydrophilicity, and charge state can all be controlled
by modulating polymer density, degree of cross-linking, and chemical environment.'™ A variety
of external stimuli, e.g. electric field, ionic strength and pH of the surrounding solution, analyte
concentration, and light exposure, have been exploited to initiate shape/size/property transitions
in different SRMs.””

One model SRM, poly(N-isopropylacrylamide), pNIPA Am, is a temperature responsive
polymer that exhibits a lower critical solution temperature (LCST), at which a transition occurs -
from an expanded hydrophilic form (7 < Ty¢sy) to a collapsed, hydrophobic morphology (7>
Ties).®® The LCST phenomenon in pNIPAAm is of great interest technologically due to its
proximity to human body temperature. Thus, applications in controlled drug delivery have been
widely studied, and although the phenomenology is controllable, the underlying physical and
chemical behavior is found to be quite complex. Thus, the temporal and spatial heterogeneities
exhibited in the temperature responsive polymer are particularly relevant to the loading and
unloading of drug delivery devices. In addition, the ability to realize size and shape control on
the nanometer length scale holds considerable promise for applications in tissue engineering,
drug delivery systems, biosensors and actuators, and synthetic extracellular matrices.'’

However, at present, nanoscale SRM structures must be designed and tested empirically, since

the behavior of SRMs is not understood well enough to support rational design with such fine



control. Detailed, molecular-level information is needed, which could be used to develop
predictive models for stimulus-initiated molecular reorganization.

In order to examine the temperature-dependent behavior of SRMs on a single molecule
level, the motions of fluorescent probes, Rhodamine6G (R6G), within surface-bound thin-films
of pNIPAAm prepared by atom transfer radical polymerization (ATRP), are studied using single
molecule tracking (SMT). SMT has become a viable research tool within the last two decades'"
17 after technological advances in collection device efficiency and in fluorophore quantum yield
and lifetime. In SMT, the paths of intrinsic, inserted, or tagged probe molecules are tracked in
order to gain information about position and mobility."® This technique has the advantage of
interrogating the population of fluorophores on an individual basis, thus collecting and
preserving spatial and temporal heterogeneities. SMT has been applied to various complex
systems, such as hierarchical mobility in polymer networks,'® molecular transport in thin silica
sol-gel films,”” membrane éyﬁaﬁzissfi and pore dynamics within polyacrylamide geis,g‘? Of
particular interest in our laboratories is the use of SMT to understand the molecular-scale
behavior of SRMs for use in actively controlled micro total analysis systems {;ﬁ‘éS}*zs‘ Thus,
SMT is a very attractive approach for real time investigation of spatial and temporal
heterogeneities in the structure of soft materials undergoing molecular reorganization at or near
the LCST. In addition to the specific temperature-responsive behavior of pNIPAAm studied
here, the methodology can be extended to investigate the underlying basis for a wide range of
soft material dynamic properties.

Experimental
Materials. Unless otherwise noted reagents and solvents were obtained from Sigma

Aldrich., Rhodamine 6G (99%, Acros), 11-trichlorosilyundecyl-2’-bromo-2-isobutyrate (silane
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initiator) (95+%, ATRP Solutions), hexanes (ACS reagent, 99.9%, Fisher), dichloromethane
(DCM, Chromasol Plus), ethanol (EtOH, denatured for HPLC, Acros), isopropanol (IPA, ACS
reagent, >99.5%), cuprous bromide (CuBr, 99.999%), ethanol (EtOH, 99%, Fisher), and
dimethyl formamide (DMF, ACS reagent, >99.8%) were used as received. N-
isopropylacrylamide (NIPAAm, 97%) was purified by running a 1:1 hexanes/DCM saturated
solution through a 2.5 ¢m basic alumina column, removing the solvent by reduced pressure
evaporation, recrystallizing the remaining solid in hot hexanes at < 50°C, rinsing with minimal
ice cold hexanes, and removing the solvent by reduced pressure evaporation. Methanol (MeOH,
ACS reagent, 99.9%, Fisher), pentamethyldiethylene-triamine (PMDETA, 99%) and deionized
(DI, p= 18 MQ cm, Millipore Corp.) water were degassed by bubbling argon for 5-10 minutes
and immediately transferred into the glovebox.

Sample preparation. Synthetic methods are described in detail elsewhere;?* a brief
description is as follows. Samples of surface bound pNIPAAm brushes of 70 nm unhydrated
thickness were prepared by: (1) cleaning the substrate (silicon or glass) with piranha solution; (2)
forming a monolayer of silane initiator, 11-trichlorosilyundecyl-2'-bromo-2-isobutyrate, on a
substrate for ATRP was accomplished by liquid deposition; and (3) growing polymer using an
ATRP grafting-from approach starting with the initiator monolayer in the presence of N-
isopropylacrylamide, CuBr and pentamethyldiethylenetriamine (PMDETA) in 30 mL of 1:1 viv
MeOH/water in an oxygen-free atmosphere. Immediately after growth polymer thickness was
characterized with profilometry (Sloan Dektak® ST) and/or ellipsometry (Gaertner Variable
Angle Stokes Ellipsometer L.1168S). Single fluorescent R6G molecules, used as the fluorescent

probe, were partitioned into pNIPAAm film target media by immersion of the film in DI H,O



followed by addition of 1 nM R6G in methanol until a final concentration of 3.3 pM was
reached. After partitioning, the film was imaged immediately.

Temperature-controlled ellipsometry. A custom built cell with polystyrene windows at
70° angles (normal to the incident and reflected laser light) was used to collect ellipsometry data.
The aluminum floor of the cell was glued with silver epoxy to an aluminum disc that was fitted
with a temperature collar (Bioptechs) with 0.1°C resolution capable of producing temperatures in
the range ~19°C < T < 43°C depending on ambient room temperature. The polymer on silicon
sample was placed inside the cell and immersed in DI water. Ellipsometry data were collected at
temperatures 19°C < T < 32°C at ~1°C intervals at A = 632.8 nm, with refractive index and
thickness of the polymer layer simultaneously determined. Solution temperatures were measured
using two separate thermistors in close proximity to the sample. The refractive index and
thickness of the polymer layer were determined from ¥ and A using the Gaertner GEMP
software following standard single wavelength ellipsometry calculations. > %

Single molecule fluorescence microscopy. Instrumentation and data acquisition
parameters are described in detail elsewhere;** a brief description follows. The microscope is an
objective-based total internal reflection fluorescence (TIRF) microscope, exhibiting a 100-200
nm depth of excitation and an effective pixel size of 267 nm x 267 nm with 60X magnification.
Each frame was acquired with a 30 ms exposure, using frame transfer to eliminate delay time
between frames. The acquisition protocol produced videos consisting of 1000 frames, which
were obtained at 23°C and at 32°C in DI water. The temperature was controlled through a
Peltier-controlled stage, described in detail elsewhere.?” Briefly, a Peltier heating/cooling device
with a custom build aluminum sample holder and a copper block where used to control and

stabilize the temperature inside the sample holder. Temperature was monitored using a



thermocouple immersed in the solution of the sample holder. Single molecule tracking was
carried out in a modified Matlab program”® ¥ developed specifically for SMT 1830 Briefly,
tracking consists of the linked tasks of identification, localization and trajectory reconstruction.
Identification and localization were realized by fitting the spatial intensity profile of each suspect

molecule to a 2-D Gaussian,
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from which the centroid (xg, yg) and the peak standard deviations (o, o;) were obtained using a
weighted linear least squares fit. The ratio of the peak height, Iy, to the standard deviation of the
noise in the area adjacent to the peak was used to calculate the S/N and to determine if the peak
qualified as a candidate single molecule. Localization was achieved by identifying the center of
the 2D Gaussian, i.e. (xg, yg). If the S/N ratio is sufficient, then the centroid can always be
localized to better precision than the diffraction limit.?>*! After every feature was identified in
each frame, the frames were stacked in a movie and trajectories were linked together throughout
the course of the movie.

Spatial resolution analysis. The limit of resolving motion in the images was first tested

by simulating stationary fluorescent spots under varying S/N ratios and then applying the same

ithms to the analysis of these simulated data. The S/N ratio for a given image was

varied by first generating a Poisson distributed background at a mean infensity equivalent to that

observed in the data, and then adding fluorescent spots modeled with a Gaussian function having

awidih given by the measured poiat-spread function (PSF) with Pofsson distribuied inensity

noise. The apparent center locations (xp,¥o) of these immobilized spots were then determined by

ation algorithm as described above. A plot of the root-mean-square
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variation (standard deviation) of these x5,y positions at different S/N ratios estimates the limit at

which mobile and immobile fluorescent spots may be

ss surface by dip coating from dilute ethanol

SEAREG Holbsiles dspositad omn gl

diffusing in pNIPAAm), corresponding pixel intensities from multiple sequential frames from
the same stack were added to generate a smaller series of frames. These co-added images had
correspondingly greater molecular peak intensity and lower relative noise to provide higher S/N
experimental data compare with the simulation results and the apparent motions of R6G in

PNIPAAm.

Single molecule data analysis software and analysis. Confinement level functions in
Matlab were modified to accept trajectory data from an existing tracking program and
experimental protocol; this modified function is available online® and the rest of the program is
available from the original authors.”> Radius of gyration code was written in Matlab and is
available online.” Gaussian and Lorentzian fits of the probability density functions for

Results and Discussion



Ellipsometry of hydrated pNIPAAm. Figure 1 shows the temperature response of a
hydrated pNIPAAm brush on a silicon wafer, which exhibited 80 nm dry thickness. The
ellipsometry results illustrate that the brush is thickest at 21°C and simultaneously reduces its

thickness and increases its refractive index continuously until 32°C, with a ~20% decrease in

 water content change. The gradual thickness transition observed here is
typical for high density pNIPAAm brushes® as reported in the literature from surface plasmon
resonance,”* water contact angle,”™ 3¢ quartz crystal microbalanace,”” neutron reflectometry,”®
sum frequency geﬁﬁzaésﬁf ? surface forces 3?;*3?3%}35% atomic force §§§§§§S§{§§}?f§ proton
NMR,* neutron z‘eﬁ&é@m&’ﬁyﬁ’ 2 cyclic ?&i%is&g}egyf} and €§§§S{}§§€§‘}ﬂ§% These
measurements were used to determine data collection temperatures, 23°C and 32°C, for the SMT
experiments, at which maximal differences in transport behavior might be expected.

Single molecule tracking. Four separate movies of R6G probes in the same pNIPAAm
sample (unhydrated thickness 70nm) and the same field of view were analyzed, two each at 23°C
and 32°C to assess the reproducibility of data collection. Trajectories are commonly limited in
length by photobleaching and other processes that convert probes to long-lived dark states. >
Because short trajectories are less useful for identifying differences between levels of
confinement within a single track, only trajectories longer than 50 steps were used for further
analysis, which resulted in 340 trajectories (29159 total steps) and 236 trajectories (18923 total
steps) from the two movies at 23°C, and 1150 trajectories (99085 total steps), and 1238
trajectories (104565 total steps) from the movies at 32°C. The trajectories for R6G probes from
SMT datasets at 23°C and 32°C are shown in Figs. 2 and 3, respectively. It is immediately
evident that the partitioning coefficient of R6G into pNIPAAm is larger at 32°C than at 23°C,

resulting in many more trajectories at the higher temperature. However, the initial concentration
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is sufficiently small, even at 32°C, that it did not affect tracking results, meaning that there was
negligible occurrence of probe-probe interactions, which could begin to occur when two probes
occupy adjacent pixels in the same frame. However, even if probe molecules appear in adjacent
pixels, they are hundreds of nanometers from each other within the x-y plane of the brush and
can be many tens of nanometers from each other in the perpendicular z direction due to the film
thickness. Therefore, remembering that the plots in Figs. 2 and 3 are compilations through all
1000 frames of a movie, using adjacent molecule-molecule appearances as a conservative
criterion would still result in overestimating probe-probe events and these events were
exceedingly rare. The probability that two molecules occupying the same pixel range is readily
calculated with the Poisson distribution,

_Xe

P(n) g )

where A is the probability of finding one molecule in a picture element and » is the number of
events in a picture element, which can be determined from experimental parameters. The size of
a frame (262144 pixels), size of a single molecule point spread function (9 pixels) and number of
features per frame (~300) result in a 1% chance of observing a molecule in one 9 pixel range, L.
The Poisson distribution thus predicts there is less than 0.003% probability of observing two
molecules in the same 9 pixel range.

Position and mobility of the probes are the main focus of the present study, therefore
trajectories were used initially to quantify the movement of probe molecules such as space
explored and time spent in localized areas. In addition, the metrics can be used to categorize
probes into one of three classes as having: (a) small constant mobility (confined), (b) relatively

large mobility (unconfined), and (c) those exhibiting one or more transitions between low and
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high mobility states (intermittent confinement). These analysis methods are carried out with the
aim of exploring free volume changes in the polymer films through the changes in probe
mobility.

It is critical in this analysis to discriminate between low-mobility, confined diffusion of

molecules within s

with fixed adsorption sites in the polymer that lead to molecules that are not moving on the time-

scale of the observations, on the other. The question to be addressed is whether the measured
motion of these low-mobility molecules exceeds the apparent motion of a dye molecule that is

adsorbed to a surface and not moving. If the root-mean-square displacement of a R6G molecule

onfinement event clearly exceeds the apparent root-mean-square displacement of

ilized R6G molecules adsorbed to a surface, then the molecule is indeed diffusing within

an entangled polymer domain. To test this question, both simulated and experimentally

sare displacements of stationary R6G molecules were compared

at different S/N ratios, with excellent agreement between the experimental and simulated results;

fith higher S/N ratio, the resolution limits of discriminating moving versus

sce Fig.
immobile molecules improves, where experimental results find apparent root-mean-square
displacements for adsorbed R6G at a glass-air interface of 16 nm, 9 rim and 3.5 nim for S/N ratios

of 15, 25, and 50, respectively. The root-mean-square displacement of confined R6G molecules

in pNIPA Am above the transition temperature is 60 nm for a S/N ratio of 30; see Fig. 4. Ata
S/N of 30, the resolution limit (root-mean-square apparent displacement of stationary molecules)

clearly distinguished from the apparent motion of stationary molecules, indicating that formation

11



The diffusion coefficient, D, obtained from the slope of mean squared displacement, {x% s

i,

versus time delay, 7, is a commonly used metric when quantifying motion 8 and useful as an

initial analysis of the magnitude of mobility in these experiments. In addition, the shape of the

{:t:g) vs. Ttrace is an indication of the type of diffusion in the system- confined (sub-linear),

Brownian (linear), or diffusion with flow (super-linear). However, individual probe variation
and randomly intermittent behavior is lost in the averaging of the squared displacement. Thus, it
is important to distinguish D values calculated for individual probes and those for ensemble

averages over many probe molecules, and D values calculated for categorized segments. The

ensemble-averaged diffusion coefficient (Dens) calculated for the molecules studied in these

2 1

experiments lies in the range 0.18 pm? s < D, <0.36 um® 5™ independent of temperature.

Since this cursory inspection of population-averaged diffusion coefficients produces the same

12



D, at 23°C and 32°C trajectories, despite the known LCST phase transition in the SRM, clearly
a more thorough analysis is warranted.

Analysis of the temperature specific behavior of R6G probes was carried out using a suite
of robust statistical tools available for comparison of SMT data®® Among the available tools,

32.49 and radius of gyration evolution? were found to be useful in

confinement level analysis
distinguishing between pNIPA Am states and physical properties above and below the LCST.
Confinement level calculations are carried out on a molecule-by-molecule basis in order to
determine ‘confined’ and ‘free’ segments, i.e. portions or whole trajectories that exhibit higher
and lower relative confinement relative to a well-defined threshold. Several metrics are obtained
from these results, including the fraction of confined steps within the trajectory, ¢, the duration
of confined and free portions of the trajectory, and the radii of free and ségﬁﬁefé zones. Once
evaluated from SMT movies, these quantities can be compiled for all trajectories into histograms
that convey the distribution of behaviors observed across the entire sample. The radius of

gyration, R,, of a trajectory describes the amount of space that the molecule explores during its

movement, calculated as the root mean square distance from the trajectory’s center of mass,

R, =R +R} ©)
where R; and R are the major and minor eigenvalues, respectively, of the radius of gyration
tensor, 7. The tensor T is calculated from the x and y positions of the particle throughout its
trajectory,

1< 2 1<
T2 e~ 0)

T= Y @

IS0 =2,-0)

F=1



Thus, radius of gyration evolution quantifies the amount of space that a molecule explores over

¢ experiment. This value evolves over time for each molecule as motion is
tracked and can be plotted vs. time in order to observe the progression. R, evolution is especially
useful in allowing the statistical outliers, for example molecules that exhibit multiple confined-
to-mobile or mobile-to-confined transitions, to be identified in the presence of the ensemble-
average behavior. In addition, all the values of R, or the final R, for each molecule can be
plotted in a histogram to parse out measurable differences.

Confinement level calculations.** Free and confined portions of each trajectory were
compiled separately, from which individual probe molecule diffusion coefficients were
determined from the mean squared displacement. Averaging over all segments placed in each
category from all four movies yields Deopfined = 0.007 ggz‘?‘ s'and D, =127 pum?® s, The
‘confined’ diffusion segment can be considered immobile within the limits of the instrument and
tracking limit given average 40 nm displacements from adsorbed R6G on glass, which yields a
minimum diffusion coefficient of 0.013 pm?” s with 30 ms exposures. As with the ensemble
averaged D, these values are helpful as a guide to the magnitude of the mobility corresponding to
qualitatively distinct trajectory segments. In addition, they clearly define how much separation
exist between the indicators for confined and free behavior observed overall in these samples.
The next step beyond statistical description of confined and mobile segments examines the
confinement level calculations of ¢, which show a consistent difference between temperatures
above and below the LCST, as shown in Fig. 5. Statistical parameters from the Gaussian fits of
the ¢ distributions are compiled in Table 1. Consistent differences between high and low

temperature fraction of confinement can be clearly observed in both the peak positions and

widths of the ¢ distributions. Both of the high temperature experiments evince a large fraction
14



of confined steps, while the 23°C data exhibit smaller peak & values. More strikingly, the low

temperature distributions have a much longer tail at smaller o values, indicating a larger number
of trajectories that exhibit a smaller fraction of confined steps. The usual increase in diffusion
coefficient with temperature predicted by the Stokes-Einstein equation, corresponding to an
increase in MSD under free diffusion conditions, stands in contrast to the larger degree of
confinement at higher temperature seen in these data. This obvious, reproducible indication of
the higher level of confinement at 32°C correlates well with the collapsed state of pNIPAAm, in
spite of the increased thermal energy available to the probes.

Two additional metrics that can be extracted from confinement level analysis provide
interesting insights into the differences between states of pNIPAAm above and below the LCST.
Fig. 6(a) shows the duration of confined events, compiled as histograms of the confined portions
of all trajectories. The 32°C traces (red) clearly show a long duration tail, giving a distribution
that can be fit by a double Lorentzian function, while the 23°C traces (blue) show a single peak
that fits a single Lorentzian. Furthermore, the fit parameters given in Table 2 confirm that the
higher temperature distributions exhibit a second population of confined probe molecules that are
immobile for ~ 4 times as long as the main part of the population. Additional insight into this
phenomenon can be gleaned from the Lorentzian fits for the distributions of confined zone radii
displayed in Fig. 6(b), which also exhibit systematic differences between 7> T;csrand T'<
Tyrcsr. At 23°C the radii of confined zones in the two experiments peak at 54 nm with FWHM 70
nm and 43 nm with FWHM 31 nm, while at 32°C the distributions are sharper and smaller at 32
nm with FWHM 20 nm and 31 nm with FWHM 20 nm, a 34% average decrease at higher

temperature.



When considered together, the confinement level analysis shows that in the 32°C state
R6G probes in pNIPAAm: (i) exhibit a higher fraction of confined steps, (ii) are confined for
longer periods of time, and (iii) are confined to smaller areas than in the 23°C state. In addition,
the fact that two Lorentzian peaks best fit the duration of confined event histograms at 32°C
suggests that there may be more than one distinct confinement mechanisms in pNIPAAm above
the LCST.

Radius of gyration evolution. Radius of gyration evolution for two experiments, one at
23°C and the other at 32°C, are shown in Figs. 7(a) and 7(b), respectively. Only trajectories
longer than 150 steps were included in these two plots in order that individual traces could be
visually resolved. Differences between low and high temperature probe movement are readily
apparent. Relatively immobile molecules, showing little increase in R, over the course of the
trajectory, and intermittent confinement behavior, as evidenced by consecutive increases and
plateaus/decreases in R,, are observable in both plots. However, the magnitude is clearly
different above and below Ticsr. The difference in probe mobility between low and high
temperature can be seen in the histogram of final R, values for each molecule (trajectories longer

than 50 steps) shown in Fig. 8. Clearly, a larger fraction of the trajectories end with higher final

3°C thain at 32°C, even though the most probable R, values are near 50 nm,

final R, values going through Tycsr as shown in Table 4. On average these values are larger for
the low temperature pNIPAAm films (70 nm with FWHM 71 nm and 48 nm with FWHM 29
nm) than for those studied at high temperature (46 nm with FWHM 29 nm and 46 nm with

FWHM 17 nm).



These results agree with those obtained from confinement level analysis, thereby
augmenting the evidence for enhanced confinement in pNIPAAm at 7> Tycsr. At 23°C the
average radius of confinement of trajectory segments is 49 nm and the average final R, is 59 nm,
an increase of 20%. At 32°C the corresponding values are 32 nm and 46 nm, an increase of
44%. Therefore, single R6G molecule probes in PNIPAAm at 32°C explore less space and have

larger jumps between confined zones than at 23°C.

Conclusion

A new method utilizing single molecule tracking to explore materials exhibiting
temporally and spatially heterogeneous behavior has been applied to pNIPAAm, an archetypal
SRM, at temperatures below and above its LCST, where it has been shown to exist in swelled
and collapsed states, respectively. Several major conclusions can be drawn from a careful
analysis utilizing confinement level and radius of gyration evolution to quantify the motion of
R6G single molecule probes. First, probe behavior in the pNIPAAm films is best characterized
by the degree of confinement that correlates with whether the film exhibits a swelled (7 < Tycsr)
or collapsed (7 > Tycsr) morphology of the polymer and that behavior can be used to understand
the different states of the brush. In addition, a combination of confinement level metrics - &,
duration of confined events, and radius of confined zones - and radius of gyration evolution
results can be used to illuminate the differing transport properties of hydrated pNIPAAm in
swelled and collapsed states. Of particular note here is the consistent interpretation of probe
motion in the collapsed state above the LCST as being confined to smaller areas, showing a
higher fraction of confined segments and having a greater propensity to exhibit larger jumps

between confined zones. Finally, this analysis of the non-Brownian (sub-diffusive) motion of
17



single probe molecules serves to highlight the benefits of tracking individual molecular probes as
an approach to understanding the complex dynamics of network-based SRMs. We believe that
this technique will find application to a wide range of soft materials in which nanometer-scale
state changes are crucial to function, such as artificially engineered tissue, 3-D cell supports,

extracellular matrix mimetics, and controlled drug delivery systems.
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Figure 1. Ellipsometric measurements of thickness (red) and refractive index (blue) as a function
of temperature for hydrated pNIPAAm synthesized on Si with 5 min reaction time. Film

displayed 80 nm dry thickness.
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Figure 2. Reconstructed SMT trajectories longer than 50 frames for R6G in pNIPAAm on glass

at 23°C (polymer brush in expanded state); (Inser) 20 pm x 20 pm expanded view. Different

colors are used for clarity only.
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Figure 3. Reconstructed SMT trajectories longer than 50 frames for R6G in pNIPAAm on glass

at 32°C (polymer brush in collapsed state); (Insef) 20 pm x 20 um expanded view. Different

colors are used for clarity only.
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Figure 4. Root mean square displacement for R6G molecules adsorbed to a surface site as a
function of the S/N ratio of the single molecule fluorescent image for both simulated (black) and
experimental (blue) data. Red squares correspond to the experimentally determined rms
displacement and S/N for confined R6G molecules in pNIPAAm both below (RT ~ 25 °C) and

above the LCST, as noted.
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Figure 5. Confinement level analysis results for two separate samples of R6G probes in the same
pNIPAAm sample on glass at 23°C (dark red, light red) and 32°C (dark blue, light blue). Solid

lines are Gaussian curve fits with peak and width parameters given in Table 1.
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Figure 6. Confinement level analysis for R6G in pNIPAAm at 23°C (dark red, light red) and
32°C (dark blue, light blue), two trials each. Traces are offset for clarity and the inset emphasizes
the difference between the tail at 23°C and 32°C. (a) Normalized histograms of the duration of
confined events, with fits (dashed lines) for single (23°C) and double (32°C) Lorentzian
functions. Fit parameters are given in Table 2. (b) Distribution of the radius of confined zones.
Single Lorentzian functions (dashed lines) are fit to these distributions, with peak and width

parameters given in Table 3.
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Figure 7. Radius of gyration evolution for trajectories at 23°C (a) and 32°C (b) of R6G in

pNIPAAm on glass. Only trajectories longer than 150 steps only are included.



20 -+

Normalized Probabilty

0.0 0.2 0.4 0.6 0.8 1.0
Final Rg (um)

Figure 8. Histograms of the final R, value for each molecule in SMT movies 23°C (dark and
light red) and 32°C (dark and light blue). The traces are offset for clarity. Peaks and FWHM

from Lorentzian fits to the experimental histograms are given in Table 4.



Table 1. Gaussian fit parameters for experimental confinement level histograms in Figure 4.

Temperature | Width Peak
32°C (#2) 0.12 091
32°C (#1) 0.10 0.92
23°C (#2) 0.24 0.88
23°C {#1) 0.27 0.82
Table 2. Lorentzian fit parameters for confined event duration histograms in Figure 5(a).
Temperature | Peak A (sec) Width A (sec) Peak B(sec)  Width B (sec)
32°C (#2) 0.20 0.06 0.82 0.31
32°C (#1) 0.18 0.01 0.91 2.04
23°C (#2) 0.23 0.52 - -
23°C (#1) 0.16 0.68 - --
Table 3. Lorentzian fit parameters for confined zone radius histograms in Figure 5(b).
Temperature | Peak (nm)  Width (nm)
32°C (#2) 31 20
32°C (#1) 32 20
23°C (#2) 43 31
23°C (#1) 54 70

Table 4. Lorentzian fit parameters for final R, histograms in Figure 7.
Temperature | Peak (nm)  Width (nm)

32°C (#2) 46 17
32°C (#1) 46 29
23°C (#2) 48 29

23°C (#1) 70 71




