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In applications utilizing synthetic biomaterials, such as drug delivery,[1-4] bioimaging,[5,6]
and tissue engineering,[7-11] the material mechanical properties represent an important set
of design parameters.[12] Most studies of mechanical properties in biomaterials have
focused on how cells interact with or move on surfaces of different rigidity in the context of
mechanotransduction[7,10,11] and cell proliferation or differentiation.[8,9] However, few
studies have investigated the effects of the mechanical softness of nanoparticles in nano- or
micro-biological environments. It has been suggested, however, that the softness of
nanoparticles may be relevant in processes such as phagocytosis or endocytosis.[13,14] This
indicates that not only are cells affected by the mechanics of large surfaces or interfaces, but
also by the rigidity of individual nanoparticles. The in vivo performance of nanoparticles is
strongly dependent on a variety of biological processes, including, lymphatic drainage,
endocytosis, extravasation, and kidney filtration. It stands to reason that any process that has
a rigid size dependence may also be dependent on mechanical flexibility of the biomaterial.
[15] Therefore, it is necessary to consider mechanics when outlining the nanoparticle size
restrictions relevant for certain processes. This might especially be important when the
process involves passage through small, well-defined pores, such as in renal filtration.

Renal or glomerular filtration is one of two routes of clearance of biomaterials from the
body for particles smaller than 500 nm.[12,15,16] The other clearance route is biliary
clearance through the liver; however, in nanomedicine applications biliary clearance is
generally bypassed due to the small particle sizes typically used.[16] Therefore, renal
clearance is a desired mechanism of nanoparticle excretion. This mechanism requires
passage through approximately 8-nm diameter pores (as defined by endothelial gaps) under
a pressure differential of 40 to 80 mmHg (0.7 to 1.5 psi).[17-21] Obviously, for most carrier
systems these figures of merit are not easily met and require the integration of degradability
into the nanoparticle design or rigorous control over small particle sizes.[22—-25] In some
cases these modifications may negatively alter drug loading/release, circulation times, cell
uptake, and cytotoxicity. Therefore, it may be desirable to develop a carrier system that has
the ability to be excreted without additional design complexity. For a hard sphere system,
such as quantum dots, this implies a strict particle size limit,[26] which may negatively
impact payload or may result in clearance through lymphatic drainage.[27] However, soft
conformable nanoparticles that are able to deliver a large cargo yet are flexible enough to fit
through small pores are a potentially attractive alternative. One example of such a construct
is that of hydrogel colloids (i.e. nanogels or microgels), which are nanoparticles that can be
dramatically compressed, due to their significant network flexibility.[28]
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Herein we describe the first demonstration of microgel translocation through cylindrical
pores under pressure differentials relevant to renal filtration. We observe that microgel
particles easily pass through such pores, even when the opening is >10 fold smaller than the
unperturbed microgel diameter. For this study, track-etch membranes were used as the
model for pores in the renal system. As shown in Scheme 1, track-etch membranes were
placed into gasket-sealed syringe filter holders and placed onto a luer-lock syringe that was
enclosed at one end. A fluorescently-labeled microgel dispersion was added to the syringe
and ~0.5 psi of hydrostatic pressure was applied from a compressed air cylinder to the head
space of the syringe. Eluant was then be collected and analyzed by steady-state fluorescence.

The microgels used in this study were prepared via copolymerization of N-
isopropylacrylamide (NIPAm), acrylic acid (AAc, 10 mol%), and 4-acrylamidofluorescein
(AFA, 0.02 mol %) with N,N’-methylenebis(acrylamide) (BIS) as a cross-linker. The
microgel sizes as a function of pH (pH dependence arises from the AAc co-monomer) are
shown in Table 1. The 1% cross-linked particles were approximately 1140 nm in diameter
fully swollen at pH 7, whereas the 3% cross-linked microgels were smaller (648 nm) as
expected due to the increased cross-linking. Also, the deswelling due to protonation of the
AAc at pH = 3 was 43% for the 1% and 30% for the 3% cross-linked microgels. Thus, these
two microgel types provided two different sizes with two different pH-dependent
compressabilities to investigate the generality of the phenomenon. Note that the cross-
linking density difference only should account for a small difference in swollen particle
elastic modulus (~8 kPa vs. ~13 kPa) based on previous bulk gel literature.[29] More
important than the differences in the microgels is the fact that both are significantly larger
than the 100 nm track-etch membrane pores. For comparison, volume conserving, rigid
polystyrene beads with diameters of 200 nm (negative control) and 88 nm (positive control)
were used in identical filtration experiments.

As shown in Figure 1, after filtration the unfiltered solutions and the resulting eluants were
analyzed by steady-state fluorescence spectroscopy, fluorescence microscopy, and bright
field microscopy. The spectra of 3% particle solution unfiltered, filtered, and a buffer
solution are shown. Also shown in Figure 1, a more concentrated solution of the same
microgels was filtered through the 100 nm track-membranes and the solutions before and
after filtration were dried on glass cover slips and analyzed via optical microscopy. Since the
track-etch membranes have an extremely small pore density (100 nm pores: 4 pores/um?; 10
nm pores: 6 pores/um?), they do not allow for a high flux of particles, even if they are
smaller than the pores. Therefore, steady-state fluorescence was used for quantification of
the polymer mass passed through the filter. The fluorophore loading of the microgels and
control polystyrene particles is not equal, however the unfiltered solutions contained the
same polymer weight percent (wt%). Therefore, calculation of the particle wt% in the
filtered solution allowed for fair comparison of particle flux. The background-subtracted
fluorescence was converted to polymer wt% by creating standard curves of background-
subtracted fluorescence to wt% for each particle at each pH condition.

The data in Figure 2 display the surprising result that the flux of both microgel types at pH =
7 was equal to that of the much smaller PS positive control. A greater difference between the
microgels and the PS control is observed when the overall particle concentration is
increased, Figure 3. We tentatively ascribe this concentration dependence to jamming of the
PS particles in the pores (vide infra). It appears, however, that the deformable microgel
particles do not display jamming effects at pH = 7, presumably due to their conformational
flexibility and Coulombic interparticle repulsion (see Table 1 for measured { potentials)
during passage.
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Two pH conditions were studied to evaluate the influence of microgel swelling on passage
through the pores. At low concentration (Figure 2), the flux of the 1% cross-linked
microgels at pH 3 is indistinguishable from the background. However, at pH 7 the 1%
microgels pass readily through the pores, presumably due to the increased flexibility of the
swollen microgel, and decreased jamming due to Coulombic particle-particle repulsion. In
the case of the 3% cross-linked microgels, there seems to be no difference between the two
pH conditions. This is curious since both microgel types have a similar size at pH 3.
Therefore, it could be the case that for this concentration and size, a jamming limit is being
approached, and subtle differences in microgel modulus and interparticle potential produce
large changes in pore passage. This is almost certainly the case when the concentration is
increased further (Figure 3, 10-fold concentration increase); the observed flux for the
microgels at pH 3 is much lower than that of the microgels at pH 7. This again suggests a
jamming effect when the more rigid and less repulsive microgels try to fit through the small
pores. This effect is emphasized by increasing the concentration another order of magnitude
to 0.1 wt%, as shown in Figure 4. This figure shows that as the feed concentration increases
only the flux of the 3% cross-linked particles in there fully swollen state (pH 7) increases,
suggesting that the pS and deswollen microgels are jamming. It should be noted, however,
that when the concentration is increased to 1 wt%, the passage increases for the microgels at
both pH 7 and pH 3. The origin of this observation is still under investigation, but given our
previous studies of microgel phase behavior at such concentrations,[30-32] it is likely that
particle-particle interactions strongly perturb the actual hydrodynamic radii under these
conditions. It should also be noted that the particle to pore size ratio of ~10:1 appears to be
the rough limit for these particles, as larger microgels (Dy = 1.5 um) did not appear to pass
through 100 nm pores.

Having observed that pNIPAmM-AAc microgels are able to translocate through pores 10
times smaller in diameter, we investigated the generality of this phenomenon to smaller pore
sizes with more biologically relevant dimensions. Here, track-etch membranes with 10 nm
pores were used in the same experimental setup (Scheme 1) with the same applied pressure
differential of ~0.5 psi. The particles used in this experiment were fluorescent pNIPMAmM
microgels with a dilute solution diameter of 116 nm; 88 nm diameter fluorescently-labeled
polystyrene beads were used as a negative control. The synthesis of the microgels has been
published previously and is discussed briefly in the experimental section.[33] As shown in
Figure 5, even at these smaller dimensions, the microgels still pass through the pores (pH 7)
while the negative control does not. These data are compelling due to the similarity in pores
size and pressures between those found in the kidney and used in these experiments. Also, it
should be noted that when various FITC-dextran (fluorescein isothiocyanate—dextran)
samples (MW = 20 or 150 kDa) were used as a positive control, they readily passed through
the pores, as expected for a random chain flexible polymer.

Although the fundamental mechanisms underlying these observations are not understood
quantitatively, the biology and physiology community has studied the glomerular filtration
rate of macromolecules for many years.[17-20,34,35] It has been found that linear
polysaccharides such as dextran have a much greater filtration rate and larger hydrodynamic
radius cutoff than do proteins, due to the rigidity and well-defined secondary structure of the
latter.[17] Also, the soft matter community has extensively studied the passage of polymers
through pores.[36-40] Translocation of a linear polymer through pores or in confined spaces
is generally most probable if the polymer can go end first through the pore (as opposed to
folding). Likewise, it has been found that a branched polymer has a higher probability of
passage through a pore if more than one chain end can find the pore opening.[15] Therefore,
a polymer nanoparticle with low connectivity and many different chain ends may have the
conformational freedom to pass through a pore much smaller than its dilute solution
diameter, due to the high number of energetically degenerate conformations with
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statistically identical passage probabilities. Also, the compressibility of these particles
cannot be underestimated. It has been shown that the combination of polymer and colloidal
osmatic pressures, in a colloidal crystal of pNIPAm microgels was able to induce the
dramatic deswelling of a much larger microgel “defect”.[28] In that case the “defect” was
compressed to a volume 15 times smaller than its dilute solution equilibrium volume,
without imposing any direct mechanical force to the particle. It is therefore not unreasonable
to hypothesize that similar microgels could adopt a configuration in which many chains
enter the pore under a driving pressure differential, followed by particle collapse/
compression, and subsequent re-swelling as it emerges from the other side of the membrane.

In conclusion, we have observed phenomena that illustrate the ability of hydrogel
microparticles to pass through pores at least 10-fold smaller in size under hydrostatic
pressures relevant to renal filtration. This extremely surprising result can be rationalized by
considering the extreme softness of these nano-objects and conformational flexibility of the
polymer chains comprising the particles. Importantly, we have illustrated the generality of
the phenomenon to absolute pore sizes that are relevant to renal filtration by using nanogels
appropriate in size for injectable drug delivery formulations. These studies illustrate the
importance of considering the mechanical flexibility as a critical design component of nano-
biomaterials. This network flexibility and compressibility of microgels is not only
interesting in terms of their performance as biomaterials for drug delivery but is also of
fundamental interest, as soft colloid physics has become a vibrant field of study. Indeed,
both the fundamental physics of microgel softness and the biological impacts thereof have
been and continue to be an active area of investigation within our research group.

Experimental Section

Materials

Synthesis

Monomers N-isopropylacrylamide (NIPAm; Aldrich) and N-isopropylmethacrylamide
(NIPMAmMm) were recrystallized from hexanes (Fisher Scientific) before microgel synthesis.
The fluorescent monomer 4-acrylamidofluorescein (AFA) was previously synthesized.[41]
Cross-linker N,N’-methylenebis(acrylamide) (BIS; Aldrich), ammonium persulfate (APS;
Aldrich), and acrylic acid (AAc; Fluka) were all used as received. The polystyrene standards
(Duke Scientific) were diluted in a 0.003 wt% surfactant (sodium dodecyl sulfate (SDS;
Aldrich)) solution. The track-etch membranes were purchased from Sterlitech (Kent, WA).
The pH 7 buffer was a 10 mM (IS = 100 mM) phosphate buffer and the pH 3 buffer was a
10 mM (IS = 100 mM) formate buffer. All water used in the experiments was purified to 18
mQ (Barnstead E-pure system).

The larger microgels were synthesized by precipitation polymerization of NIPAm, BIS (1 or
3 mol%), AFA (0.02 mol%), and AAc (10 mol%) with a total monomer concentration of
100 mM in 100 mL. All components were dissolved in distilled, deionized water and stirred
under a nitrogen purge while heating to 68 °C. Then APS (0.01 mM) was added to initiate
the reaction. The reaction was allowed to stir under nitrogen at 68 °C overnight. For the
smaller microgel synthesis, NIPMAmM was used with BIS and AFA, in the same manner
except 8 mM SDS was added to stabilize the | particles, the syntheses were performed at 70
°C, and 8 mM APS was used.[33] All particle solutions were filtered and purified via
centrufucation. The samples were then freeze-dried for storage.

Size Characterization

Dynamic light scattering (DLS) was used to determine the hydrodynamic radius (Ry) under
different pH conditions as described earlier.[42,43] This was done with a Wyatt
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Technologies DynaPro plate reader DLS using a laser wavelength of 830 nm. Scattering
intensity fluctuations were detected for 10 s per reading by an avalanche photodiode at and
angle of 158° (back scattering) from the incident laser. Dynamics software (Wyatt
Technologies Corp.) was used to calculate and fit an autocorrelation function plotted from
the random fluctuations in scattering intensity. These fits of the autocorrelation functions
were used to calculate the diffusion coefficients and then through the Stokes-Einstein
equation, the Ry,. The plate reader DLS provided the opportunity to use small volumes (50
uL) of particle solution and to run different aliquots in series without further sample
preparation.

Zeta Potential Measurements

Zeta potential measurements were carried out in 5 mM ionic strength HEPES (pH 7.4) and
formate (3.0) buffers by electrophoretic light scattering with a Malvern Instruments
Zetasizer.

Filtration Experiments

Syringes (30 mL) were used for the filtration experiments by removing the plunger. Epoxy
was used to seal a septum stopper in the top of the syringe. A manufacturer-supplied, luer
lock membrane holder was used to hold the 25-mm radius membranes at the end of the
syringe. The holders and syringes were sonicated and rinsed with a dilute Alconox solution
and distilled, deionized water before assembly and use. After clamping the syringe
vertically, a particle solution (~ 4 mL) was injected through the septum at the top of the
syringe. Lastly a needle attached to a step-down (0-15 psi) regulator was placed into the
septum to control the hydrostatic pressure. A particle solution of approximately 2 mL was
collected which took anywhere from 4 to 8 hrs for the 100 nm pore experiments and 24 hrs
to 48 hrs for the 10-nm pore experiments. After collection, all solutions were analyzed on a
steady-state fluorescence spectrometer (Photon Technology International), equipped with a
Model 814 PMT photon counting detector. For all microgels containing fluorescein the
excitation wavelength was set to 490 nm and emission was detected between 500-600 nm.
For the polystyrene standards, excitation was set to 468 nm and emission was collect from
480-600 nm based on the literature from the manufacturer. Then the fluorescence at peak
max [515 nm (uGels) 508 nm (pS)] of the solutions was recorded. Readings of particles in
pH 3 buffer were done by spiking and aliquot of 0.5 mL of sample with 50 uL of a 100 mM
pH 9 borate buffer to raise the pH to ~ 8 so that fluorescence would not be quenched. All
data was analyzed by a g-test and outliers at the 95% confidence interval were removed
from the data set. Also, the stars in the data sets represent data that is statistically different
from the 88-nm pStyrene control at a 95% confidence level determined by a t-test. Standard
curves for each particle type and pH condition were made by serial dilutions around the
concentrations that passed through the membrane. Then using linear regression the
background-subtracted fluorescence from the filtration experiments was used to calculate
concentrations.
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Figure 1.

Fluorescence spectra, a) and b), of a 0.01 wt% solution of 3% cross-linked microgels (Dy, =
648 nm) before (black) and after (dotted) filtration through 100 nm pores at pH 7. The
black-dashed line in panel b) represents the pure pH 7 buffer. The spectrum of the filtrate is
an average of 4 spectra. Panels (c), (d), and (e) are fluorescence microscopy images before
and after flitration and a bright field microscopy image after filtration of the same microgels.
Scale bar =5 pm
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Figure 2.
Filtration comparison of 1% and 3% microgels, 88 nm polystyrene, and 200 nm polystyrene
particles (0.001 wt%). Error bars represent the uncertainty over 3 or 4 filtration experiments.
Stars represent statistically significant data at the 95% confidence interval relative to 88 nm

polystyrene at pH 7. Open circles are the hydrodynamic radii of particles at pH 7. Filled

triangles are hydrodynamic radii of particles at pH 3.
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Figure 3.

Filtration comparison of 1% and 3% microgels, 88 nm polystyrene, and 200 nm polystyrene
particles (0.01 wt%). Error bars represent the uncertainty over 3 or 4 filtration experiments.

Stars represent statistically significant data at the 95% confidence interval relative to 88 nm
polystyrene at pH 7. Open circles are the hydrodynamic radii of all particles at pH 7. Filled

triangles are hydrodynamic radii of all particles at pH 3.
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Figure 4.
Normalized wt% passed versus feed concentration of 3% microgels at pH 3 and pH 7 and 88
nm pS at pH 7. The wt% passed was normalized to that as the lowest feed concentration.
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Figure 5.

a) Fluorescence spectra of 0.001 wt% solutions before (solid) and after (dotted) filtration
through 10 nm pores of 116 nm microgels (black) and 88 nm polystyrene beads (gray). After
filtration spectra is an average of 4 spectra. b) Filtered wt% comparison of 116 nm

microgels and 88 nm polystyrene. Diamonds are hydrodynamic radii of particles at pH 7.
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Scheme 1.
Scheme of filtration setup and microgel filtration through a track-etch membrane.
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