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Abstract

Magnetic guidance shows promise as a strategy for improving the delivery and performance of cell
therapeutics. However, clinical translation of magnetically guided cell therapy requires cell
functionalization protocols that provide adequate magnetic properties in balance with unaltered
cell viability and biological function. Existing methodologies for characterizing cells
functionalized with magnetic nanoparticles (MNP) produce aggregate results, both distorted and
unable to reflect variability in either magnetic or biological properties within a preparation. In the
present study, we developed an inverted-plate assay allowing determination of these characteristics
using a single-platform approach, and applied this method for a comparative analysis of two
loading protocols providing highly uniform vs. uneven MNP distribution across cells. MNP uptake
patterns remarkably different between the two protocols were first shown by fluorimetry carried
out in a well-scan mode on endothelial cells (EC) loaded with BODIPY558/568-labeled MNP.
Using the inverted-plate assay we next demonstrated that, in stark contrast to unevenly loaded
cells, more than 50% of uniformly functionalized EC were captured within 5 min over a broad
range of MNP doses. Furthermore, magnetically captured cells exhibited unaltered viability,
substrate attachment, and proliferation rates. Conducted in parallel, magnetophoretic mobility
studies corroborated the markedly superior guidance capacity of uniformly functionalized cells,
confirming substantially faster cell capture kinetics on a clinically relevant time scale. Taken
together, these results emphasize the importance of optimizing cell preparation protocols with
regard to loading uniformity as key to efficient site-specific delivery, engraftment, and expansion
of the functionalized cells, essential for both improving performance and facilitating translation of
targeted cell therapeutics.
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Introduction

Experimental therapies using autologous cells to regenerate damaged tissues and restore
normal autocrine and paracrine signaling can pave the way to achieving clinically
meaningful improvements in the management of diseases currently lacking effective
treatment options.. However, in order to realize the clinical potential of cell therapeutics,
there is a requirement to develop improved delivery strategies capable of overcoming
inefficient homing and poor integration and survival of administered cells at their target
sites.2™ Major improvements in delivery specificity, cell viability, and biological function
are needed for the successful translation and implementation of new cell therapies in clinical
practice.?

Targeted delivery of cells rendered responsive to magnetic guidance via functionalization
with iron oxide-containing, magnetizable nanoparticles (MNP) is emerging as an effective
approach for achieving site-specific cell homing and engraftment, potentially applicable for
treating a broad variety of conditions.5-10 In the context of cell therapy, magnetic guidance
is unique in its ability to actively direct and control the motion, localization, and retention of
cells within the target region. However, despite considerable progress in optimizing
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magnetic targeting schemes and MNP formulations with respect to their magnetic properties
and biocompatibility,10-13 preclinical testing results suggest that magnetic guidance often
fails to substantially improve cell delivery and to provide lasting local cell presence,
engraftment, and expansion, all of which essential for realizing the expected therapeutic
benefit.14-15 The lack of consistent improvements in site-specific cell delivery with
magnetic guidance emphasizes the importance of identifying critical variables in cell
functionalization protocols, in turn posing the need to design more robust and reliable 77
vitro methodologies for evaluating magnetically responsive cell preparations, as a step
preceding their further testing in models of human disease.

Effectiveness of cell functionalization for magnetically targeted delivery derives from a
balance between adequate magnetic responsiveness and fully preserved cell viability and
biological function. This balanced cell functionalization requires protocols that consistently
achieve uniform MNP loading throughout the entire cell preparation. In practice, several
studies have shown that significant variability in the distribution of the MNP payload arises
when loading procedures are poorly adjusted for a specific type of MNP and cells to be
functionalized.16-17 Inadequate functionalization is often evidenced by a sizeable fraction of
cells containing no detectable MNP and by highly variable amounts of internalized MNP
divided between the remaining cells. The uneven distribution of MNP results in a significant
proportion of underloaded cells whose magnetic responsiveness is insufficient for guided
delivery.17-18 |t also often increases the fraction of cells overloaded with MNP, thereby
reducing capacity for stable substrate binding and expansion,1%-20 and adversely affecting
the quality and performance of the cell product (shown schematically in Figure 1). However,
the development of improved protocols minimizing MNP uptake variability while preserving
the balance between magnetic properties and cell functionality is limited by the availability
of reliable analytical methods for determining adequacy and uniformity of cell
functionalization. While existing techniques can quickly provide cumulative estimates of
several parameters related to the utility of MNP-loaded cell preparations, these properties
are typically expressed as an aggregate value for an entire population rather than individual
cells or cell fractions. As a result, the magnetic characteristics obtained by these
methodologies primarily reflect those of the most highly loaded cells in a sample, which in
turn are likely to experience the strongest MNP-related toxicity and show the lowest
regenerative potential. Accordingly, cells with the smallest MNP content and thus with the
least affected biological function will contribute to a greater degree to the outcomes of the
standard cell proliferation and viability assays. Therefore, the results of the both types of
measurements are often “favorably” skewed by the respective cell fractions, which may
indeed be the least useable (and, in fact, detrimental by adding to the adverse effects) for
magnetically guided cell delivery and therapy, prompting erroneous conclusions about both
the suitability of a cell functionalization protocol and the quality of a cell preparation.
Measurements of MNP loading and magnetic responsiveness carried out separately from the
analyses of cell viability, substrate binding, and proliferation rates using cell samples
processed in a different way for each set of tests constitutes an additional source of error, as
no tools presently exist for determining these properties in parallel, using a simple and
reliable single-platform approach.
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Focusing on magnetically accelerated reendothelialization of injured blood vessels, our
group has designed and characterized biodegradable, poly(lactide)-based MNP that can be
rapidly loaded into endothelial cells (EC) through magnetically facilitated endocytosis in
amounts sufficient to impart strong magnetic responsiveness without impeding normal cell
behavior and functions.2! By promoting recovery of the disrupted endothelium, magnetically
enhanced delivery of autologous EC has the potential to prevent pathological sequelae of
arterial injury inevitably associated with vascular intervention procedures. In animal model
experiments, magnetic guidance of MNP-functionalized EC using a two-source scheme
potentially applicable to non-superficially located targets in the human body?2? resulted in
markedly improved site-specificity, lasting presence, and expansion of the administered cells
in stented rat carotid arteries.® In the present study, we characterized our cell preparation
protocol based on the magnetically facilitated endocytosis process with respect to the
effectiveness and uniformity of cell functionalization. Using a new single-platform approach
(inverted-plate assay), we sought to identify relevant protocol variables and to establish
criteria for optimizing the performance of MNP-functionalized cells for targeted delivery
applications. Using the original cell loading protocol® 21 and an auxiliary procedure
designed to experimentally reproduce the characteristic pattern of non-uniform MNP uptake,
we comparatively examined the effects of MNP loading variables on cell functionality and
capture efficiencies under conditions modeling magnetically guided delivery in the presence
of an opposing force. As a simple and robust /n vitrotool for screening magnetically
targetable cells, the inverted-plate assay is expected to assist with identifying effective cell
functionalization strategies and facilitate /n vivo evaluation of experimental cell therapeutics,
expediting translation of magnetically targeted cell delivery into the clinic.

Results and Discussion

Identifying and optimizing key parameters in the cell functionalization process are essential
for improving the performance of magnetic cell guidance strategies and establishing them as
effective and well-characterized tools for targeted delivery of cell therapeutics. An inverted-
plate assay designed in this study as a single-platform approach for optimizing the cell
functionalization process was first evaluated experimentally for its specificity and accuracy
using EC functionalized with biodegradable MNP.8: 21 Polylactide-based superparamagnetic
MNP with a narrow size distribution (290+8 nm, polydispersity index = 0.09) and high
magnetic susceptibility exhibit rapid and dose-effective uptake, resulting in near-complete
internalization of the particle payload within 24 hr via magnetically facilitated endocytosis.
21 As part of the inverted-plate assay validation, bovine aortic EC loaded with MNP (5 pg/
well) were combined at predetermined ratios with unloaded cells and placed together as a
mixed cell suspension in wells of a 96-well plate. The plate positioned on a permanent
magnet was turned over for 30 min to expose the cells to a high-gradient magnetic field
(average field gradient of 32.5 T/m) applied against gravity. Fractional capture efficiency of
the cells in the presence of the opposing (gravitational) force was found to accurately match
the proportion of MNP-loaded EC (Figures S1A, Figure 2A), confirming high selectivity of
the assay. Remarkably, within 30 min of exposure to the upwardly directed magnetic force,
all the magnetically responsive cells stably adhered and started spreading on the substrate,
and fully reassumed normal EC morphology within 3 hr (Figure 2B). In contrast, virtually
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all EC in the mixed cell suspension, regardless of the loaded-to-nonloaded cell ratio, adhered
to the substrate within 30 min in a plate positioned upright as a control. Conversely, no cell
attachment was observed if the plate was kept inverted in the absence of magnetic exposure,
confirming that cell capture and stable binding in the inverted-plate setup was conditioned
upon the presence of the high-gradient field together with magnetic responsiveness of the
cells sufficient to resist gravity (Figure S1A). Notably, the metabolic activity of the captured
EC determined using the resazurin/resorufin (Alamar Blue23) system was independent of
MNP loading. The results of the Alamar Blue measurements agreed with the numbers of
captured cells at all tested ratios (/2 = 0.99), demonstrating the utility of this analytical
method for the rapid quantification of EC capture as part of the inverted-plate assay and
confirming a lack of short-term adverse effects resulting from the functionalization process
(Figures 2A & S1D). Furthermore, Alamar Blue measurements and cell counting performed
longitudinally on magnetically captured cells (initial cell density of 1,400 EC per well)
showed division rates similar to those of unloaded EC included as a control, with cell
numbers increasing 3.95+0.06 and 3.62+0.01 fold a day, respectively, during the exponential
growth phase (Figure 2C). Based on these results, cell functionalization required for rapid
and selective magnetic cell capture was accomplished using the optimized protocol without
altering normal cell behavior or having delayed adverse effects on their proliferation
potential. Magnetically guided cells rapidly and stably attached to the substrate and, after a
short lag, expanded with exponential kinetics exhibiting a doubling time of 12.1+0.1 hr.
Taken together, these findings are consistent with effective targeted delivery, retention and
subsequent rapid expansion of MNP-functionalized EC guided to stented arteries using the
two-source magnetic targeting strategy,® supporting the relevance of the inverted-plate
studies to the experimental settings of in vivo magnetic cell delivery testing in a preclinical
model.

Having established the applicability of the inverted-plate assay for the concomitant
characterization of magnetic responsiveness, substrate binding, and proliferation of MNP-
functionalized cells, we focused on the effects of the MNP distribution pattern within a cell
preparation. To comparatively investigate the role of loading uniformity as a determinant of
the magnetic and biological properties of MNP-functionalized cells, the cell
functionalization step was modified to simulate the result of a loading process causing
uneven distribution of the particle payload across the cells.1”-18 MNP stably labeled with a
biocompatible red fluorescent dye of the boron dipyrromethene series? (BODIPY s5g/568)
were formulated for these experiments as reported previously.2® In contrast to the optimized
loading procedure resulting in EC evenly loaded with MNP at all tested doses as shown by
fluorescent microscopy and by live cell fluorimetry applied in a well-scan mode (Figure 3A-
B, Figure S2), the modified protocol closely recapitulated the characteristics of a non-
uniform loading process!”- 26-27  causing the majority of the particle payload to primarily be
distributed between a limited number of cells, with a significant proportion of EC showing
little or no MNP-associated fluorescence even at the highest tested particle dose of 10 pg/
well (Figure 3A-B). Besides marked differences in the correlation between the cell-
associated fluorescent signals and the corresponding MNP doses (excellent and poor,
respectively, for the optimized and simulated non-uniform loading procedures, Figure S2A),
the relative standard deviations (RSD) of individual fluorescence measurements taken from

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Battig et al.

Page 6

nine separate areas within each well correlated strongly with the loading patterns (Figure
3C, Figure S2). For all tested MNP doses, the optimized protocol resulted in RSD
consistently below 15%, compared to several-fold greater RSD values of 126+8% and
47+6% determined for EC treated with the lowest and highest MNP doses (1 and 10 ug per
well, respectively) using the non-uniform process, suggesting that RSD of a series of
measurement taken across the area of a well can provide a practical quantitative metric of
the MNP distribution uniformity. Unlike uniformly loaded cells fully retaining viability and
metabolic activity at all tested particle doses (viability loss <3% at 10 ug MNP per well,
Figure 3D), non-uniformly loaded EC revealed a significant loss of viability increasing
rapidly with MNP amount (p<0.001) and reaching 30+12% at the highest dose of 10 ug
MNP per well. Collectively, the results of these studies point to several important
observations. First, using stably fluorescently labeled MNP we showed that cell loading
processes can exert dramatically different effects on the viability status of functionalized
cells as a result of variations in MNP uptake uniformity. Second, our findings suggest that,
in combination with fluorescent microscopy as an approach for detecting unbalanced MNP
distribution at the microscopic scale, fluorimetric measurements of internalized MNP
conducted over a cell-covered area in the well-scan mode provide a simple and sensitive
method for obtaining accurate quantitative estimates of cell functionalization uniformity.
Specifically, the RSD of the MNP-associated fluorescent signal sampled from a number of
different regions within a well provides a quantitative measure accurately reflecting
(in)homogeneity of MNP distribution over a broad range of MNP doses. Thus, cell loading
protocol optimization may include the establishment of threshold RSD values corresponding
to a maximal acceptable variability in MNP distribution, helping to reduce toxicity and
improve quality of magnetically targetable cell preparations.

The effect of cell functionalization uniformity on magnetic capture was studied as a function
of MNP loading and exposure duration in another set of experiments using the inverted-plate
method (Figure 4, Figure S3). The magnetic capture efficiencies of EC loaded with MNP
using the two protocols were found to be markedly dissimilar, both in terms of captured cell
fractions and initial cell depletion rates (Figure 4A). For the optimized protocol, the
proportion of magnetically captured EC was directly dependent on MNP dose and exposure
duration, with more than 50% of uniformly loaded cells captured within 5 min at all tested
MNP doses above 0.5 g per well (Figure S3A). Furthermore, a 1 min-long magnetic
exposure was already sufficient to capture 49.5+9.8% of EC functionalized with 10 ug MNP
per well (Figure 4B). The high capture rates approaching or exceeding 50% and the stable
cell anchorage in the presence of a competing force after a short exposure (on the order of
1-5 min) observed in the present study may be of particular relevance to the clinical settings
of magnetically targeted cell delivery, where the exposure duration may be a significant
limiting factor. In comparison, magnetic capture of EC loaded non-uniformly exhibited a
bell-shaped dependence on MNP dose at all tested exposure durations (Figure S3B), with
the highest cell depletion rates observed at 1 pg MNP per well and rapidly declining toward
10 pg/well (Figure 4B). Reaching the maximal fractional capture of ca. 50% required
prolonging the magnetic exposure to 30 min, whereas the proportion of EC captured after 5
min was consistently below 20% for all MNP doses (Figure S3B). This difference in the cell
capture patterns is a result of the dual selection built into the assay design: only cells

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Battig et al.

Page 7

exhibiting a combination of magnetic responsiveness sufficient to drive their motion against
gravity with unaltered viability and substrate binding capacity will demonstrate capture and
stable anchorage. Thus, the bell-shaped pattern of cell depletion and the generally poor
capture efficiency of EC loaded with MNP using the protocol simulating non-uniform
distribution of the MNP payload is attributed to the presence of underloaded (insufficiently
magnetically responsive) and overloaded (non-viable) cells, whose proportions additionally
increase toward the lower and higher tested MNP doses, respectively.

The profound effect of loading uniformity on magnetic guidance capacity demonstrated
using the inverted-plate assay was reevaluated using magnetophoretic cell mobility/capture
measurements. Magnetic capture was monitored and analyzed for each cell loading protocol
as a function of MNP dose. Remarkably, capture Kinetics measured in parallel using the
distinct fluorescent signals of MNP (red: Aey/Aem = 540 Nnm/575 nm) and a lipophilic
cyanine dye used to label EC (green: Agy/Aem = 485 nm/535 nm) were near-identical for
cells functionalized using the optimized protocol (Figure S4A), consistent with previously
shown high loading uniformity (Figure 3A-B and Figure S2). A direct comparison between
the magnetic capture profiles of cells loaded using the two protocols closely reiterated the
trends observed with the inverted-plate assay: while cell capture was consistently incomplete
within the time frame of the experiment (0-30 min) likely due to a small fraction of EC
remaining outside the rapid capture zone,2! cells loaded with high uniformity using the
optimized protocol exhibited rapid capture (over 50% EC loaded at 5 and 1 pg/well were
depleted within 10 sec and 4 min, respectively, Figure 5AuB). Furthermore, magnetic
capture of EC functionalized using this protocol with MNP at doses =5 pg/well was 77+2%
complete already after 30 sec. In contrast, the maximal capture rates (measured at 30 min)
remained on average below 50% for EC loaded with all doses of MNP using the protocol
modeling non-uniform payload distribution. The markedly more effective capture of
uniformly functionalized cells within a time frame practically relevant to the clinical settings
of magnetically guided delivery is confirmed by detailed analysis of the early time points
(0-3 min, Figure 5B), as well as the initial cell capture rates (Figure 5C). Whereas magnetic
depletion of uniformly loaded cells measured over the first 60 sec occurred with high rates,
which were also directly dependent on the MNP dose (0.46+0.10%, 1.12+0.09%, and
1.23+0.04% per sec for 1, 5 and 10 ug MNP per well, respectively), the initial capture of EC
loaded using the alternative protocol exhibited significantly slower kinetics repeating the
characteristic bell-shaped dependence on the MNP dose (0.22+0.07, 0.36+0.09, and
0.16+0.18% per sec for 1, 5, and 10 pg MNP per well, respectively). Thus, the markedly
dissimilar performances of EC loaded using two protocols become most evident at larger
MNP doses, with almost an order of magnitude greater initial capture rates of EC uniformly
loaded with MNP at a dose of 10 pg/well. The strong interdependence of the loading
protocol and the effect of the MNP dose was confirmed by statistical analysis (p<0.001, two-
way ANOVA), with significant differences between the two loading procedures
demonstrated at each tested dose of MNP (p<0.02).

The results of inverted-plate experiments and magnetophoretic EC capture studies together
demonstrate that cell functionalization uniformity is essential for achieving efficient
magnetic guidance on a clinically relevant time scale, as well as for minimizing the fraction
of cells prone to dissemination to non-target sites. Underloaded and overloaded cells present
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in non-uniform preparations (Figure 1) lack either the magnetic responsiveness or capacity
for stable anchorage required for guided, site-specific delivery and retention. Thus, their
presence is likely to reduce the overall therapeutic efficacy of a treatment, while at the same
time considerably increasing the risk of serious adverse effects, including formation of
emboli, impaired tissue function due to off-target paracrine effects or procoagulant activity
leading to thrombotic events.28-29 While, in contrast to the inverted-plate assay,
magnetophoretic cell mobility/depletion studies do not address viability and substrate
attachment capacity of the captured cells, the results of these two sets of experiments are in
agreement, pointing to similar trends with regard to the individual effects and interaction
between cell loading uniformity and MNP dose. Remarkably, these trends were shown to be
present both on an extended time scale up to 30 min, as well as at early time points as
evident from the comparative analysis of initial cell depletion kinetics (Figure 5C). To be of
practical relevance and utility for site-specific cell delivery, a cell functionalization process
should allow rapid and effective magnetic guidance of MNP-loaded cells in the presence of
competing forces to allow near-quantitative cell capture and stable homing to the delivery
site over a short period of time, on the scale of several minutes. Loading uniformity appears
to be the key characteristic of a cell preparation determining both the overall efficiency and
the kinetic pattern of magnetic cell capture.

Our findings show that the robustness of cell products can be markedly increased by using a
cell functionalization protocol optimized for payload distribution uniformity: smaller
amounts of MNP can be applied without significantly compromising the rates of magnetic
cell capture/retention. This may be of particularly importance when MNP are formulated
with small-molecule therapeutics or gene delivery vectors as modifiers of the cell biological
activity,2L: 30 which in turn may require precise control over the dose of the particles in order
to avoid untoward effects on the delivered cells or cellular components of the tissue near the
site of their homing. At the same time, uniform distribution of the MNP payload makes
possible accelerating the capture process and maximizing the fractional capture rates by
enabling safe use of larger doses of MNP formulations with enhanced biocompatibility, such
as that in the present study shown to have no significant cell toxic effects up to 160 pg iron
oxide per cell.2! The robustness of the uniformly loaded cell preparation observed over a
broad range of MNP doses is in contrast to the bell-shaped magnetic capture pattern
characterizing non-uniformly loaded cells (Figures 4 and 5), with inferior fractional capture
rates at all tested time points and with all MNP doses. Based on our results, cell
functionalization protocols optimized for uniformity offer greater flexibility with regard to
loading conditions and MNP dose, which is advantageous for adjusting the cell production
process for a given therapeutic application. This robustness is essential for maintaining the
balance between adequate magnetic responsiveness and acceptable biological function of the
cell product for consistent efficiency and safety of its clinical use. Furthermore, as
cryopreservation is an important part of the cell preparation process (addressed by our group
in a previous study®), the uniform distribution of the MNP payload is likely to reduce the
cytoskeleton destabilization2?: 31 and increase the ability of the cells to withstand the stress
associated with freezing, making possible rapid recovery of normal morphology and
proliferation rates after storage, whereas non-uniform loading resulting in a significant
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proportion of overloaded cells can increase their vulnerability to the injury associated with
the cell freezing process.

Conclusions

Methods

Magnetically guided delivery has shown promise as a strategy for enhancing target
specificity, efficacy, and safety of cell therapies for a broad spectrum of diseases currently
lacking effective treatment options.32 The successful translation of magnetic cell guidance to
the clinic requires elucidating key factors governing cell functionalization and reliably
determining the effect of these process variables on the magnetic properties and biological
function of the cell product. To address the need for a single-platform approach providing
unbiased results and accurately reflecting both adequacy and variability of the relevant cell
characteristics within a preparation, we developed an inverted-plate assay and applied it to
comparatively analyze the performance of two cell loading protocols providing distinct
patterns of MNP uptake, varying in degrees of the particle distribution uniformity across the
cells. The profound difference between the two cell loading protocols with markedly faster
magnetic capture kinetics occurring on a clinically relevant time scale, followed by stable
anchorage and rapid expansion of uniformly functionalized cells, was demonstrated by the
inverted-plate assay and confirmed by well-scan fluorimetric measurements and
magnetophoretic mobility analysis, emphasizing the importance of thoroughly optimizing
the cell preparation process with regard to uniformity. Achieving well-balanced MNP
payload distribution is key to robust production of magnetically targetable cells with fully
preserved viability, substrate binding capacity, and regeneration potential. The results of our
study and the new single-platform assay developed as a tool for optimizing the performance
of cell loading protocols and magnetically functionalized cells are expected to inform their
evaluation in experimental disease models and subsequently facilitate translation of targeted
cell therapeutics to the clinic.

Formulation and characterization of MNP

Particle-forming polymer covalently labeled with BODIPY 55g/568 (5.7 pmol per gram) was
synthesized from poly(D,L-lactide) with M,, of 50 kDa (Lakeshore Biomaterials,
Birmingham, AL) as previously described25. Uniformly sized, polylactide (PLA)-based
magnetic nanoparticles were formulated using a modification of the emulsification-solvent
evaporation method.2! The composite design of the particles obtained using this formulation
approach, with multiple individual small-sized magnetite nanocrystals incorporated in the
rigid particle matrix, is key to their superparamagnetic behavior and negligible magnetic
remanence (less than 1% of the respective saturation value).?L: 33 In brief, 2.5 mL of an
ethanolic solution containing 170 mg ferric chloride and 62.5 mg ferrous chloride
tetrahydrate was mixed with an equal volume of sodium hydroxide dissolved in deionized
water (0.5 M). The precipitate was matured at 90 °C for 1 min, then cooled on ice. The
formed magnetite was separated using a magnet and dispersed under constant mixing over 5
min at 90 °C in 2 mL of an ethanolic solution containing 200 mg oleic acid. The excess of
oleic acid was removed via phase separation with 4 mL deionized water and decantation.
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Oleic acid-coated magnetite was washed with ethanol and dispersed in 4 mL of chloroform.
An equal volume of a chloroformic solution containing BODIPY 55g/565-1abeled and plain
PLA (80 mg and 120 mg, respectively) was added to the magnetite suspension to form an
organic phase. The organic phase was emulsified with 10 mL of aqueous bovine serum
albumin (2%, w/v) by sonication on ice, followed by the removal of the organic solvent
under reduced pressure using a rotary evaporator. Formed MNP were washed twice with
deionized water using magnetic decantation, then resuspended in 6 mL of aqueous trehalose
solution (10%, wi/V), filtered through a sterile 5.0-um polyvinylidene difluoride membrane
(EMD Millipore; Billerica, MA), and lyophilized. Lyophilized MNP were stored at =20 °C
and reconstituted in deionized water to 22 mg/mL (Barnstead Nanopure; Thermo Scientific,
Dubuque, 1A, USA) before use.

Dynamic light scattering (90 Plus Particle Size Analyzer, Brookhaven Instruments;
Holtsville, NY) was used to characterize MNP size. Magnetite content of the MNP was
determined spectrophotometrically against a standard curve (A = 335) after digesting MNP
in 1 M sodium hydroxide for 30 min, then dissolving the iron oxide precipitate in 1 M
hydrochloric acid at 90 °C for 5 min.

EC functionalization with MNP and characterization of loading uniformity

Bovine aortic EC (BAEC) were cultured in DMEM supplemented with 10% FBS at 37 °C in
a humidified atmosphere of 5% C0O,-95% air. One day prior to functionalization, BAEC
were seeded on a 96-well plate at 12x103 cells/well and allowed to reach confluency
overnight. On the next day, BAEC were washed with culture medium prior to loading with
MNP, using either the optimized (uniform) procedure or a modified protocol modeling
uneven MNP payload distribution as described below.

Uniform EC loading using an optimized procedure.—BAEC uniformly loaded with
MNP were produced using a procedure based on magnetically enhanced endocytosis,
optimized and applied previously to functionalize EC for /n vitro studies and magnetically
guided cell delivery in an animal model of arterial restenosis®: 21 25, Briefly, MNP were
diluted to indicated amounts with culture medium and added to BAEC at 100 pL/well. To
promote concurrent sedimentation and endocytosis of MNP, the plate was positioned on a
magnetic separator with an average field gradient of 32.5 T/m (LifeSep™ 96 F, Dexter
Magnetic Technologies; Fremont, CA) and incubated at 37°C for 24 hr for complete
internalization of the MNP payload.?!

Non-uniform EC loading using a (simulated) procedure designed to model
uneven MNP distribution.—A modified procedure was developed to model uneven
distribution of MNP across cells within a well. Prior to loading, plated BAEC were
incubated at 4 °C for 30 min to temporarily inhibit endocytosis. Indicated amounts of MNP
were diluted in chilled culture medium to a volume of 1 pL. While the plate was on the
magnetic separator, the concentrated suspension of MNP was added to the rightmost region
of the culture medium-containing wells, in the immediate vicinity of the seeded cells. The
plate with the magnetic separator was returned to 4 °C for an additional 30 min to
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concentrate the MNP on the cell surface while inhibiting their internalization. Afterwards,
the plate was transferred together with the magnetic separator to a 37°C incubator for 24 hr.

The spatial distribution of MNP after completion of cell loading with either procedure was
characterized fluorimetrically (Aex/Aem = 540 Nm/575 nm) using the scan-mode settings at
nine regions equally spaced throughout the well (SpectraMax Gemini EM, Molecular
Devices; Sunnyvale, CA). These values were used to calculate the averages and relative
standard deviations (RSD) of the MNP payload distribution. Cell viability was evaluated
using the resazurin (Alamar Blue) assay.34 To selectively determine the fluorescent signal of
the dye reduced to resorufin by aerobic respiration of the metabolically active cells, the
supernatant was transferred into empty wells immediately before the measurement and its
emission was read at Agy/Aem = 540 Nnm/575 nm.

Evaluation of EC functionality using the inverted-plate assay

The magnetic guidance capacity of EC in the presence of a challenging (gravitational) force,
anchorage and proliferation were evaluated longitudinally as a function of MNP dose and
cell loading protocol using the inverted-plate assay. MNP-loaded BAEC were washed,
trypsinized, suspended in culture medium and applied in quadruplicates at 270 uL per well
to the wells of a 96-well plate. The plate was overturned gently with the suspensions
retained within the wells of the plate. The plate was incubated at 37 °C for 1, 5, 15, and 30
min with a magnetic separator (average field strength = 32.5 T/m) placed atop the plate to
apply a high-gradient magnetic field directionally opposite to that of the gravitational force.
After incubation, the supernatants containing unattached cells were transferred into fresh
wells. Substrate-adherent and unattached cells were enumerated both by manual counting
and the Alamar Blue assay.3* The proliferation rate of captured BAEC was determined by
measuring cell numbers at 24-hr intervals, using non-functionalized cells seeded at an equal
density as a reference.

Magnetic cell capture studies using depletion-based magnetophoresis

The characterization of magnetic responsiveness using the inverted-plate assay was cross-
validated using a depletion-based magnetophoresis assay adapted from a previously
described procedure.3®> MNP-loaded BAEC were first stained with the fluorescent
membrane probe, 3,3-dioctadecyloxacarbocyanine perchlorate (ChemCruz; Dallas, TX),
diluted to 10 uM in culture medium and applied for 3 hr at 37 °C. Fluorescently labeled cells
were collected through trypsinization, washed v7a centrifugation in DPBS supplemented
with 10% FBS, then resuspended in DPBS supplemented with 1% FBS. Cell suspensions
were applied to a 48-well plate at 1 mL per well, and their fluorescent signals were
measured in 10-sec intervals at 37°C at Aoy/Aem = 485 Nm/535 nm (SpectraMax Gemini
EM, Molecular Devices; Sunnyvale, CA). The magnetically driven cell capture was
accomplished using two mutually attracting neodymiumiron-boron magnets (LxHxD: 18
mmx12 mmx6 mm) placed around the well. The field strength was measured to be 0.35 T
and 0.24 T at the surface and the center of the well, respectively (Model 410 Gaussmeter,
Lakeshore; Westerville, OH). Fractional EC capture values and initial capture rates were
derived from changes in normalized fluorescence intensities of cell suspensions (I
normalized against Iy, or Ii/lp) over time.
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Statistical Analysis

Experimental data are expressed as mean + standard deviation. Cell proliferation kinetics
were analyzed by linear regression. Results were evaluated using one-way or two-way
analysis of variance (ANOVA) with the Bonferroni correction for multiple comparisons
where appropriate. Differences were termed significant at p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Scheme illustrating the effect of the uniformity of cell functionalization with MNP for

magnetically guided delivery. The pattern of magnetically driven MNP uptake determines
both the magnetic guidance capacity and the ability of cells to stably home and expand at the
target site.
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Figure 2.
Characterization of magnetic responsiveness, substrate binding stability and EC growth

using the inverted-plate assay. (A) EC capture from binary suspensions of MNP-loaded and
non-loaded EC showing selective and quantitative separation of magnetically responsive
cells at all tested ratios. (B) Representative micrographs of EC captured from binary
mixtures immediately following capture (£= 0 hr) and 3 hr post-capture, showing
magnetically driven substrate attachment and stable anchorage (magnification x100). (C)
The number of magnetically captured, functionalized EC (“Loaded EC”) 0-3 days post-
seeding, shown in comparison to non-functionalized control cells seeded at the same initial
density (“Control EC”). Statistical analysis shows no significant difference in the
proliferation Kinetics (0=0.4).
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Figure 3.

The effect of cell loading protocol on uniformity of MNP distribution. (A) Representative
fluoromicrographs showing MNP distribution within a well following cell functionalization
using optimized vs. simulated non-uniform loading conditions (magnification: x40). (B)
MNP distributions presented as well-scan fluorescence intensity plots from signals sampled
across nine areas equally spaced throughout the well. A gradient color scale is used to
express local fluorescence intensities as a percentage of the maximum fluorescent signal.

(C) Relative standard deviations (RSD) of the well-scan fluorescence intensities calculated
as a measure of uptake uniformity. (D) The comparative viabilities of EC loaded with MNP
using two protocols, assessed using the Alamar Blue assay against non-treated EC as a
reference. Both loading procedure, MNP dose, and their interaction had significant effects
on EC viability per the results of two-way ANOVA analysis (p < 0.001 for each effect). An *
denotes a statistically significant difference between the optimized (uniform) loading and the
simulated, non-uniform loading of EC at the specified dose of MNP.
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Figure 4.
Magnetic EC capture/anchorage measured longitudinally using the inverted-plate assay as a

function of loading protocol and MNP dose. (A) The time courses of EC capture are shown
for EC loaded using 0.1, 1, and 10 ug MNP/well with the optimized (uniform) and the
simulated, non-uniform loading procedures. EC captured by exposure to the high-gradient
magnetic field over different time periods (1, 5, 15, and 30 min) were quantified using the
Alamar Blue assay. Data are presented as a fraction of the total cell number (7= 4). (B)
Detailed analysis of EC capture/anchorage after 1 and 30 min of magnetic exposure for EC
loaded with 0.1-10 pg MNP/well using the optimized (uniform) and the simulated, non-
uniform loading procedures.
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Figure5.
EC capture using a depletion-based magnetophoresis assay. MNP-loaded EC were labeled

with 3,3-dioctadecyloxacarbocyanine perchlorate and the fluorescence intensity of the EC
suspensions were monitored longitudinally (Aex/Aem = 485 Nnm/535 nm) during exposure to
a high-gradient magnetic field. (A) The time courses of fluorescence intensity changes are
shown for EC loaded using 1, 5, and 10 pg MNP/well using the optimized (uniform) vs.
simulated non-uniform loading procedures. Data are presented as normalized fluorescence
intensities normalized to initial values (I¢/1g). (B) The time course of cell capture shown in
detail for the initial 3 min of the capture experiment: a comparison between EC loaded
uniformly vs. non-uniformly with 1, 5, and 10 pg MNP/well. (C) Initial kinetics of cell
capture (measured over the first minute), presented as fractional cell depletion per second for
EC loaded uniformly vs. non-uniformly with 1, 5, and 10 ug MNP/well. An * denotes a
statistically significant difference between the optimized (uniform) loading and the
simulated, non-uniform loading procedures at a given MNP dose.
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