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ABSTRACT
Osmotic transport devices (OTDs) are forward osmosis membrane devices that we recently developed to remove accumulated fluid from
swollen tissue, in-vivo, under severe conditions. As such, the relative volume of the fluid required to be removed and the volumetric flowrate
may be two orders of magnitude less than the operating volume and tangential flowrate of the device. This makes it challenging to measure
the rate of fluid flow from the swollen tissue. Here, we introduce a differential densimetry method for determining ultra-low volumetric flux
through tissue samples. This technique uses two vibrating tube density sensors, one placed upstream of the membrane in contact with the
tissue sample, and one placed downstream. Any flow of biological fluid withdrawn through the tissue will combine with the OTD operating
fluid resulting in an observed density shift in the second density sensor. By measuring the difference in density between the upstream and
downstream fluids, one can calculate the amount of fluid flowing across the tissue with a relatively high level of sensitivity. This method is also
relatively insensitive to drift from temperature fluctuations and capable of continuously monitoring tissue permeability in real time. As a proof
of concept, we used this technique to measure fluid flow across ex-vivo rat spinal tissue for an appropriately scaled OTD. The repeatability error
had a maximum of only 12%. This implies that this method can provide highly acceptable flux measurements with reasonable reproducibility
in real-time applications of fluid removal in-vivo.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5122953., s

INTRODUCTION

Recently, forward osmosis membrane processes termed
osmotic transport devices (OTD) have been shown to have tremen-
dous success in removing fluid from biological tissue with edema
associated with traumatic brain injury (TBI) and spinal cord
injury (SCI).1,2 The general operation of the device consists of
placing a semipermeable membrane process across a hydrogel
that is applied directly on the swollen tissue (Figure 1). The
hydrogel acts as a medium for continuous fluid contact between
the device and the tissue. The process contains an imperme-
able osmolyte such as a protein that passes tangentially across
the membrane. The resulting osmotic pressure provides a driving

force to expel permeable fluid in the tissue from the body into
the OTD.

The OTD is based on standard tangential ultrafiltration tech-
nology where the flux, Jv, normal through the membrane is given by
the Kedem-Katchalsky model:3

Jv = 1
μ

ΔP − σosmolyteΔπosmolyte

Rm + Rmembrane support + Rhydrogel + Rtissue
(1)

where ΔP is the transmembrane pressure, Δπosmolyte is the osmotic
pressure due to the osmolyte, σosmolyte is the osmotic reflection coef-
ficient, Rm is the OTD membrane resistance, Rmembrane support is the
flux resistance due to the OTD membrane support, Rhydrogel is the
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FIG. 1. Illustration of an osmotic trans-
port device (OTD)1,2 placed at the dura
of a brain with edema after injury. The
tissue is exposed after decompressive
craniectomy. The device operates as
a forward osmosis membrane process
and will drive fluid from the tissue into
the retained osmolyte solution that is
expelled from the device (retentate). The
volume of expelled fluid can be several
orders of magnitude lower than that of
the device solution, making conventional
methods for determining membrane flux
unsuccessful.

hydrateable hydrogel resistance, Rtissue is the hydraulic resistance due
to the tissue and μ is the solution viscosity. The feed fluid enters the
membrane module and flows tangentially across the membrane sur-
face. This approach helps to reduce the solute boundary layer that is
inherent at the membrane surface. In addition, tangential flow allows
the system to reach steady-state, as well as making the process con-
trollable. The fluid that does not pass through the membrane and,
instead, exits the module is termed the retentate. The permeate is
the fluid that passes through the membrane. The transmembrane
pressure is defined as

ΔP = Pfeed + Pretentate
2

− Ppermeate. (2)

The OTD operates like a forward osmosis process where ΔP
must be less than Δπosmolyte to remove fluid from the tissue. The
osmotic pressure is directly coupled to the osmolyte concentra-
tion at the membrane surface. Since the permeate flux is reversed,
the concentration of the osmolyte at the surface is substantially
reduced and this becomes a function of the tangential flowrate of
the retentate in the OTD, the initial osmolyte concentration and
the total resistances to flow (i.e. ∑i Ri from Equation (1)). Because
of the ultra-low permeate flux inherent to the applications asso-
ciated with the OTD, a computational modeling analysis is used
to estimate the concentration at the membrane surface, determine
the net driving force during operation and derive the net permeate
flux.

In a typical operation, the volume of fluid extracted from the
tissue into the osmolyte solution can be several orders of magni-
tude lower than the volume of fluid pumped in the OTD. This
makes conventional methods of permeate flux measurement inef-
fective. In this work, we utilize fluid density measurements to mea-
sure the ultra-low flow rate of permeate across sample window in
the OTD. While many methods exist for measuring fluid density,4

most are impractical for this application. For example, hydrome-
ters (weighted glass floats that rise or fall to a location in a fluid
that is inversely proportional to the fluid’s density) are precision
instruments but require large fluid sample volumes that are incom-
patible with the small volumes of fluid analyzed in this applica-
tion.5,6 Similarly, pycnometers (glass vessels that contain precisely-
known volumes) require weighing of discrete volumes of fluid and
do not provide the necessary continuous monitoring of solution
density.7

Vibrating tube sensors were introduced in the 1970s8,9 and have
since been used in a wide variety of applications, including mea-
suring the density of petroleum,10 asphalt,11 and engine coolant;12

measuring the fat content of milk13 and the alcohol content of
beverages;14,15 detecting counterfeit medications;16 and weighing
microgram-sized organisms.17 In these sensors, a piece of glass tub-
ing is bent into a shape (usually “U” or “W” shaped) and mounted
in such a way that part of the tube (the bottom of the “U” or
“W”) is free to vibrate. An electronic feedback circuit keeps the tube
vibrating at its resonance frequency. When fluid is loaded into the
tube, the additional mass of the fluid reduces the effective reso-
nance frequency of the tube. Since the volume of the fluid inside
the tubing is constant, this change in resonance frequency is pro-
portional to the density of the fluid.8,9 After calibrating the vibrating
tube sensor using one or more fluids of known densities, the sen-
sors can be used to measure unknown densities with an accuracy of
0.001 g/mL.18

The small sample size and high sensitivity of vibrating tube
density sensors make them ideal candidates for measuring osmolyte
concentration in osmotic transport devices. However, a major lim-
itation for the application of vibrating tube sensors to OTDs is the
high sensitivity of the sensors to spurious density changes caused
by minute temperature fluctuations. Specifically, typical laboratory
temperature variations of a fraction of a degree Celsius over a
timescale of a few minutes can result in significant changes in mea-
sured sample density, even though the concentration of solute in the
sample remains unchanged. This sensitivity to temperature changes
is less significant when using these sensors to take a single instan-
taneous density measurement (which takes only about a second).
However, since OTD therapy can take several hours to complete,
temperature-induced density fluctuations over this period would
generate measurement drift on the order of or greater than the
osmolyte concentration changes expected in our tissue permeability
measurements.

In this work, we successfully used vibrating tube sensors to
quantify ultra-low fluid flux in OTDs. We accomplished this using
differential densimetry, a novel technique that uses two identi-
cal vibrating tube sensors, one upstream of the OTD and one
downstream. By measuring the difference between the densities
of the fluids upstream and downstream of the OTD, we can cal-
culate the rate of flow of water into or out of the OTD over
time. Since any temperature-induced drift in measured density
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will affect both sensors equally, differential densimetry is much
less sensitive to temperature-induced drift than ordinary density
measurement. As a proof of concept, we use differential densime-
try with vibrating tube sensors to measure the rate of fluid flow
across spinal cord tissue from the rat model via the OTD, ex vivo.
We also compare our fluid flow measurements with those pre-
dicted by finite element simulations of the tissue and membrane
systems.

METHODS
Experimental setup

An overview of our differential densimetry method for mea-
suring ultra-low fluid flows through an excised tissue sample via the
OTD is shown in Figure 2. The setup allows for two different modes
of operation. During “baseline” mode (Figure 2A), rotary valves are
set to allow the same osmolyte solution (yellow) to flow through

FIG. 2. Overview of the differential den-
simetry method for measuring fluid flux
through a sample mounted to an OTD.
During “baseline” mode (A), an osmolyte
solution (yellow) is pumped through two
vibrating tube density sensors in series,
bypassing the sample supported on the
OTD. Flowing the same solution through
both sensors allows us to calibrate and
correct baseline offsets in the sensors.
During “run” mode (B), the rotary valves
are switched to flow fluid through the
OTD and across the top of the tis-
sue sample. Any fluid flowing from the
sample into the OTD will modify the
osmolyte solution (green) and result in
an altered density measurement by the
downstream sensor. (C) Illustration of
time dependent difference in measured
densities between the two sensors for
a typical experiment. Transient results
are associated with diffusion of solutes
throughout the system when the system
is closed. Measurements are determined
after the process reaches steady-state
(area within the grayed regions).
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both vibrating tube sensors, without flowing through the OTD and
across the sample. This mode allows the sensors to be calibrated
with fluid of the same density. During “run” mode (Figure 2B), the
rotary valves are set to flow the osmolyte solution through the OTD
and across the tissue sample. As the OTD extracts fluid through its
membrane, relatively minute amounts of fluid passing through the
tissue will combine with the retained osmolyte solution and change
the fluid density that is determined downstream of the OTD by the
second vibrating tube sensor (green region in Figure 2B).

We used two identical vibrating tube sensors obtained from
commercial density meters (Anton-Paar DMA 35 density meters,
Graz, Austria). To record the raw resonance frequency of these
sensors, we connected the drive coil of each sensor to a frequency
counter input on a multifunction data acquisition card in a PC run-
ning a custom LabVIEW program (National Instruments, Austin,
TX). The resulting data was analyzed by custom Python code that
employs low-pass filtering. Fluid was pumped through the device
using syringe pumps (Pump 11 Elite, Harvard Apparatus, Hollis-
ton, MA) at 100 μL min-1 flow rate. Flow was stopped at desired
time points to manually switch the flow direction of the rotary valves
(EW-30600-02, Cole-Palmer, Vernon Hills, IL).

A molded 0.75 mm thick silicone shell (MED-4901, Nusil,
Carpinteria, CA) is added to the membrane device, surrounding
the device, except for the area above the membrane. The silicone
shell was added to allow for tissue adhesion to the device without
potentially adhering to and clogging the device membrane. For con-
sistency, the same silicone was used for all experiments. A 1% (w/w)
agar hydrogel was placed on top of the membrane and, if applicable,
between the membrane and adhered (VetBond, 3M, St. Paul, MN)
rat spinal tissue.

Solution preparation

Experiments were conducted with bovine serum albumin (BSA;
No. A30075, Research Products International, Mt Prospect, IL) as
the osmolyte in artificial cerebral spinal fluid solvent (aCSF; solu-
tions with composition in mmol/L: Na, 146.5; K, 27.7; Ca, 1.65; Mg,
1.235; Cl, 213.5; P, 0.65)19 at pH 7.4 and 25○C. Solvent solutions were
prepared by dissolving the proper amounts of salts in one liter of
reverse-osmosis-purified water. BSA powder was weighed and dis-
solved in a weighed amount of solvent and gently mixed with a stir
bar. For each solution, the pH was adjusted with aliquots of 1 M HCl
(No. HX0603, Millipore Sigma, Burlington, MA) and 1 M NaOH
(No. S318, Thermo Fisher Scientific, Waltham, MA) while stirring
to prevent local denaturation. The solution pH was checked to be
within 0.05 pH of 7.4 before use. The amount of acid and base added
to adjust the pH was considered part of the solvent and was con-
sidered when determining concentrations. Solution concentrations
were determined in terms of mass of protein or salt per total volume
of solvent.

Density sensor calibration

The vibrating tube density sensors were calibrated with BSA
solutions containing varying concentrations of sodium chloride
(NaCl) at 21.2○C ± 0.5○C temperature. Prior to the calibration, the
vibrating tube sensors were precoated with BSA for 12 h to eliminate
variations due to protein adsorption.20–23 Following the pre-coating,

three solutions with varying quantities of NaCl (No. S9888, Sigma-
Aldrich, St. Louis, MO) were passed through the densimeters over a
35-minute period. The solutions ranged in density from 1.00 to 1.12
g mL-1. The resulting plots of fluid density vs resonance frequency
were fitted using linear regressions (Figures S1, S2) to determine
each sensor’s calibration constants.

Preparing samples for permeability measurement

For measurements of the permeability of an ultrafiltration
membrane (NADIR® PM UP010, 10 kDa MWCO, polysulfone,
Microdyn Nadir, Wiesbade Germany), a membrane sample with
15 mm2 surface area was placed in the membrane holder of the
OTD in line between the two density sensors (“Sample” location
in Figure 2A) and submerged in a beaker of aCSF. A solution of
350 gL-1 BSA in aCSF at pH 7.4 was driven through tubes via
a syringe pump (Harvard Apparatus 11 Plus Syringe Pump, Har-
vard Apparatus, Holliston, Massachusetts) with an inlet flowrate of
100 μL min-1.

For measurements of tissue permeability, an 8- to 10-week-old
Sprague Dawley female rat was euthanized by Fatal Plus (DOSE)
and cardiac puncture. After expiration, the spinal cord tissue was
extracted. The spinal cord tissue was then cut into a 10 mm segment.
All experiments were performed with approval from the Univer-
sity of California Animal Care and Use Committee and in accor-
dance with the National Institutes of Health Animal Care and Use
Guidelines (AUP#2018-0011).

For measurements of the agar hydrogel permeability, 1% agar
by weight was dissolved in aCSF solvent. The agar/aCSF solution was
poured into a beaker to achieve the proper gel height (0.75 mm) and
then heated for 30 s on high in a microwave. The hydrogel was then
removed by spatula and placed above the device membrane in the
silicone shell opening of the OTD.

Densimetry measurements

Each experiment began with flow through the bypass path
shown in Figure 2A. After approximately 2 hours of flow through
the bypass, the 3-way valves were switched to divert fluid flow
through the membrane device. After approximately 2 hours of flow
through the membrane device, the flow was again switched back to
the bypass. This process was repeated three times in order to col-
lect multiple measurements of the fluid flux across the membrane.
Steady-state density measurements were averaged for each period
of flow through the membrane device and were compared to the
average steady-state baseline density measurements.

Calculation of extraction rates

The fluid flux through the membrane was determined by first
comparing the density difference, DD, between the individual sen-
sors. Eq. (3) shows the algorithm uses for the comparison. Here,

DD = S − S0 + S ∗ (1 − ( B
B0
)), (3)

where S is the signal density of the downstream sensor, S0 is the ini-
tial signal steady state average density, B is the baseline density of
the upstream sensor, and B0 is the initial baseline steady state aver-
age density. Next, the fluid extracted rate of the device, VS2, was
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TABLE I. Extraction Rates for Densimetry Experiments for Permeable Samples.

Extraction Rate (μL hr-1) at Evaluation Points (h)

Permeable Sample 2 h 4 h Avg

Trial 1: OTD membrane only 87.8 ± 1.0 74.7 ± 0.5 81.2 ± 9.7
Trial 2: OTD membrane only 76.0 ± 1.0 69.2 ± 1.3 72.6 ± 4.1
Trial 3: OTD membrane + hydrogel 67.8 ± 1.3 70.7 ± 0.8 69.2 ± 2.1
Trial 4: OTD membrane + hydrogel + tissue without dura 31.5 ± 0.7
Trial 5: OTD membrane + hydrogel + tissue without dura 33.0 ± 1.0
Trial 6: OTD membrane + hydrogel + tissue with dura intact 53.9 ± 0.6

calculated from the density differences and the solution and sensor
parameters by relating the parameters as

DD =
VP
SV + VS1 ∗DS

VP + VS1
−

VP
SV + DS(VS1 + VS2)
VP + VS1 + VS2

, (4)

where VP is the volume of the protein, SV is the specific volume of
the protein, VS1 is the volume of solvent initially in solution, and DS
is the density of the solvent. Solving for the volume extracted gives

VS2 =
DD(VP

2 + 2VPVS1 + VS1
2)

VP(DD − ( 1
SV − SD)) + VS1DD

. (5)

By substituting

VP = Concentration ∗ Flowrate ∗ SV
1000

, (6)

and

VS1 = Flowrate − VP (7)

for the volume of protein and volume of initial solvent, respectively,
the volume extracted was converted to an extraction rate.

RESULTS
Fluid density measurements vs time

Fluid density measurements vs time for each run illustrated in
Figures S3–S8. Sample of steady-state values are shown in Table S1
for Trials 1 and 2. After each switch of the fluid path, we observed

that the density sensors took roughly 1.5 h to reach steady state
values. In all experiments, after the 3-way valves were switched to
allow fluid through the OTD, there was a significant decrease in
the density of the downstream fluid due to the dilution of protein
solution from the flux of solvent across the membrane and into
the OTD. Additionally, after the valves switched flow through the
bypass channel, there was a significant increase in density of
the downstream fluid due to undiluted protein solution reaching
the sensor.

Extraction rates

The extraction rate results for various configurations for the
setup are summarized in Table I. The manufacturer-provided
hydraulic permeability for the 10 kDa NADIR® PM UP010 mem-
brane used in this study predicts an extraction rate for the OTD to
be approximately 100 μL h-1 if the membrane was used alone and
assuming a transmembrane pressure of 14.4 kPa. The computational
estimate of the overall pressure drop (ΔP−σosmolyteΔπosmolyte) was -10
kPa.24 Therefore, our results of 77.0 ± 9.8 μL h-1 are consistent with
the manufacturer’s prediction of membrane performance. The pres-
ence of tissue in contact with the membrane substantially reduced
the extraction rate. One anomaly is that removing the dura resulted
in a reduction in the extraction rate compared to measurements
using tissue with dura. Nevertheless, the error in the measurement
had a maximum of only 12% (in the OTD membrane only study).
This indicates that this method can provide flux measurements with
reasonable reproducibility and has the potential to assist in real-time
evaluation of fluid removal in-vivo.

TABLE II. Hydraulic Resistances Calculated from Measured Extraction Rates.

Hydraulic Resistance
Sample (m-1) x 10-12

OTD membrane only 11.2 ± 1.02
Hydrogel 1.2
Tissue without dura 14.3
Tissue with dura 3.6
Overall Resistance: OTD membrane + hydrogel 12.5 ± 0.04
Overall Resistance: Membrane + Hydrogel + Tissue with Dura Removed 26.8 ± 0.31
Overall Resistance: Membrane + Hydrogel + Tissue with Dura Intact 16.0 ± 0.05
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Measurement of hydraulic resistance of tissue

The hydraulic resistance of tissue was also determined using
the results from the extraction rate and Eq. (1). Table II shows these
results.

The reproducibility of the differential densimetry method is
also reflected in determining the various transport resistances of
samples. The OTD membrane resistance was determined to be (11.2
± 1.02) x 10-12 m-1. The overall tissue resistance with the dura intact
was determined to be (16.0 ± 0.05) x 10-12 m-1, or about a 40%
increase in resistance as compared to the OTD alone. The pro-
cess of removing the dura resulted in a 140% increase in hydraulic
resistance. It is unclear why the removal of the dura increased the
overall resistance and additional studies are required to determine
if this is an anomaly or artifact in the method. Nevertheless, the
error analysis implies that the differential densimetry method can
provide preliminary resistance measurements for subsequent in-vivo
studies.

DISCUSSION

The system was found to reach steady state values within 1.5 h
where the critical measurements are determined (Figures S3-S8).
The delay in the system is coupled to the specific overall configu-
ration with the flow lines and flowrates and, thus, it can be reduced.
Overall, this short time frame allows for its potential use in real-time
applications of an OTD.

Comparing the retentate flowrate (100 μL min-1) with the per-
meate rate, the differential densimetry method shown here was
able to determine membrane permeability rates nearly 200 times
less than the transmembrane flowrate (observed in Trial 4 at 31.5
μL h-1, Table I) with a repeatability error as low as 3% (Table I,
Trial 2 average) and only as high as 12% (Table I, Trial 1 average).
Improved sensitivity could be achieved by modifying the sensors and
increasing variation in the density of the two related fluids.

Currently, our differential densimetry method requires
milliliter-scale volumes of fluid due to the size of the vibrating tube
sensors we are using. This limits the practical utility of our technique
in microscale applications, such as in direct animal studies, where
sub-microliter flows may need to be measured. For these appli-
cations, vibrating tube sensors could be replaced by microfluidic
Suspended Microchannel Resonators (SMRs),25 which are capable
of continuously measuring fluid density using much smaller fluid
volumes. For example, an SMR sensor developed for nanoparticle
analysis26 can measure the density of a fluid using only about 20 fem-
toliters; this is about ten orders-of-magnitude less fluid than vibrat-
ing tube sensors require. Performing ultra-low-volume differential
densimetry using two SMRs as density sensors would likely require
that both SMRs be integrated into the same microfluidic chip, and
recent multi-SMR chips (developed for particle and cell analysis)
demonstrate that this is indeed feasible.27–29 By leveraging microflu-
idic mass sensors, differential densimetry could be used to measure
extremely small fluid fluxes in microscale applications.

CONCLUSION

In this work, we introduced differential densimetry, a method
for measuring ultra-low fluid fluxes across tissue ex-vivo. By
leveraging two density sensors in series, this technique is relatively

insensitive to temperature-induced drift in density measurements
which often plague density measurement techniques. As a proof-
of-concept, we used differential densimetry to measure the mem-
brane flux of a concentrated BSA solution in aCSF at pH 7.4 moving
through across a 15 mm2 membrane opening of an osmotic trans-
port device (OTD) with a transmembrane flowrate of flowrate of
100 μL min-1.

The differential densimetry method shown here was able to
determine membrane permeability rates over two orders of mag-
nitude less than the transmembrane flowrate. Improved sensitivity
could be achieved by modifying the sensors. The system was also
found to reach steady state values in less than 2 h where the critical
measurements are determined. The system can be easily extended
to microscale applications by modifying the process with already
existing technology.

For in-vivo applications, permeability of tissue and overall sys-
tem time lag must be established prior to quantifying permeate
flux. These preliminary studies for determining permeability and
the systems transient operations could be done ex-vivo. Overall,
the differential densimetry technique provides a convenient and
safe method for measuring low flowrate transport through the
OTD.

SUPPLEMENTARY MATERIAL

See supplementary material for S1—Densimeter Calibrations;
S2—Densimetry Data Figures.
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