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Abstract

Therapeutic immunomodulation in the skin, its draining lymph nodes, or both tissues
simultaneously using an intradermal administration scheme is desirable for a variety of therapeutic
scenarios. To inform how drug carriers comprising engineered biomaterials can be leveraged to
improve treatment efficacy by enhancing the selective accumulation or retention of payload within
these target tissues, we analyzed the influence of particle versus macromolecule hydrodynamic
size on profiles of retention in the site of dermal injection as well as the corresponding extent of
accumulation in draining lymph nodes and systemic off-target tissues. Using a panel of
fluorescently labeled tracers comprising inert polymers that are resistant to hydrolysis and
proteolytic degradation that span a size range of widely used drug carrier systems, we find that
macromolecule but not rigid particle retention within the skin is size-dependent, whereas the
relative dermal enrichment compared to systemic tissues increases with size for both tracer types.
Additionally, macromolecules 10 nm in hydrodynamic size and greater accumulate in draining
lymph nodes more extensively and selectively than particles, suggesting that intra- versus
extracellular availability of delivered payload within draining lymph nodes may be influenced by
both the size and form of engineered drug carriers. Our results inform how biomaterial-based drug
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carriers can be designed to enhance the selective exposure of formulated drug in target tissues to
improve the therapeutic efficacy as well as minimize off-target effects of locoregional
immunotherapy.
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INTRODUCTION

Immunotherapy is increasingly employed for the treatment of a variety of pathologies, such
as cancer and autoimmune disease. Accordingly, biomaterial-based formulation approaches
have been explored to improve the bioactivity and therapeutic efficacy of numerous
immunotherapeutic interventions.13 These include strategies to codeliver multiple
immunotherapeutic drugs,*° provide sustained and/or controlled drug release,%-8 and
improve drug circulation half-lives,4 910 the success of which are critically influenced by the
adequate and selective accumulation or retention of drug within target tissues. To this end,
biomaterials have been used to improve drug bioavailability within healthyl1:12 and diseased
skin,13-15 key targets in vaccine, skin graft, and cancer immunotherapy applications.
Notwithstanding approaches leveraging the enhanced permeability and retention effect for
tumor-enhanced delivery after intravenous injection, dermal delivery is largely accomplished
via direct injection.13.14 Consequently, designing drug carriers to achieve prolonged
retention at the site of injection has been widely explored to improve drug bioavailability
and potency.11.14

Lymph nodes (LNs) are emerging as key immunotherapeutic targets given their role in
directing adaptive immunity and tolerance.16-18 Notably, the efficacy of infectious disease
and cancer vaccines is improved by LN-targeting1®-23 resulting from the localized
modulation of immunological signaling to alter adaptive immune response. As an example
of such an approach, delivery to melanoma draining LN (dLN) mediated by lymphatic-
draining synthetic polymer nanoparticles improves adjuvant activity, in particular increasing
dendritic cell maturation as well as Th1 and antitumor CD8* T cell immunity, resulting in
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reduced tumor growth, a response lost by adjuvant delivery in a nontargeted manner or to
LN not draining the melanoma.1® In another example, corticosteroid delivery to skin graft
dLN mediated by encapsulation within block copolymer micelles has demonstrated success
in delaying rejection.24 Localizing drug activity to dLN can thus provide significant
advantages to immunotherapy in improving immunological outcomes in addition to
achieving dose sparing to minimize off target effects/toxicities.2%26

Given the local immunological signaling associated with pathogenesis in both the diseased
skin and its dLN, therapeutic immunomodulation in either the skin or its dLN or, conversely,
in both tissues simultaneously is potentially desirable for numerous therapeutic scenarios.
However, despite recent advances in targeted immunotherapeutics using biomaterials,
22,232527 there is limited understanding of how carrier design simultaneously affects
retention and accumulation in both the skin injection site and its dLN. Previous studies have
explored the effects of biomaterial carrier size,2128 charge,29:30 hydrophobicity,31:32 and
shape33:34 on various aspects of transport, cellular uptake, and adaptive immune response.
How the coupled effects of both size and form influence carrier transport, especially with
respect to dermal and dLN targeted applications, however, remains to be described. Since
biomaterial-based delivery systems are increasingly explored for immunotherapeutic
delivery,3:35 we sought to analyze the differences in profiles of spherical particulate versus
macromolecular retention as a function of hydrodynamic size in the site of dermal injection
as well as the corresponding extent of accumulation in dLN and systemic off-target tissues.
This was achieved by implementing a panel of tracers comprised of inert polymers
(polystyrene particles and dextran macromolecules) that are resistant to hydrolysis and
proteolytic degradation that span a size range of widely used drug carrier systems and are
labeled with fluorophores with minimal tissue absorbance and spectral overlap.3¢ Tracers
were intradermally infused into naive C57BI6 mice and their biodistribution among the skin
injection site, dLN, and systemic tissues was examined by end point analysis and fluorescent
measurement of homogenized tissues. Our results demonstrate that chain-like, flexible
macromolecular but not rigid, spherical particulate retention within the skin injection site is
size-dependent, that enrichment within the skin relative to systemic tissues increases with
size for both macromolecules and particles, and macromolecules accumulate in dLN more
extensively and selectively than rigid, spherical particles.

MATERIALS AND METHODS

Fluorescent Tracers

Fluorescein isothiocyanate labeled 2 MDa dextran was purchased from Sigma-Aldrich (St.
Louis, MO, USA); 500, 50, and 25 nm fluorescent (580/610 nm, 660/680 nm, and 625/ 645
nm excitation/emission, respectively) carboxylate-modified polystyrene microspheres and 70
and 40 kDa fluorescent (490/520 nm and 555/585 nm excitation/emission, respectively)
dextrans were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 500 kDa or
10 kDa amine-dextrans (Sigma-Aldrich) were covalently labeled by incubation in 0.1 M
NaHCO3 buffer at pH 8.4 for 4 h with Alexa Fluor 700 A-hydroxysuccinimide (NHS) ester
or Alexa Fluor 610-X NHS-ester dye (Thermo Fisher Scientific), respectively. Individual
fluorescent dextran conjugates were purified from unreacted free dye and confirmed to be
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free of unconjugated dye by Sepharose CL-6B gravity column chromatography as
previously described.3¢ All reagents were maintained and used under sterile conditions.
Hydrodynamic sizes of individual fluorescently conjugated tracers were measured by
dynamic light scattering using a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern,
United Kingdom), except for the 25 nm polystyrene spheres for which the manufacturer’s
sizing data were used because of fluorophore incompatibility with our Zetasizer Nano ZS.

Biodistribution Experiments and Analysis

C57BI6 mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). All
protocols were approved by the Institutional Animal Care and Use Committee. Thirty (L of
fluorescent tracer solution normalized for equivalent material volumes using the respective
radius or hydrodynamic radius (either 1.2 x 108 500 nm spheres, 7.9 x 101 50 nm spheres,
23.8 1g of 500 kDa AF700-dextran, and 3 1g of 10 kDa AF610-dextran (7= 9 for 24 h, n=
9 for 72 h in 6 independent experiments); or 8.3 x 1011 25 nm spheres and 1.38 /g of 2 MDa
FITC-dextran (1= 3 for 24 h, n= 6 for 72 h in 4 independent experiments); or 8.3 x 1011 25
nm spheres, 1.93 /g of 40 kDa TRITC-dextran and 0.81 1g of 70 kDa FITC-dextran (n=3
for 24 h, n=3 for 72 h in 4 independent experiments)) in saline was infused intradermally
into the shaved lateral dorsal skin using a syringe pump at a rate of ~300 nL per sec as
previously described.3¢ Tracers with similar labels were injected into separate animal
cohorts. Twenty-four or 72 h post injection (p.i.), the brachial LNs ipsilateral and
contralateral to the site of injection, the skin at the injection site, and the spleen, lungs, liver,
and kidneys were harvested and homogenized in D-PBS using 1.4 mm acid washed
zirconium grinding beads (OPS Diagnostics LLC, Lebanon, NJ, USA) with a FastPrep-24
Automated Homogenizer (MP Biomedicals, Santa Ana, CA, USA). Tissue homogenate
fluorescence was measured using a Synergy H4 BioTek plate reader (BioTek Instruments
Inc.), compensation for fluorescence overlap was applied, and fluorescent tracer standard
curves were made in individual tissue homogenates. Concentrations were calculated as the
percent of tracer injection amount per whole tissue volume (%/mL). Prism 6 (GraphPad
Software Inc., La Jolla, CA, USA) was used to calculate exposure from the area under the
curve (AUC) of tracer concentrations measured between 0 and 72 h. Error propagation
analysis was used to calculate AUC standard error. Systemic tissues used in ratio
calculations included the spleen, lungs, liver, and kidneys. Due to high systemic tissue
(spleen, lungs, liver, and kidneys) autofluorescence around FITC wavelengths, FITC labeled
tracers (70 kDa and 2 MDa dextrans) were not included in concentration ratio analyses.

Statistical Analysis

Data are represented as the mean with standard error. Statistics were calculated and linear
regressions were performed using Prism 6 (GraphPad Software Inc.). Statistical significance
was defined as p < 0.05 following Mann-Whitney Utests or one-way ANOVA followed by
Fisher’s Least Significant Difference (LSD) test. One, two, and three symbols denoting
statistical significance represent p< 0.05, 0.01, and 0.001, respectively, unless otherwise
specified.
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RESULTS

Skin Retention versus Exposure in Systemic Tissues Increases with Increasing Tracer Size

A panel of eight dextran and polystyrene sphere tracers spanning 5-54 and 25-500 nm in
hydrodynamic diameter, respectively (Figure 1A, B), was used to interrogate the effect of
size versus form on skin retention and biodistribution. Because we wanted to explore
whether size-based principles of dLN drug delivery are similar for macromolecule- and
particle-based delivery systems, two size-matched tracer subsets in the size range of passive
lymphatic transport (25 nm polystyrene vs 30 nm dextran and 50 nm polystyrene vs 54 nm
dextran) were used to enable the direct comparison of carrier form on dermal retention and
dLN accumulation. Five nm dextran and 500 nm polystyrene spheres were also included as
benchmarks for modes of tracer transport from the interstitium besides passive lymphatic
uptake for tracers with low retention at the site of injection due to absorption into the
bloodstream and requiring active cell-mediated transport from the site of injection to the
dLN, respectively. Measured profiles of biodistribution (Figure S1A) and size-exclusion
column chromatography elution (Figure S1B) confirmed that individually versus coinfused
tracers behaved identically with minimal to no interaction or aggregation effects.

After infusion into the skin, the smallest (5 nm) dextran was cleared most quickly from the
injection site, with less than 5% of the injected amount remaining after 24 h and only
approximately 3% left at 72 h p.i. (Figure 2A). In contrast, around 20-40% of the 10 and 12
nm dextrans, 50% of the 30 nm dextran, and 85-100% of the 25-500 nm polystyrene sphere
and 54 nm dextran tracers were measured in the dermis at 24 and 72 h p.i. (Figure 2A). As a
result, the concentrations of the larger tracers (25, 50, 54, and 500 nm) in the skin were
significantly greater than that of the 5, 10, and 12 nm dextran at 24 and 72 h p.i. (Figure 2A).
When also considering the concentration of tracer that accumulated in systemic tissues, the
relative amount of tracer localized to the skin tissue surrounding the site of skin injection
versus systemic organs increased with tracer size for dextrans 24 h p.i. (o= 0.050) and
increased for both dextrans (o = 0.006) and polystyrene spheres (p=0.001) 72 h p.i. (Figure
2B). The fold enrichment also increased over time, presumably because of tracer elimination
via excretion,3’ save for the 25 nm polystyrene spheres (Figure 2B).

Accumulation within dLN is Greatest for Macromolecules and Increases Most Appreciably
with Size over 72 h for Particles, Albeit at Lower Levels of dLN-Specific Enrichment
Relative to Macromolecules

We next evaluated the extent of tracer accumulation within LN draining the injected skin.
We found 30 nm dextran to exhibit the highest levels of dLN accumulation (~2% of injected
tracer, approximately 10-20 fold higher than 5 nm dextran or polystyrene sphere tracers of
other sizes) at 24 and 72 h p.i. (Figure 3A). Dextrans 10, 12, and 54 nm in hydrodynamic
diameter also accumulated within dLN at appreciable levels (~1%), approximately half the
amount of 30 nm dextran and when similarly sized, accumulated within LN at 5-10-fold
higher levels relative to polystyrene spheres (Figure 3A). Five nm dextran, on the other
hand, and 25, 50, and 500 nm polystyrene spheres accumulated in dLN the least at both 24
and 72 h p.i. (Figure 3A). However, the difference in dLN accumulation between 24 and 72
h p.i. significantly increased with polystyrene sphere size (p=0.037) presumably because of
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the increasing dependency on cell-mediated trafficking to dLN,28 with 500 nm polystyrene
spheres exhibiting an almost 40 fold change (Figure 3B). The dextran tracers’ dLN
accumulation, however, remained relatively constant from 24 to 72 h p.i. (Figure 3B),
suggesting a sustained, primarily passive lymphatic transport mechanism.3® When compared
to concentrations of tracers accumulating in systemic tissues, the 30 nm dextran
demonstrated the highest dLN/systemic ratio at 24 and 72 h p.i., around one to 2 orders of
magnitude over that of the other dextran tracers, and interestingly, an order of magnitude
higher than the similarly sized 25 nm polystyrene sphere tracer (Figure 3C). Considering
concentrations of tracers accumulating in dLN relative to those in both skin and systemic
tissues, dextran tracers exhibited an order of magnitude higher dLN enrichment, whereas the
polystyrene tracers exhibited ratios at or less than one (Figure 3D). We also found higher
levels of 30 nm dextran tracer accumulation within dLN relative to the skin and systemic
tissues as compared to size-matched polystyrene spheres at 24 h p.i. (Figure 3D).

Macromolecular but Not Particulate Tracer Exposure within the Skin and dLN is Size-

Dependent

Lastly, we sought to evaluate the effects of tracer size and form on total exposure (e.g.,
AUC) within the site of skin injection and the dLN from 0 to 72 h p.i.. We found that skin
exposure to injected dextran but not polystyrene sphere tracers increased with hydrodynamic
size (p=0.022), reaching levels similar to that measured for all polystyrene tracers (Figure
4A). The dextrans 10-54 nm in hydrodynamic diameter also exhibited the highest levels of
exposure within LN draining the injected skin, levels up to 4-fold higher than those
measured in the skin itself and greatest for the 30 nm dextran tracer (Figure 4B).
Contrastingly, polystyrene sphere tracer exposure within the injected skin was similar to the
largest (54 nm) dextran tested and dLN exposure was similar irrespective of size and at
levels similar to those found for the dextran tracer exhibiting the lowest exposure in dLN (5
nm, Figures 4A, B). Accordingly, the exposure of size-matched dextran and polystyrene
tracers was similar in the skin but significantly greater (~3 to 10-fold) in dLN for both sizes
of dextrans relative to the polystyrene spheres (Figure 4B, C). Taken together, when
simultaneously considering exposure within the dLN versus skin, three separate tracer
groups of dLN versus skin exposure emerged: the small macromolecule 5 nm dextran
exhibited low exposure in both the dLN and skin, intermediate sized macromolecules (10-54
nm dextrans) exhibited high exposure in both dLN exposure and skin (10-20-fold and 5-10-
fold relative to 5 nm dextran, respectively), and particles of all tested sizes (25-500 nm
polystyrene tracers) displayed low dLN exposure at levels similar to those seen with 5 nm
dextran but 7-10-fold higher levels of skin exposure (Figure 4D).

DISCUSSION

Biomaterials-based formulation strategies offer numerous advantages for the maximization
of immunotherapeutic drug bioavailability in target tissues’:%1428 while simultaneously
limiting off-target effects.1#:25.26 Design criteria for increasing the efficiency and selectivity
of agent delivery or retention in order to prolong drug exposure in skin and dLN, tissue
targets in a variety of immunotherapeutic regimens (e.g., intra-lymphatic
immunotherapy3%40 as well as intradermal (or intralesional) injection for allergic contact
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dermatitis and plaque psoriasis*! or oncolytic virus therapy in melanoma,*? respectfully),
using biomaterials thus has the potential to increase treatment efficacy, reduce off-target
effects, and potentially eliminate the need for repeated local injections.3-4°

In this study, we explored the effects of macromolecular versus particulate size on profiles of
skin retention and selectivity of dLN accumulation. A range of fluorescent tracer sizes
relevant to engineered macromolecular and particulate drug carriers was implemented and
the time points of analysis (24 and 72 h p.i.) were chosen to allow the interrogation of both
lymphatic transport mechanisms: cell-mediated uptake and migration which peaks 2—-4 days
p.i.4847 versus passive lymphatic drainage from the interstitial injection site.16:19.48-50
Corroborating earlier reports,36-51 we find retention within the injected skin to be size-
dependent (Figure 2A), as is the relative selectivity of skin exposure to injected agent
relative to systemic tissues (Figure 2B). When size matched, macromolecular and particulate
retention in the skin is equivalent (Figure 2A), resulting in similar, although somewhat
higher in the case of ~25-30 nm sized tracers, skin exposure (Figure 4C). Levels of dLN
accumulation were higher for dextrans relative to polystyrene spheres at all tested sizes, save
5 nm dextran (Figure 3A). However, the specificity of dLN accumulation relative to
systemic tissues was highest for an intermediate-sized (30 nm) dextran and at 72 h p.i. for
the largest (500 nm) polystyrene sphere tested (Figure 3C), presumably because of these
tracers exhibiting the most robust levels of lymphatic uptake2 versus high level of retention
within (Figure 2A) and restriction to (Figure 2B) the skin as well as dependency of the 500
nm tracer on cell-mediated transport to dLN (Figure 3B). Furthermore, macromolecular
tracers accumulated in dLN at levels roughly ten times that of size-matched polystyrene
spheres (Figure 4B-D). Therefore, the interplay among hydrodynamic size and flexible,
chainlike macromolecular versus rigid, spherical particulate form control the exposure at the
site of skin injection versus simultaneous capacity to deliver payload to dLN, respectively.
As previous studies1®23 have demonstrated that the extent of LN delivery influences
immunotherapeutic outcomes,9:23 we show herein the importance of considering the
coupled effects of both the size and form/flexibility of biomaterial carriers to potentially
increase therapeutic efficacy in vaccine or immunotherapy applications.

Since after cellular uptake, drug carriers and their payload are presumably restricted to
within migrating cells,33 the mechanism of lymphatic-mediated delivery to dLN influences
the signaling capacity of and the availability of intra- versus extracellular drug targets in
migrating versus LN-resident cells to delivered payload.28 Our results suggest that since
dextran tracer concentrations in the dLN did not increase from 24 to 72 h p.i. (Figures 3A,
B), macromolecular transport from the skin to the dLN is primarily mediated via passive
lymphatic drainage and is thus largely extracellularly available. Despite much lower total
levels of dLN accumulation relative to tested dextrans, the same likely also holds for 25 nm
polystyrene spheres (Figure 3B). However, the 50 and 500 nm polystyrene tracers exhibited
an increase of approximately 5- and 40-fold, respectively, by 72 h p.i. (Figure 3B), and are
thus, in part, restricted within dLN to the cells that migrated there from the periphery. These
results corroborate previous work demonstrating that accumulation of large (500 and 1000
nm) particles within dLN is cell-mediated and absent in dendritic cell-depleted mice?8 or in
mice lacking dermal lymphatics,#8:54 whereas smaller (20 nm) particles are still able to drain
in dendritic cell-depleted mice and be taken up by a variety of dLN-resident cells.28
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Together, these results demonstrate that both the size and form of biomaterial drug carriers
may impact levels and intra- versus extracellular locality of payload within dLN.

Our results demonstrate the unexplored importance of carrier form for dermal and LN
targeting applications as we noted a divergence between the size-dependency of
macromolecule and rigid particle profiles of bioavailability within the skin and dLN. Most
noteworthy, more than 2% of the injected 30 nm dextran accumulated within the dLN, while
dLN accumulation was only 0.2% of the injected amount for similarly sized 25 nm
polystyrene spheres. We hypothesize these differences manifest as a result of the increased
flexibility of chain-like macromolecular dextrans relative to that of rigid polystyrene
spheres,>>-57 as differences in flexibility have been shown to influence both diffusion within
skin®8 and lymphatic uptake.52 How biomaterial rigidity and deformability influence the
distribution of drug carriers throughout dLN as well as resulting profiles of resident cell
uptake has yet to be fully elaborated. Also, whether particles with lower rigidities, such as
those comprised of engineered biomaterials®® rather than polystyrene, or particles with
nonspherical shapes, such as rods or discs,89-61 exhibit size-dependent biodistribution
profiles more similar to macromolecules or polystyrene spheres remains to be determined.
Lastly, whereas the primary focus of this work was to elucidate the influence of
hydrodynamic size and form on skin retention and dLN accumulation, the coupled effects of
numerous other characteristics of engineered biomaterial-based drug carriers (charge, shape,
lipophilicity, matrix affinity, etc.) likely play a significant role as well and have yet to be
systematically analyzed for dermal retention and dLN accumulation.

CONCLUSION

In summary, our results demonstrate that macromolecule and particle retention within the
skin as well as accumulation and enrichment in dLN relative to systemic tissues is acutely
influenced by hydrodynamic size but in different respects. The maximization of
immunotherapeutic drug therapeutic efficacy within the skin and/or dLN as well as
simultaneous limiting off-target effects may thus be tailored by changing the size and/or
form of engineered biomaterial-based carriers. These results will inform the rational design
of drug targeting and delivery strategies to achieve locoregional immunomodulation.
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and (B) tracer panel.
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24 hr
72 hr
Dex
PS

Tracer retention in skin injection site increases with macromolecular but not particle
hydrodynamic size but relative enrichment relative to systemic tissues increases with size for
all tracer forms. (A) Percent of injection amount and resulting concentration of tracer within
the dermal injection site 24 and 72 h p.i. (B) Ratio of tracer concentrations within the
injected skin versus systemic tissues (spleen, lungs, liver, and kidneys) 24 and 72 h p.i. *
indicates significance for 5-12 vs 25, 50, 54, and 500 nm tracers at 24 and 72 h p.i. by one-

way ANOVA and posthoc Fisher’s LSD tests.
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Figure 3.
Tracer accumulation within dLN is greatest for macromolecules, increases most appreciably

over time with increasing particle size, and is the most specifically enriched relative to other
tissues for macromolecules. (A) Percent of injection amount and resulting concentration of
tracer within dLN after dermal injection 24 and 72 h p.i. (B) Fold change in dLN tracer
concentrations from 24 to 72 h p.i. (C) Ratio of accumulated tracer concentrations within the
dLN versus systemic tissues at 24 and 72 h p.i. (D) Tracer accumulation within dLN versus
the skin injection site and systemic tissues at 24 and 72 h p.i. * indicates significant for 25 vs
30 nm tracers by Mann-Whitney U'tests, $ indicates significance for 500 vs 50 and 25 nm
tracers, and # indicates significance for 30 vs 25, 50, and 500 nm tracers at 24 and 72 h by
one-way ANOVA and posthoc Fisher’s LSD tests. The level of 500 nm tracer accumulation
within dLN at 24 h p.i. was not detectable.
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Figure 4.

Tracer exposure within dLN and skin is size and form dependent. AUC of measured
concentration profiles from 0 to 72 h p.i. in (A) skin and (B) dLN. (C) Tissue exposure for
size-matched dextran (red) and polystyrene spheres (blue) as percentage of total for both
forms for the skin (left) and dLN (right). (D) AUC of tracers in skin and dLN. * indicates
significant for 5-12 vs 25, 50, and 500 nm tracers by by one-way ANOVA and posthoc
Fisher’s LSD tests, t indicates significance for 30 vs 25 and 54 vs 50 nm tracers by Mann-
Whitney U'tests.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 June 06.



	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Fluorescent Tracers
	Biodistribution Experiments and Analysis
	Statistical Analysis

	RESULTS
	Skin Retention versus Exposure in Systemic Tissues Increases with Increasing Tracer Size
	Accumulation within dLN is Greatest for Macromolecules and Increases Most Appreciably with Size over 72 h for Particles, Albeit at Lower Levels of dLN-Specific Enrichment Relative to Macromolecules
	Macromolecular but Not Particulate Tracer Exposure within the Skin and dLN is Size-Dependent

	DISCUSSION
	CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

