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Abstract
Dynamic architecture and motion in mechanically active target tissues can influence the
pharmacokinetics of locally delivered agents. Drug transport in skeletal muscle under controlled
mechanical loads was investigated. Static (0–20%) and cyclic (±2.5% amplitude, 0–20% mean, 1–
3 Hz) strains and electrically paced isometric contractions (0.1–3 Hz, 0% strain) were applied to rat
soleus incubated in 1 mM 20 kDa FITC-dextran. Dextran penetration, tissue porosity, and active
force-length relationship over 0–20% strain correlated (r = 0.9–1.0), and all increased 1.5-fold from
baseline at 0% to a maximum at 10% (Lo), demonstrating biologic significance of Lo and impact of
fiber size and distribution on function and pharmacokinetics. Overall penetration decreased but
relative enhancement of penetration at Lo increased with dextran size (4–150 kDa). Penetration
increased linearly (0.084 mm/Hz) with cyclic stretch, demonstrating dispersion. Penetration
increased with contraction rate by 1.5-fold from baseline to a maximum at 0.5 Hz, revealing
architectural modulation of dispersion. Impact of architecture and dispersion on intramuscular
transport was computationally modeled. Mechanical architecture and function underlie intramuscular
pharmacokinetics and act in concert to effect resonance between optimal physiologic performance
and drug uptake. Therapeutic management of characteristic function in tissue targets may enable a
physiologic mechanism for controlled drug transport.
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1. Introduction
Mechanically active tissues such as skeletal muscle present a unique pharmacokinetic
environment in which transport of locally delivered drug can be influenced by not only
physicochemical interactions, but also dynamic architectural configurations and mechanical
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function. The continuous network of force-transmitting and connective perimysial and
endomysial collagen fibers [1] between myofibers can hinder interstitial diffusion in a strain-
dependent manner. Dynamic physical effects such as intramuscular pressure, fluid
redistribution, and structural deformations [2,3] during mechanical function can alter transport
kinetics. Whereas local delivery strategies minimize systemic losses and enable efficient
administration of therapies to target tissues [4,5], ultimate drug distribution and pharmacologic
effect are determined by target tissue pharmacokinetics. A quantitative understanding of
intramuscular transport forces is critical for clinically motivated strategies like therapeutic
angiogenesis, which seeks to locally deliver pro-angiogenic factors to ischemic muscles [4,6,
7].

Studies have investigated how strain or contraction in whole skeletal muscles affects total
uptake of glucose [8–10], lactate [11], phosphate [12], calcium [13,14], and fatty acid [15].
However, they have predominantly elucidated the pharmacokinetic influence of activity-
dependent metabolism on substrate uptake. This present study applied a rigorous, quantitative
framework to investigate the characteristic and synergistic impact of functional architecture
and mechanical forces on intramuscular transport of locally delivered soluble macromolecules.
Having previously demonstrated that cyclic mechanical loading influences drug distribution
based on the dictates of muscle geometry, we systematically investigated the transport effects
of static and cyclic strain and isometric contraction, and their unique correlation with structure
and function. The mechanisms at hand were validated through computational models.

2. Methods
2.1 Surgical Protocol

Experiments were conducted within the animal welfare regulations and guidelines of
Massachusetts. Male Sprague-Dawley rats (450–470 g, Charles River) were administered 1000
U of Heparin (Webster Veterinary) via intraperitoneal injection 5 min before euthanasia with
inhaled CO2. Thoracotomy was performed immediately after euthanasia, and 60 ml of Krebs-
Henseleit-Butanedione Monoxime (KH-BDM) (in mM: 118.1 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2
MgSO4, 1.2 KH2PO4, 25 NaHCO3, 11.1 Glucose, supplemented with 1 Sodium Pyruvate, 1
Isoleucine, 1 Leucine, 1 Valine, and 5 BDM at pH 7.4) (all components from Sigma, cell culture
tested) oxygenated with 95% O2-5% CO2 was infused down the aorta to relax and preserve
tissues of the lower extremities during surgery.

The soleus was measured, isolated, and resected with its tendons and segments of the calcaneus
and fibula intact as described previously [16]. The in situ length of the soleus, measured using
a Mitutoyo Digimatic caliper with ± 0.01 mm precision between the proximal and distal
myotendinous junctions while flexing the knee and ankle at 90° and referred to as the nominal
length, corresponded to the initial length, at which passive resistance to stretch first occurs.
Because rats were selected from a narrow weight range, all soleus muscles were of equal size
and measured 28 mm in nominal length. After excision, muscles equilibrated in oxygenated
KH that chilled on ice for 15 min before mechanical loading. For electrically paced groups,
KH was used in all parts of the surgical protocol.

2.2 Mechanical Loading and Drug Delivery
All static and cyclic strains were applied on pairs of whole soleus muscles using a custom-built
mechanical loading system described previously [16]. For all loading conditions described
below, muscles were stretched for 1 h in 16 ml of 1 mM 20 kDa FITC-dextran (Sigma, No.
FD20) in KH. Drug source was kept oxygenated, at room temperature, and well-mixed by
magnetic stir bar.
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2.2.1 Static Strain—Muscles (n = 6) were held stretched to 0%, 5%, 10%, 15%, or 20%
strain. 0% strain corresponds to nominal length, 5% corresponds to 105% of the nominal length,
etc. 10% strain was found previously to correspond to optimal length Lo. Muscles (n = 6) were
similarly stretched to 0%, 10%, or 20% and incubated in 1 mM of 4 kDa or 150 kDa FITC-
dextran (Sigma, No. FD4 & FD150).

2.2.2 Cyclic Stretching—Muscles (n = 6) were loaded to sinusoidal strains with an
amplitude of 2.5% of the nominal length about mean strains of 0%, 5%, 10%, or 20% at 1, 2,
or 3 Hz. Muscles (n = 6) were also loaded at 1 Hz for 1 h, 2 Hz for 30 min, and 3 Hz for 20
min at both 0% and 5% strain.

2.2.3 Contractions—Muscles (n = 6) were continuously paced by electric field stimulation
to produce isometric twitch contractions at nominal length at a rate of 0.1, 0.5, 1, 2, or 3 Hz.
Biphasic stimulus (15 V, 50 ms pulse) was applied by 2 stainless steel foil plates situated in
the drug bath at either end of the static loading assembly, spanning a separation distance of 10
cm. Stimulus was generated using a National Instruments DAQPAD-6062E data acquisition
board controlled by LabView 7.0. Incubated muscles produced a minimum isometric twitch
force of 0.19 N for at least 2 h and maintained contractile activity at 3 Hz for at least 1 h.

2.3 Tissue Processing and Measurement of Drug Transport
After loading, muscles were rinsed twice in 15 ml of fresh KH and snap-frozen at nominal
length in −145°C Isopentane. 8 μm thickness axial cross-sections from the midpoint of muscles
were cut using a Leica CM1850 cryotome. FITC-dextran was imaged using epifluorescence
microscopy (Leica DMRA2, 50× magnification, Hamamatsu ORCA 286, Metamorph 6.3, ex:
450–490 nm bandpass/em: 515 nm longpass). An exposure rate was chosen that eliminated
tissue autofluorescence and intensity saturation of the system by the drug source. Images were
analyzed using Matlab. Preliminary calibration confirmed linearity between image
fluorescence intensities and tissue drug concentrations for 0.01 mM–1 mM bulk source
concentrations of 20 kDa FITC-dextran. Unidirectional drug penetration at the planar surface
of the muscle axial cross-section was quantified. Intramuscular penetration depth was defined
as the perpendicular distance from the surface at which fluorescence intensity decreased to 5%
of the surface intensity. Effective diffusivity, D, associated with measured penetration depth,

x, was calculated based on the equation for diffusion into a semi-infinite solid, .

2.4 Histology and Tissue Architecture
Muscles (n = 6) were excised and immediately snap-frozen at 0%, 5%, 10%, 15%, or 20%
strain. 8 μm axial cross-sections from the midpoint of muscles were cut and stained with
Hematoxylin and Eosin (HE) (Sigma). Light microscopy images (100×) were processed using
CellProfiler [17] in Matlab. Tissue porosity (ϕ, ratio of interstitial space area to total area),
average myofiber cross-sectional area, and myofiber density (number of fibers per unit area)
were quantified at each strain. Tissue degradation and injury were found to depend only on
time, thus baseline architecture was consistent among all samples incubated for the same
duration, and differences in drug transport could be attributed to the distinct influences of
mechanical loading.

2.5 Statistical Analysis
Student’s t-Test, Single Factor Analysis of Variance (ANOVA), and Two-Factor ANOVA
with Replication were applied to derive significance in empirical transport results.
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2.6 Mathematical Model
2.6.1 Static Case—Homogenization, a mathematical technique used previously in models
of cardiac electrical conductivity, effective intercellular diffusion through cardiac cells coupled
by gap junctions [18], and effective transport in brain tissue [19], was applied to model the
relationship between effective diffusivity and strain-dependent tissue porosity in the soleus.
Homogenization accounts for spatial variations in drug concentration on the cellular level to
characterize drug concentration profiles on the tissue level to derive effective transport.
Intramuscular effective diffusivity, Deff, of inert, soluble macromolecules like dextran in the
interstitium was defined as [19]:

(1)

where Dw is the free diffusivity of drug in water, and reducing factor D1·D2 ≤1. D1 accounts
for porosity ϕ, fiber geometry, and arrangement and relates effective diffusivity to interstitial
diffusivity independently of drug molecular weight (MW). D2, which accounts for interstitial
fluid characteristics and is independent of ϕ when drug size is considerably smaller than the
interspacing between myofibers, was equal to 1 because interstitial fluid was assumed to be
water in vitro. Thus, Deff was determined by modeling D1.

Because the uniaxial soleus was exposed to constant drug source uniformly along its length
during loading, transport in the radial, or cross-fiber, direction was investigated. D1 was
determined using a homogenization procedure on the diffusion equation within the tissue
(Appendix A) [18–20]. The computational domain describing the axial cross-section of the
soleus was a porous medium (lattice) shown in Fig. 1. The direction of macroscopic drug
diffusion, defined by a vector e, ran in the negative y-direction and reproduced drug penetration
across myofibers. Diffusion in the direction of e was determined by solving the Laplacian
equation in the reduced lattice domain Ω (Fig. 1B, inset):

(2)

where the function χ represents the small periodic component of the macroscopic drug
concentration field under boundary conditions determined by e. These boundaries consisted
of symmetric and periodic conditions at the interstitial borders between lattice domains (Γ1)
that were respectively parallel or perpendicular to e (Fig. 1C) and the Neumann condition:

(3)

on myofiber surfaces (Γ2). D1 in the direction of e was:

(4)

where A is the area of Ω. Eq. (2) was solved using COMSOL Multiphysics®. Porosity changes
were modeled by changing diamond (myofiber) size while maintaining their lattice positions
fixed and the total area of the lattice constant. Values used for ϕ at each static strain were taken
from empirical measurements of porosity in histologic images.

A regular lattice domain was used to model the homogeneous myofiber and interstitial
architecture produced by 0% and 20% strains (Fig. 1B). A widened interstitial channel aligned
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with e was introduced to model the inhomogeneous fiber arrangement with wide interstitial
spaces produced by 5%, 10%, and 15% strains (Fig. 1E). The regular lattice portion in this
domain was modeled with porosity equal to local porosity measured in a single fascicle. The
enlarged channel width was modeled so that average porosity of the entire domain equaled
average porosity measured in the entire histologic cross-sectional image.

2.6.2 Dynamic Case—The uniaxial soleus was modeled as a cylinder with circular cross-
section. A two-dimensional model was used to investigate the dispersive effects [21–23] of
cyclic radial deformations on radial drug penetration. Drug transport was described by the
diffusion equation on a continuous domain, ΩD(t), characterizing the entire axial cross-section
of the muscle:

(5)

where c is the drug concentration field, Deff is the empirical effective diffusivity associated
with static stretch to the mean strain, and ΩD(t) moves according to:

(6)

where r(t) is the radius of the cross-section, α is the radial strain amplitude centered about the
mean radius Rn (with n = 0, 5, 10, 20), and ω is the radial frequency of pulsation or deformation
(where ω = 2π, 4π, 6π rad/sec). Theoretical values of the radius and radial deformations
resulting from axial stretch were calculated from tensile strains applied experimentally based
on conservation of volume and tissue incompressibility (Poisson ratio = 0.5) [24] (Appendix
B).

Using the Arbitrary Lagrangian Eulerian (ALE) formulation [25], Eq. (5) became:

(7)

where w is the velocity of ΩD(t) (Appendix C). Eq. (7) was solved using COMSOL to obtain
the drug concentration profile in the muscle cross-section after 1 h of transport. Drug
concentration at the boundary of ΩD(t) was a constant value fixed at 1 and penetration depth
was taken as the distance from the boundary at which concentration decreased to 0.05.

3. Results
3.1 Static Strain, Cyclic Stretching, and Contractions

Tensile strain increased drug penetration and effective diffusivity (Fig. 2A). Penetration
increased by 1.45-fold to a maximum at 10% strain and fell off thereafter. This penetration
profile correlated with the isometric twitch force-length relationship of the muscle (r = 0.87,
Fig. 2B), suggesting architectural state is an important determinant of drug transport in
contractile tissues. Maximal penetration at 10% thus correlated with optimal length Lo, as
defined by peak twitch force. Overall dextran penetration decreased with increasing molecular
weight and size (Fig. 2C). Whereas 10% strain enhanced penetration past that at 0% by an
increasingly greater distance for smaller molecules that are less sterically hindered, relative
enhancement at 10% was most evident for larger molecular sizes that encounter greater steric
hindrance (Fig. 2D).
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Cyclic tensile loading over 1–3 Hz consistently enhanced drug penetration at each mean strain
above that produced by static strain alone by an average of 0.084 mm/Hz (Fig. 3A and B).
Thus, the penetration profile across mean strains for each loading frequency followed the same
trend dictated by static strain (Fig. 3C). As penetration was linearly dependent on loading rate,
it was directly dependent on the number of cycles of loading. Penetration at each mean strain
was identical over a range of frequencies when the product of loading duration and frequency
was kept the same, such that all tissues were subjected to 3600 cycles of loading (Fig. 3D).

Isometric twitch contractions of 0.1–3 Hz at nominal length enhanced drug penetration above
that occurring with static strain (Fig. 4). Penetration increased with contraction rate by 1.52-
fold to a maximum at 0.5 Hz and fell off thereafter (T-test, p<0.05).

3.2 Tissue Architecture
Minimum interstitial spacing between myofibers in histologic images, 0.43 μm, was
comparable to experimental values (~ 0.1 μm) found previously [26]. Myofiber arrangement
was homogeneous at 0% and 20% strains, but was interrupted by enlarged intercellular
channels (along fascicular borders) of 11.1–34.7 μm width at 5%, 10%, and 15% strains (Fig.
5A).

Tissue porosity (Fig. 5B) at 0% strain, 0.12 ± 0.01, was in agreement with extracellular inulin
space (0.12 ± 0.01) found previously in rat soleus [27]. Imprecision in porosity measurements
may arise from cross-sections taken perpendicular to the muscle body rather than to the
myofibers, which have a 6° pennation angle to the muscle axis. However, discrepancy between
sectional cuts and such a small pennation angle and the minor changes it undergoes with muscle
stretch would only result in a 0.5% error in porosity that would already be encompassed by the
8 to 11% standard deviation in measurements. Porosity increased with tensile strain by 1.5-
fold to a maximum at Lo and fell off thereafter. That this porosity profile correlated with the
isometric twitch force-length relationship (r = 0.87) and exactly with the penetration profile
over static strain (r = 1) suggests that tissue porosity, which is the architectural correlate of
functional state, is a direct determinant of drug transport in contractile tissues.

Whereas average cross-sectional area of myofibers decreased to an asymptotic value, fiber
density increased from an asymptotic value with increasing strain (Fig. 5C). Both profiles
inflected symmetrically at Lo, indicating the significant correspondence of architectural state
with muscle function and pharmacokinetics. Change in porosity was validated by the nonlinear
relationship between fiber density and average area, suggesting that porosity, fiber area, and
fiber density are distinct parameters that change interrelatedly to affect the transport
environment.

3.3 Numerical Results
Transport under static strain was influenced by the combined effects of porosity and fiber
arrangement. Transport through the homogeneous fiber arrangement under 0% and 20% strains
was accurately characterized by diffusion perpendicular to the axis of a homogeneous lattice
arrangement (Fig. 6A, Isotropic Medium, lower limit of diffusivity) and the relationship,
D eff/Dw = 0.58ϕ. Transport through the inhomogeneous fiber arrangement under 5%, 10%,
and 15% strains was accurately characterized by diffusion across a lattice arrangement with
an enlarged channel aligned in the direction of transport (Medium with Channel) and the
relationship, Deff/Dw = 1.044ϕ − 0.0442, which had a slope that approximated the upper limit
of diffusivity. Diffusion was greater with the presence of an enlarged channel (Fig. 1E) than
across a homogeneous arrangement (Fig. 1B) with uniformly widened interspaces and an
equivalent average porosity.
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Dispersion was computationally validated by the linear dependence of radial drug penetration
on the frequency of cyclic radial loading, independent of mean strain (Fig. 6B).

4. Discussion
Characteristic dynamic architecture, motion, and contraction in skeletal muscle targets
significantly influenced intramuscular pharmacokinetics. This study investigated the impact
of controlled mechanical loading on inert dextran penetration in soleus muscle. Computational
models of interstitial drug transport elucidated the architectural and dispersive influences
underlying the pharmacokinetic effects of static and dynamic strain.

4.1 Static Strain
Strain from 0% to 20% spans the physiologic range of muscle function and extensibility [28].
Drug transport within this range reflected the pharmacokinetic environment dictated by
physiologic architectural configurations and function. The exact correlation between effective
diffusivity and porosity over static strain confirmed extracellular transport of soluble dextran
[29] and indicated muscle strain influences transport through impact on structural porosity.

Whereas previous studies have shown passive stretch unilaterally increases glucose uptake
[8], we elucidated an architecturally defined optimal setpoint rendering maximal drug
penetration at the physiologic configuration for peak muscle performance, optimal length Lo.
Characteristic changes in fiber size, density, and organization suggest strain-dependent
porosity, which mediates this parabolic increase in transport, resulted from the asynchronous
progression of conservation of myofiber volume and myofiber packing density with strain.
Through conservation of volume, myofibers undergo continuous reduction in cross-sectional
size with elongation. Upon initial stretch, fiber thinning opens interstitial space, increasing
porosity and transport. Interstitial enlargement is accompanied by space and myofiber
redistribution along fascicular borders, likely corresponding to muscle volume changes that
occur during activity[30]. Thus, increased tissue-averaged porosity results from not only
homogeneous space enlargement, but also myofiber redistribution that can connect interstitial
spaces and precipitate the formation of enlarged channels with low tortuosity. As demonstrated
by our static model, these widened channels greatly facilitated diffusion and rendered maximal
penetration at Lo. With elongation past Lo, fiber density increases as the entire muscle bundle
tightens and increasingly thin fibers compact together, resulting in contraction of interstitial
space, recession of open channels, and reduction of porosity and diffusion. These changes
likely correspond to muscle volume decrease [30] and intramuscular and interstitial pressure
increase [31] that occur with passive stretch beyond Lo. Through the structural changes
depicted by the asymptotic profiles of fiber size and density, porosity was modulated
predominantly by the local effects of fiber size at strains less than Lo, and global effects of
fiber distribution at strains greater than Lo.

Correlation between transport, porosity, and the active force-length relationship, whereby all
three increased 1.5-fold from baseline to a maximum at Lo, suggests the physiologic nexus
ascribed to Lo, whose architectural configuration enables optimal interface between the tissue
and its external environment. The profiles of fiber area and density over 0–20% strain indicate
architectural configurations within the physiologic range of muscle extensibility and function
are defined by the passive material limits of myofibers and connective tissue. Fiber density
started from a minimum asymptote at the initial length, indicating the resting state of fiber
aggregation and maximal mechanical compliance of the muscle bundle rendered by the
connective collagen fascial framework. Fiber size reached a minimum asymptote by 20%
strain, suggesting the extent of myofiber incompressible elasticity. Between these physical
limits, the profiles of both fiber size and density inflected critically at Lo, where these
parameters correlated maximal porosity with optimal mechanical performance. Perhaps
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maximal extracellular space is the structural measure of and functionally related to optimal
contractile efficiency in that it enables increased vascular perfusion by reducing intramuscular
pressure [32,33] or optimizes the available volume surrounding myofibers for swelling and
thickening [3,34] during contraction.

4.2 Dextran Molecular Weight
Size-dependent mobility of dextran in the interstitium reflected variable steric interaction with
architecture. The continuous, dense network of collagen fibers forming the endomysium and
perimysium sterically hinders soluble drug diffusion [35]. As this network provides support
and force transmission between myofibers [1], structural deformations associated with
mechanical loading can modulate the screening effect on drug transport mediated by the
network. The collagen fibers, which are randomly orientated in relaxed muscle, align
circumferentially to myofibers with muscle shortening and axially with muscle elongation
[36–38]. Because permeability is greater through a periodic rather than a random distribution
of obstacles [39], alignment of collagen fibers with strain increases interstitial permeability.
These changes impact mobility within the accessible volume to drug defined by macro-scale
tissue-averaged porosity. The extent of steric hindrance and interstitial mobility was
demonstrated by the penetration of dextrans of various sizes.

The architectural configuration at Lo defines an interstitial collagen and myofiber alignment
that optimally reduces steric hindrance and enhances penetration. This transport effect likely
varies, like Lo and its associated maximal force, among different muscles. Physical properties
of the drug, namely molecular size, further dictate the ultimate effect on penetration presented
by intramuscular fiber alignment. Diffusivity increased with decreasing dextran size. At the
lowest molecular weights, steric hindrance likely becomes negligible because the effective
radius of such drugs is substantially smaller than the minimal barrier to diffusion posed by
fiber alignment. Penetration of such small molecules would be the maximum achievable under
the static, architecturally defined transport environment and could only be enhanced further
by dynamic forces such as dispersion or convection induced by muscle activity. Whereas net
penetration decreased with increasing dextran size, the relative enhancement of penetration at
Lo increased. For larger molecules like 150kDa dextran, penetration at Lo is significant
compared to penetration at 0% strain. For this and larger sizes, penetration into muscle is
minimal under static conditions and enhancement at Lo is therefore significant. Molecules of
even greater size may be altogether sterically excluded even at Lo and thus also derive no
enhancement of penetration from the dynamics of muscle activity.

4.3 Cyclic Stretching
In the absence of an external convective force driving bulk fluid flow into the muscle, and
particularly as drug penetration proceeded against an increasing intramuscular pressure
gradient during stretch [33], enhancement of penetration by oscillatory loading was unlikely
the result of bulk convection. Dynamic loading may cyclically expose drug to strain-dependent
architectural configurations with larger accessible volumes and result in a greater time-
averaged porosity that increases penetration. However, this mechanism depends only on static
architectural states, and average porosity over a single loading cycle remains the same
regardless of loading frequency. Enhancement of transport that readily superposed on the static
strain transport profile suggests a dynamic process rather than further reduction of architectural
exclusion. Dispersion is likely the predominant driving force because enhancement of
penetration was linearly dependent on loading frequency and independent of mean strain.

Dispersion impacts the transport kinetics of soluble drug by increasing transport beyond
molecular diffusion alone [21]. Axial strain translates into radial or lateral deformation of the
whole muscle due to conservation of volume mediated through lateral force transmission by
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interstitial connective tissues [40,41]. Whole muscle structure is stabilized by mechanical force
balance, or isometric tension, between the myofiber cytoskeleton and interstitial connective
tissue. This interstitial connective tissue is comprised of interconnected lattice networks of
tension-resistant collagen fibers that form a fascial framework consisting of the endomysium
that ensheathes individual myofibers, the perimysium that bundles groups of myofibers into
fascicles, and the epimysium that envelops the entire muscle and connects to the tendons. The
fascial framework plays a significant role in reinforcing muscle structure, mediating passive
elasticity and tensional strength, and transmitting forces among adjacent myofibers and to
tendons predominantly in the form of shear stress. Such structural and functional integrity is
mediated by continuity of force transmission from contractile myofilaments and cytoskeletal
elements in myofibers across the sarcolemma and basal lamina to the fascial framework.
Myofibers transmit force to this framework both through their ends and along their entire lateral
surfaces via membrane associated sites such as costameres/focal adhesions, dystroglycan/
sarcoglycan complexes, and perimysial junctional plates [41] that bind to laminin in the basal
lamina and collagen in the endomysium and perimysium, which then distribute this force
among myofibers before transmitting it evenly across the entire myotendinous junction to the
tendon. Thus, the whole muscle is structured as a mechanically integrated complex consisting
of parallel systems of tensile elements, myofibers and the fascial framework that dynamically
bear compression or tension depending on loading condition, that are anchored at membrane
sites and the myotendinous junction, where shear transmission is concentrated. Tensional
continuity within the muscle complex and conservation of volume in muscle tissues render the
response of the whole muscle to external mechanical stresses. With muscle stretch, the fascial
framework sustains axial tension and compresses synchronously stretched and thinning
myofibers to render whole muscle lateral deformation [42].

Cyclic displacement of myofibers compresses and expands extracellular space and imposes
normal and shear forces on interstitial fluid, resulting in pulsatile agitation and movement of
soluble drug in the absence of bulk convection. Such agitation can disperse or spread drug in
a rate-dependent manner over a greater extracellular volume, thereby driving greater
penetration.

4.4 Contractions
Unlike studies of contraction-induced substrate transport, which have shown that contraction
increases glucose transport based on metabolic changes [9,43], or that glucose [10] or calcium
[13] uptake scales unilaterally with frequency of contraction, we elucidated a functionally-
associated optimal setpoint rendering maximal drug penetration at 0.5 Hz isometric
contractions at nominal length. Cyclic dynamics alone can increase penetration through
dispersive effects that scale with frequency. However, decreasing penetration with contraction
rates above 0.5 Hz suggests competing transport effects that predominated at higher
frequencies. Contraction influences transport through the combined effects of active muscle
function and architectural configuration. We propose the bimodal trend in penetration with
contraction rate results from time-dependent competition between dispersion and steric
hindrance, whereby dispersion predominates below and steric hindrance predominates above
a critical contraction rate determined by the isometric muscle length.

Even under isometric conditions, contraction-associated myofiber thickening [30] occurs as a
result of cytoplasmic volume displacement from the smaller end-regions of myofibers toward
the middle. Fiber thickening produces transverse forces and a squeezing effect that decreases
porosity and increases interstitial fluid pressure [31,32]. Fiber swelling resulting from
interstitial water movement into the fibers [34] reduces interstitial space available for drug in
the absence of vascular perfusion in vitro [30,44]. These effects resist drug penetration. Fiber
relaxation after contraction results in fiber thinning that re-opens interstitial space, restores
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porosity, and relieves interstitial fluid pressure. Cyclic transitions between the contracted and
relaxed architectural states create dispersive effects that increase drug penetration. With
contraction rates below 0.5 Hz, muscle architecture spends a greater percentage of time in the
relaxed state, which enables dispersive effects to dominate. This in agreement with findings
that reveal low frequency isometric contractions (3 contractions/min) increase both inulin
uptake and washout in papillary muscle [45]. With contraction rates above 0.5 Hz, extending
to the limit of complete tetanus, muscle architecture spends an increasingly greater percentage
of time in the contracted state, which exposes drug to a greater temporal resistance to
penetration and progressively swelling fibers. At these frequencies, the effects of increased
temporal steric hindrance and elevated interstitial pressures outweigh the effects of dispersion,
thereby precluding enhancement of drug penetration.

As static strain affected tissue porosity, it is likely that this contraction rate dependence of
maximal penetration shifts with the isometric length of the muscle. This possibility is supported
by the finding that the extent of contraction-associated muscle volume decreases varies with
initial length of the muscle, becoming greater with greater initial lengths beyond Lo [30]. We
predict the optimal frequency may increase with isometric lengths that effect greater porosities.

4.5 Perspectives
Our findings elucidate opportunities for diagnostic techniques and therapeutic windows for
improved drug delivery to mechanically active tissues. Static strain and isometric contraction
enable adaptable physiologic mechanisms for modulating or maximizing drug transport.
Strain-dependent steric hindrance demonstrates a physiologic means for selective drug uptake.
Strain to Lo could facilitate maximal penetration of low molecular weight drugs, or filter drugs
delivered in mixed formulations to allow selective entry of smaller drugs at desired temporal
windows. Further insight from the calculated upper limit of diffusion indicates transport across
fibers is the limiting direction in drug distribution. As axial drug transport outweighs radial
penetration, focal application of drug along the muscle axis may possibly achieve delivery to
the entire length of the muscle but come at the expense of reduced drug penetration into the
tissue. Dispersion through cyclic strain presents a physically controlled and easily scalable
mechanism that can be readily applied in combination with architectural control of tissue
porosity to increase or modulate drug penetration. These physiologic mechanisms engender
physical therapies that stretch or stimulate muscle targets as strategies for improving controlled
drug delivery. Our quantitative findings may be readily applied to address the current need to
optimize local drug delivery strategies for promising, clinically motivated therapies like
therapeutic angiogenesis [6] to treat increasingly prevalent peripheral vascular disease, in
which ischemic lesions in skeletal muscle are spatially focal, therapeutic windows are narrow
[46,47], therapeutic response is complex [48], biologic half-lives of delivered growth factors
are short [49], and systemic side-effects of therapies are detrimental [50].

The relationship between drug uptake and target tissue functional architecture and activity
presents new insights on the significance of biologic form and function. Correlation of maximal
drug penetration with optimal muscle function reflects biologic design that harmonizes the
reciprocal interaction between tissue and its physical environment. This design may further
reflect the potential for Lo to be a structural setpoint that uniquely modulates myofiber
mechanochemical transduction and integration [51] whereby strain supported by the myofiber
cytoskeleton and related transmembrane receptors or stretch-sensitive channels at Lo
influences cellular sensitivity and response to extracellular factors. Just as optimal biologic
responsiveness to pulsatile fluid flow in different cell types occurs at the inherent frequencies
to which they are exposed in their physiologic environments [52], optimal intramuscular
pharmacokinetics center within the range of physiologic tissue extensibility and operation at
the length of maximal force generation and contractile efficiency. Functionally dictated optimal
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pharmacokinetic conditions suggest the existence of potential therapeutic windows that
correspond to unique setpoints in the physiologic operating range of all target tissues and
organs.

5. Conclusions
Mechanically active tissues present a dynamic pharmacokinetic environment in which
permeability and drug transport are influenced by the interrelated effects of architectural
configuration and functional dynamics. Dispersive effects of cyclic loading can be superposed
on the structural dependence of tissue permeability to enhance drug penetration. Correlation
of both Lo and an architecturally modulated optimal contraction rate with a respective maximal
penetration elucidates the resonant nature of skeletal muscle interaction with the physical
environment. Such biologic design elucidates new strategies for controlled drug delivery that
harness the pharmacokinetic impact of functional architecture in target tissues.
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APPENDIX A: HOMOGENIZATION THEORY
Transport through a complex medium composed of smaller repeating elements can be
represented on multiple scales. For muscle tissues, micro-scale corresponds to the cellular or
myofiber level while macro-scale corresponds to the tissue or muscle bundle level. On the
cellular level, free diffusion is influenced by boundary conditions defined by cell geometry.
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On the tissue level, transport occurs across a continuous medium. Diffusion of drug through
muscle was studied using a multi-scale approach [19] starting with:

(A1)

Where X = (X1, X2, X3) denotes the three-dimensional coordinate system on the cellular level.
The diffusivity tensor D(X), which Dint defines on the cellular level, is a continuous function
of the position X. D(X) = 0 inside muscle fibers where no diffusion occurs.

Homogenization was used to derive macro-scale behaviors in the tissue based on micro-scale
phenomena. This technique accounted for spatial variations in drug concentration on the
cellular level to characterize drug concentration profiles on the tissue level. As fibers in the
muscle were considered repeating elements, a representative volume describing a periodic
distribution of fiber elements that compose the macro-scale tissue was used. In our model,
muscle fibers were represented by white diamond elements arranged in a staggered periodically
repeating array, and diffusion occurred in the pink interstitial space between them (Fig. 1B).
This idealized configuration was used to derive continuous tissue level behaviors by averaging,
or “homogenizing,” cellular level variations. The homogenized version of Eq. (A1) [20] on the
tissue level was:

(A2)

where x = (x1, x2, x3) denotes the three-dimensional coordinate system on the tissue level,
Deff is the macroscopic diffusion coefficient, 〈c〉 is average concentration, and i,j = (1,2,3).
Effective diffusivity assumed the following form [20]:

(A3)

where Vp is the volume of the periodic unit P, which is used to represent the periodic distribution
of myofibers, and δij is the Kronecker delta. Homogenization takes place for X = x/κ in the
theoretical limit as κ→0, where κ is a small parameter representing the periodicity of repeating
elements.

The small periodic component of concentration, χ, in the periodic unit satisfied the equation
[20]:

(A4)

with boundary conditions Γ1, corresponding to the borders of interstitial space on the periodic
unit, and Γ2, corresponding to the interface between myofibers and the interstitial space.
Symmetric (∇χ·n = 0) and periodic (χ = 0) conditions were applied to components of Γ1 that
were parallel and perpendicular, respectively, to e [19]. The non-homogeneous Neumann
condition: n

(A5)
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was applied to Γ2 (Fig. 1C), where n is the outward unit normal vector on the fiber surface and
e is the direction of macro-scale transport. The diffusion coefficient in the direction of e
became:

(A6)

where Dint is interstitial diffusivity. As the axial length of our muscle sample was significantly
greater than its radial cross-sectional area, the equations above were formulated in a two
dimensional configuration and solved on a reduced computational domain Ω (Fig. 1B, inset),
which served as the periodic unit P and sufficiently characterized the symmetrical aspects of
the problem.

The dependence of Deff on ϕ and fiber arrangement as they change with static strain was
investigated by modeling D1. D2 in Eq. (1) accounts for the effects of interstitial fluid viscosity
and possible hydrodynamic interactions of the drug with muscle fibers due to the relative size
of the drug. Because the 3.2 nm hydrodynamic radius of 20 kDa dextran used in our experiments
was two orders of magnitude less than the 0.43 μm minimum interstitial spacing between
myofibers measured histologically in the soleus, D2 was independent of ϕ. Also, it was assumed
that in vitro incubated muscle samples were infiltrated by saline media and that the interstitial
fluid had the physical characteristics of water. Thus, Dint = Dw, the free diffusivity of the drug
in water, which is 1.026×10−4 mm2/s for 20 kDa dextran [53]. With these assumptions, D2 =
1 and Eq. (A6) became:

(A7)

APPENDIX B: AMPLITUDE OF RADIAL OSCILLATION
An elastic material satisfies the law:

(B1)

where ΔV is the change in total volume, ν is the Poisson ratio, and ΔL is the change in axial
length. The Poisson ratio is defined as the ratio between the transverse, εtr, and axial strain,
εax:

(B2)

For an incompressible material, whose Poisson ratio is 0.5, volume is conserved during
deformation, and no volume change occurs with axial strain according to Eq. (B1).

Thus, for a cylindrical sample of nominal radius R0 and length L0:

(B3)
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where R and L are the radius and the length, respectively, of the sample after deformation. R
was determined by:

(B4)

The length and radius at each mean strain, n, were:

(B5)

where L0 and R0 are the nominal length and radius, respectively, of the muscle, and n = 0, 5,
10, and 20, corresponding to the value of axial strain.

For cyclic strains, the maximum and minimum values for length and radial deformations were:

(B6)

where n = 0, 5, 10, and 20. The absolute value of the amplitude of radial deformation during
cyclic strain was:

(B7)

APPENDIX C: ARBITRARY LAGRANGIAN EULERIAN FORMULATION
During cyclic strain, the boundary of the radial section moved according to the exact sinusoidal
function:

(C1)

derived from Eq. (B6). To simply terms, this relationship can be expressed in reference to the
mean radius Rn, such that:

(C2)

where α is the radial strain amplitude relative to Rn:

(C3)

r(t) is the radial coordinate in the moving domain, ΩD(r,θ,t) = {0 ≤ r(t) ≤ Rn (1 + α sin(ωt)), 0
< θ ≤ 2π}. And, R is the radial coordinate in the reference domain, Ω0(R,Θ) = {0 ≤ R ≤ Rn, 0
< Θ ≤ 2π}.
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The transport equation was:

(C4)

which was formulated on Eulerian coordinates such that:

(C5)

where w is the oscillatory velocity of the domain ΩD(t).

Using cylindrical coordinates (r,θ) and considering the symmetry of the problem in θ, Eq. (C5)
was written as:

(C6)

where wr is the radial component of w, and reformulated in the reference domain Ω0 with the
boundary conditions as follows:

(C7)

Concentration at the final time was computed by averaging over the final period as follows:

(C8)

where T1 = Tf − (T/2), T2 = Tf + (T/2), T is the period of a cycle, and R is the radial coordinate
used to describe the domain Ω0.
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Fig. 1.
Static model. (A) HE image of a soleus axial cross-section showing the isotropic and
homogeneous porous architecture and uniform interstitial spacing under 0% and 20% strains.
A myofiber is outlined. (B) Two dimensional depiction of the homogeneous muscle axial cross-
section with myofibers idealized by a regularly repeating lattice of staggered diamonds
(white) interspaced with interstitial channels (pink) of consistent width. Symmetry of the
problem allowed the computation to be carried out on a reduced domain, Ω, formed by a single
lattice arrangement of diamonds (inset) with (C) boundaries Γ1 and Γ2. (D) HE image of the
inhomogeneous fiber arrangement with wide interstitial channels (green) separating fascicles
(black) of myofibers that occur under 5%, 10%, and 15% strains. (E) Depiction of the
inhomogeneous muscle cross-section with a wide interstitial channel added to the regular
lattice. Location of the channel with respect to the diamonds did not significantly influence
transport.
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Fig. 2.
Drug transport under static strain. (A) Penetration depth and effective diffusivity of 20 kDa
FITC-dextran in soleus over 0–20% strains increased significantly from baseline at 0% to a
maximum at 10% (T-test, p<0.05). (B) Penetration correlated with isometric twitch force (r =
0.87). (C) Penetration decreased with increasing MW (Two-Factor ANOVA, p<0.05 between
strains, p<0.05 between MWs). 4 kDa dextrans penetrated 2- and 10-fold farther than 20 kDa
and 150 kDa dextrans, respectively, at each strain. (D) While the difference between
penetration at 10% and 0% strain decreased, the ratio of penetration increased with MW.
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Fig. 3.
Impact of cyclic strain on drug penetration. (A) Cyclic loading significantly increased
penetration linearly proportionally to loading frequency (T-test, p<0.05 except groups with *
in between). 0 Hz groups are static cases in Fig. 2 A. (B) Slopes of the linear relationship
between penetration and loading frequency at each mean strain were statistically the same
(Single-Factor ANOVA, p>0.05). (C) Penetration profiles at each loading frequency. (D)
Penetration at each strain was directly dependent on the number of loading cycles (Two-Factor
ANOVA, p<0.05 between 0% and 5%, p>0.05 among loading groups). 1 Hz-60 min groups
are those in Fig. 3A.
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Fig. 4.
Impact of contraction on drug penetration. 0 Hz is 0% in Fig. 2A.
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Fig. 5.
Architectural parameters over 0–20% strain. (A) HE stained axial cross-sections of soleus
under (i) 0%, (ii) 5%, (iii) 10%, (iv) 15%, and (v) 20% static strain. (B) Porosity profile over
strain. (C) Myofiber cross-sectional area and density changed inversely with strain.
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Fig. 6.
Numerical results. (A) Numerical and experimental results of effective diffusivity (Deff/Dw)
versus porosity (ϕ) over 0–20% strains. The upper limit of diffusivity, Deff/Dw = ϕ, represents
transport along the myofiber axis through straight channels that occupy a fraction ϕ of the total
area. Calculated channel sizes used in the numerical plot of Medium with Channel were 23–
30% of myofiber sizes, predicting widths of 11–15 μm, which approximate empirical
measurements. (B) Dynamic loading enhanced drug penetration through dispersion. Plots of
0%, 5%, 10%, and 20% mean strains. (*) Numerical results lie within the confidence limits of
experimental data. Consideration of an elliptical muscle cross-sectional geometry,
compressibility of the interstitial space, bulk interstitial fluid movement, and muscle
viscoelasticity in a more complex model may more completely characterize transport effects
produced by dynamic loading.
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TABLE OF SYMBOLS IN COMPUTATIONAL MODEL

Symbol Definition Units

α normalized amplitude of radial deformation during cyclic stretch, ΔR/Rn

c(r,t) concentration of the drug in the tissue (g/mm3)

〈c〉 average concentration in the periodic unit (g/mm3)

χ(x,y) the small periodic component of the macroscopic drug concentration field

δij Kronecker delta

D(X) diffusivity tensor of the drug in the extracellular space (mm2/s)

Deff effective diffusion coefficient of the drug in the tissue (in the direction e) (mm2/s)

Dint diffusion coefficient of the drug in the interstitial space (mm2/s)

Dw free diffusion coefficient of the drug in water (mm2/s)

D1 dimensionless reducing factor of Dw due to porosity and fiber arrangement

D2 dimensionless reducing factor of Dw due to interstitial characteristics

e direction of macroscopic diffusion

εax axial strain

εtr transverse strain

Γ1 symmetric and periodic boundaries of Ω

Γ2 boundaries of Ω at the fiber interface with the interstitial space

κ periodicity of myofibers on the microscopic level

ΔL change in length of the muscle (mm)

Ln length of the muscle at the mean strains defined by index n (mm)

ν Poisson ratio

n index of mean strains = 0, 5, 10, 20

n outward unit normal vector at the solid boundaries, fiber surfaces, of Ω

ω radial frequency of pulsation of ΩD (rad/s)

Ω(x,y) computational domain for solving the homogenized equation of the static model

ΩD(r, θ,t) computational domain for the dynamic model

Ω0(R,Θ) reference domain used in the ALE formulation of the transport equation

ϕ tissue porosity; the ratio of the area or volume of interstitial space to the total area or volume, respectively,
of the tissue

P periodic unit

r(t) radius of the muscle cross-section in ΩD (mm)

R radius of the muscle cross section in Ω0 (mm)

ΔR amplitude of radial deformation during cyclic stretch (mm)

RD maximum or minimum radius of the muscle section during cyclic stretching (mm)

Rn radius of the muscle at the mean strains defined by index n (mm)

t time (s)

T period of pulsation of ΩD (s)

Tf simulation time (3600s) (s)

V initial volume of the muscle (mm3)
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Symbol Definition Units

ΔV change in volume of the muscle (mm3)

VP volume of the periodic unit (mm3)

w velocity vector of the moving domain ΩD (mm/s)

wr radial component of the velocity vector w (mm/s)

X=(X1, X2, X3) Cartesian coordinate system used to describe the microscopic scale

x= (x1, x2, x3) Cartesian coordinate system used to describe the periodic unit Ω(x,y)
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