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ABSTRACT
The membrane concentration osmometer coupled with multiple sample preparations has been used

for over a century to determine a number of colloidal properties. At the dilute region, this method
has been used to determine solute molecular mass. When the solution is proteinaceous, in the
intermediate region, the osmotic pressure profile provides the second virial coefficient, useful for
estimating protein crystallization and salting out. At the most crowded concentrations, it provides
insight on protein hydration and protein-ion interaction. One of the most critical factors in
generating the osmotic pressure profile is minimizing the quantity of protein used and reducing
the error in preparing samples. Here, we introduce a membrane concentrating osmometer that
allows one to measure osmotic pressure over a wide concentration range from a single sample. A
test study was performed using the osmotic pressure profile of self-crowded bovine serum albumin
(BSA) solutions. The resulting profile was in good agreement with previous data in the literature

obtained from multiple sample studies. The osmotic pressure profile was further used with a free
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solvent-based (FSB) osmotic pressure model to determine protein hydration and ion binding.
These results were in excellent agreement with literature values. This concentrating osmometer
has several advantages over conventional concentration osmometer for obtaining the osmotic
pressure profile for proteinaceous solutions; 1) the amount of protein required is significantly
decreased, 2) the potential for experimental error in sample preparation diminishes, and, 3) the
time for generating the osmotic pressure profile is substantially reduced.
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INTRODUCTION
The use of osmometers to determine critical solution parameters dates back to the late

nineteen century with van’t Hoff’s Nobel Prize-winning discovery that the relationship of osmotic
pressure of dilute colloid solutions to concentration was consistent with the ideal gas law.!?
Researchers have subsequently used measured osmotic pressure for dilute solutions at various
concentrations to extrapolate the molecular mass of a dissolved colloid.>® It was soon recognized
that van’t Hoff’s model could not account for the behavior of highly concentrated solutions and
others offered the correction in the form of a phenomenological virial expansions that could
account for solute-solute interactions.” This effort resulted in interpretations of the second virial
coefficient as an interaction parameter.® 14

But in nearly all cases, the osmotic pressure results used in the interpretation of the solution
properties requires a series of solutions of varying concentrations in the region of interest. This
could be time intensive, both in preparation and in measurement. As examples, Vilker (1976)
reported that each data sample used to generate the osmotic pressure profile required
approximately 6 h to establish equilibrium using his manometer-based pressure measurement
technique.'> Because a minute but significant volume of fluid was transported across his two
chamber osmometer, additional time was devoted to correcting for the final solvent- and solution-
side concentrations.'> Wu et al. (1999) indicated that, in their methods for preparing the osmotic
pressure profile, each sample required overnight equilibration.'® Yousef et al. (2001) reported that,
in preparation of concentrated solutions of immune gamma globulin, dissolution of high
concentrations required 2 or 3 days.!” Yousef used a pressure transducer for the osmotic pressure
measurements but the overall time for measurement equilibrium remained approximately 5-6 h.!”
Similar time requirements are reported in other studies where the osmotic pressure profile is

generated.'® 2! Hale et al. (2018) modified the osmometer further by increasing the volume of the
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solvent-side chamber of the device. This ultimately acted as an infinite sink and eliminated
solution-side concentration corrections. Nevertheless, excessive sample preparation time and
material use were not eliminated.?! Overall, a time commitment on the order of days is required to
generate a single osmotic pressure profile.

As eluded to above, the protein mass required to prepare each solution can also be
significant. A single solution osmotic pressure data point in dilute solutions can require very little
protein mass. However, for measurements at high concentrations, the solute mass can be on the
order of grams.!”?? Recent observations show that the osmotic pressure profile of highly
concentrated self-crowded protein solutions provides insight into protein hydration and ion
binding.!7:18:20.21.23-27 These are critical parameters in characterizing novel proteins. For many
proteins of interest, the costs to providing gram quantities of protein to generate the osmotic
pressure profile may be prohibitive. For self-crowded solutions studies, preparing an osmotic
pressure profile can require substantial solution preparation and time.

Ultimately, the large time and materials commitment required to generate an osmotic
pressure profile is relatively expensive. Because of this large investment, duplicate data points are
rarely determined. Consequently, any error analysis is representative of the regression of the data
to a proposed model.!>17:212* An exception to this is the osmotic pressure profile for bovine serum
albumin (BSA) in 0.7 M NaCl at pH 6.3 reported by Kappos and Pauly (1966).2® These
investigators showed error of as much as 15% in the osmotic pressure measurement for their
highest concentration measurement. Vilker compared his osmotic pressure for BSA at 0.15 M
NaCl and 5.4 pH and found his results to be as much as 25% lower than that of Kappos and Pauly

but slightly higher than results obtained at 5.4 pH and 0.15 M NaCl by Scatchard.?
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A number of innovations have been developed for the osmometer to reduce sample volume
and increase measurement time.??3%3¢ However, no design to the authors’ knowledge, address the
reduction in sample preparation for each data point used in an osmotic pressure profile. One design
has reduced the experimental time by incorporating a moderately large volume stirred cell,
however, additional solute must be added to the system after each run to obtain measurements for
different concentrations.*® Here, we have designed and developed a concentrating osmometer that
allows a single sample to be concentrated to provide the osmotic pressure profile used for solution
property analysis. This is accomplished by beginning with an initial solution volume and after the
osmotic pressure reaches steady state, decreasing the volume using a plunger, and then repeating
these steps to obtain additional data points. Because the solution is nearly incompressible, the
overall system is designed to withstand pressures much greater than the resulting osmotic pressure.
This method also allows for a decrease in the time required to obtain a complete osmotic pressure-
concentration curve. A conventional membrane osmometer requires that protein solutions be made
for each desired concentration and wait sufficient time for a solution to reach steady state in the
osmometer. As mentioned above, even when the pressure head is adjusted, this process can take
hours per sample.'® In this proposed design, working continuously with one initial solution and
concentrating that solution repeatedly, the quantity of total sample mass is reduced and the time to

obtain an osmotic pressure profile can be substantially decreased.

DESIGN OF THE CONCENTRATING OSMOMETER

Overall function
The concentrating osmometer is based upon the standard osmometer device which consists

of two chambers, the solute chamber and the solvent chamber, separated by a supported semi-
permeable membrane.!’2%2* The membrane is such that the osmolyte of interest is totally retained.

Selection of the membrane is important to ensure that only desired species are able to transverse
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the membrane. This is achieved by selecting a membrane pore size that is large enough to freely
allow permeability of the solvent, but small enough to prevent the restricted species from passing
through. The membrane’s chemical structure and all surfaces that come in contact with the species
are selected to not affect the solutions.

Typically, a solution is added to the solute chamber and the solvent chamber is open to
atmosphere. The solvent chamber is sufficiently large to represent an infinite sink. In the initial
reading, the system is allowed to obtain equilibrium and the pressure reading is determined. The
concentrating osmometer works by decreasing the solute chamber volume (Figure 1-A, yellow
volume) to obtain new solute concentrations (Figure 1-B, yellow volume). By rotating the plunger
(Figure 1-B, pink arrows) the volume in the solute chamber (Figure 1-B, yellow volume) is
reduced, driving transmittable solvent through the semi-permeable membrane and into the solvent

chamber (Figure 1-B, blue volume).

The difference in plunger height (Figure 1, AH), between before rotation (Figure 1-A, Hp, )
and the plunger height after rotation (Figure 1-B, Hp,), is equivalent to the change in chamber
height (Figure 1, AH) before (Figure 1-A, H., ) and after rotation (Figure 1-B, H¢,). Knowing the
dimensions of the solute chamber and assuming totally retained solutes, the change in chamber
height can be used to determine the change in solute concentration by a mass balance. For the n'

measurement, the concentration, ¢, is determined as

mo

Cn = —T—<n —
T VomXj,av)

(1)

where m,is the initial colloid mass in the sample, V, is the initial sample volume, and AV; is the

volume change associated with the j measurement.
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Figure 1: A collapsed view of the concentrating osmometer before (A) and after rotation (B). Rotation is denoted by
the curved pink arrows in B), by which the solute chamber volume, denoted in yellow is decreased (pink arrow aimed
down). The solvent previously in the protein solution before the rotation (A) is driven through a supported semi-
permeable membrane into the solvent chamber denoted in blue. The solvent chamber is typically several orders of
magnitude larger than the solute chamber and is open to atmosphere. The large capacity of the solvent chamber allows
it to act as an infinite sink. The change in plunger height, AH, from its initial height, Hp, ,to its new height, Hp,, is

equivalent to the change in chamber height, AH, from the initial height, H¢,, to its end height, H¢,. By knowing the
change in chamber height and the dimensions of the chamber, the change in solute concentration is determined.

The overall device design is shown in Figure 2. During operation, the overpressure can
become several times greater than the resulting osmotic pressure. Therefore, the device design was
constructed to withstand pressures not normally present in conventional membrane osmometers.
Details of the device measurements are shown in the supplement (Figures S1-S4). The following

describes the details of the device.

Design of the solute chamber
The solute chamber (Figure 2 (7)) is a straight cylinder allowing for the maximum available

membrane surface area. The solute solution is added directly into the solute chamber allowing for
visual inspection and potential removal of any air pockets that may have developed during
addition. Once enough solute has been added to form a meniscus above the solute chamber O-ring

(Figure 2 (8)), the membrane is placed on top of the O-ring in such a way as to prevent air from
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being trapped in the chamber. The detail of the design dimensions of the solute chamber are shown

in the supplement (Figure S1).
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B Piunger Bottom
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Figure 2: Exploded sectioned view of all the components in the concentrating osmometer. Components 1-6 represent
the plunger that changes the solute volume and its O-rings (red — 4, 6) that seal off the solute chamber around the
plunger. Component 7 and 12 are the solute and solvent chambers, respectively, with components 8-11 containing the
components to allow transport between the chambers (9) and ensuring the two chambers are sealed (red - 8, 11).

Plunger design
In order to change the volume in the solute chamber, a plunger (Figure 2 (1-6)) is driven

toward the membrane, increasing the pressure in the chamber and driving solute through the semi-
permeable membrane, concentrating the remaining solute. The plunger is made up of two main

sections, the lower (Figure 2 (2-6)) and upper components (Figure 2 (1)). The plunger bottom
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(Figure 2 (5)) contains the pressure transducer (Figure 2 (3)). It is imperative that a pressure
transducer is selected so that it provides the appropriate osmotic pressure reading for the sample
range but is protected from the inevitable overpressure that occurs during the operation of the

device.

The pressure transducer is designed to seal against the plunger to insure that there are no
leaks. To achieve sealing, an O-ring (Figure 2 (4)) is placed around the sensing side of the
transducer and the inside of the lower plunger. The transducer is secured against the O-ring with
enough force to seal the chamber by a threaded cylindrical lock (Figure 2 (2)). The lock is screwed
into the lower plunger to drive the transducer into the O-ring. The lock has a hole through the
center with a slot cut from the center to the edge. This slot allows for the lock to slide over the
transducer wires for ease of assembly. Due to the confined area, the slot is also the mechanism for
which the lock is screwed. The slot allows for a flathead screw driver to slide through and then
rotate to adjust the distance between the lock and the transducer.

The lower plunger also seals against the walls of the solute chamber. Another O-ring
(Figure 2 (6)), around the diameter of the lower plunger, is used to ensure that solution does not
leak around the plunger during concentrating and at elevated overpressures. This O-ring is located
as close to the bottom of the lower plunger as possible while still allowing for most of the diameter
to be enveloped on the top and bottom. The envelopment is important to support the O-ring when
the plunger moves.

The upper component of the plunger threads into the solute chamber allowing the plunger
to move up and down. The threading has been selected to maximize the vertical sensitivity while

maintaining enough strength to ensure that the threads do not strip.
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The plunger top and bottom are also connected by threading together, but with threads of
the opposite direction of those connecting the solute chamber and the plunger top. These
connections having opposing thread and a thread gap in the plunger connection, allow the two
parts of the plunger to rotate independently of each other. This thread gap is after the connecting
thread on both the plunger bottom and top, so that when the plunger is rotated to lower the plunger
assembly deeper into the solute chamber, the threading between the plunger bottom and top are
not in contact and so will prevent them from unthreading. Conversely, when the plunger assembly
is unscrewed the threads of the plunger top and bottom come in contact but do not unscrew as the
plunger top’s rotation is in the opposite direction of the connecting threads. By constructing the
plunger top and bottom in this way, the plunger assembly is only able to become disassembled
outside of the osmometer.

The plunger top is slotted similarly to the transducer lock to allow the transducer wires to
slide through for easy assembly. The slot has the added benefit of being useful as a measurement
of rotation around the solute chamber. Given the plunger threading, initial location, and degree of
rotation, the concentration of the solute solution can be determined by change in solute chamber
height. In order to rotate the plunger, increasing or decreasing the solute chamber volume, the top
of the upper plunger is notched allowing for attachment of a wrench. The design specifications of

the plunger are shown in the supplement (Figure S2).

Solvent chamber
The solvent chamber (Figure 2 (12)) holds solution containing all transmittable species. In

order to ensure that the transmission of species from the solvent to solute chamber does not
significantly affect the concentration of that species on the solvent chamber, the quantity of solvent

in the solvent chamber is several orders of magnitude larger, thus, acting as an infinite sink. Instead
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of containing the large volume of solvent solution within the osmometer, the solvent chamber has
a minimized volume, but ports are installed on the solvent side to pump solution past the membrane
from a container of desired volume. Delivering solvent to the chamber, via a pump, has the added
benefit of moving the solvent past the membrane by convection to reduce a diffusion boundary
layer at the solvent side. The design dimensions for the solvent chamber are illustrated in the

supplement (Figure S3).

Reinforced membrane support
The overpressure that results when contracting the solute solution has the potential to bow

the membrane toward the solvent chamber, increasing the solute chamber volume, and, potentially,
introducing error in the solute-side concentration calculation. To minimize this effect, a porous
stainless-steel support (Figure 2 (10)) is employed on the solvent side of the membrane. The
support is 1 mm thick with 3 mm circular openings separated by a nominal distance of 0.8 mm.
The pores do not hinder the transmission of species and the overall support minimizes membrane
flex. The membrane support is sealed around its diameter as well as on the solvent chamber side
to prevent solution leaks. Sealing around the diameter can be achieved using non-reactive epoxy,
while a gasket (Figure 1 (11)) can seal the membrane support to the solvent chamber. The detail

dimensions of the membrane support are shown in the supplement (Figure S4).

Assembly
The solution and solvent chambers are screwed together in order to provide the pressure

required to seal and secure the gaskets, between the solvent chamber, membrane support,
membrane, and the solute chamber. In order to keep the membrane support and the gasket in line
with the membrane and solvent chamber, the solvent chamber has a cutout for the gaskets and
membrane support to rest, while the solute chamber has an extrusion of a slightly smaller diameter

to ensure correct alignment and desired sealing pressure.
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Concentrating factor
This design has a solute chamber with a maximum volume of 2.6 mL and a minimum

volume of 140 pL. A total of 4.8 rotations of the plunger are required to cover the span of this
volume range. The height change of each 360° rotation is 1.6 mm and there is a total change in the
plunger tip height of 7.6 mm. This allows the solution of interest to be concentrated up to 18.9
times the initial concentration. The reduced volume and concentration range allows osmotic
pressure profiles to be produced for relatively small samples of proteins. This is particularly
advantageous for samples that are not available in gram quantities. As an example, in our previous
standard osmometer, over 100g of protein were needed to generate a complete osmotic pressure
profile. Whereas, the concentrating osmometer can produce an osmotic pressure profile for a
concentration range between 21.2 gL' to 400 gL', with only 55 mg of BSA.

Although this design is used herein to validate a concentrating osmometer, alterations can
be made to the design to further reduce the minimum and maximum volumes to increase the

concentrating factor as necessary.

EXAMPLE APPLICATION: PREDICTION OF HYDRATION AND ION BINDING OF
SELF-CROWDED BSA

Overview
In this example, a single sample of BSA is used to generate an osmotic pressure profile

that can be used to predict protein hydration and ion binding via the free solvent-based (FSB)
osmotic pressure model.!”20-23-2527:37.38 These parameters can be extracted from the non-linear

range of the osmotic pressure profile.

Free solvent-based (FSB) model relates osmotic pressure profile to hydration and ion
binding
Full mathematical development of the free-solvent based model is described elsewhere.

17,25

Briefly, for a two chamber osmometer separated by a semi-permeable membrane in which there
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are n distinct species, where p proteins (or other rejected solutes) are fully rejected and confined
to chamber II and the remaining species (n - p) are diffusible, the free-solvent based model

describes the osmotic pressure, 7, as

LD Y W v - ')
RT (Zi=1 Ni i=15i#2—> p+1 L j=2 Vij Nj j=p+2 VUNJ Nl j=p+2 VUNJ
1T

7~—In ) 5 (2)

7 (u_ n ulzn 1\
! N Z/=2V1ij Vi Zj=p+2V1ij

k. Lo .
where IV, is the number of moles of species i in compartment &, and V;; is the net number of

moles of species i interacting with species j. The compartment containing the protein solution is
denoted as superscript I, while the non-protein compartment is denoted as superscript i. For this
work, in a self-crowded protein solution in a single salt, the total number of components is three;
water, protein, and the salt, NaCl. The hydration, v;,, and ion binding parameters, vs,, are

regressed from Eqn. (2) to best fit the osmotic pressure profile.

Experimental method
Solvent solutions are prepared by dissolving the designated mass of NaCl (No. S9888,

Sigma-Aldrich, St. Louis, MO) into one liter of ultrapure water (EASYpure RoDi D13321, Thermo
Scientific Barnstead Water System, Thermo Fisher Scientific, Waltham, MA) to produce a 0.15 M
solution. This solvent is then used to dissolve a weighed mass of BSA (No. A30075, BSA,
Research Products International, Mt Prospect, IL), using a stir bar to facilitate mixing. The solution
pH of both solutions is measured by a pH Meter (Model 13-641-253, ThermoScientific Orion
720A+, Thermo Fisher Scientific, Waltham, MA) and adjusted, under stirring, using 1 M HCI (No.
HX0603, Millipore Sigma, Burlington, MA) and 1 M NaOH (No. S318, Thermo Fisher Scientific,
Waltham, MA), to be within 0.05 pH of the desired value. Stirring also allows for the prevention
of local denaturation in the protein solutions. The amount of acid and base used to adjust pH is

considered part of the solutions and is accounted for when calculating concentrations. The
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concentration of the solutions was determined by dividing the amount of protein or salt by the
volume of solvent used to make the solution. The volume of solvent includes volume of protein or
salt in the solution using the specific volume of the protein or the density of the salt.

The general osmotic pressure experimental setup is equivalent to the design used for the
standard membrane osmometer reported by Hale et al. (2018).2! However, a single sample is used
here to determine the concentration profile region of interest. Initially, a measured mass of the
lowest concentrated solution is loaded into the solution chamber and the device is closed. Once
assembled, and once the pressure reading stabilized, the pressure (Cole-Palmer, pressure
transducer, EW-68001-04, Vernon Hills, IL) and plunger height (Electronic Digital Caliper, +
0.0005 in resolution, = 0.001 in accuracy) were recorded. The plunger was then rotated to reduce
the solute chamber volume. Solvent, but not protein, is slowly expelled into the solution chamber.
The solution chamber has a significantly larger volume to act as an infinite sink with constant
solution properties. As a result, the protein concentration on the solution side is increased. Spikes
over 500 kPa are observed immediately after reducing the chamber volume. When the pressure
stabilized again, the pressure and plunger height were again recorded, and the process was repeated
until the desired concentration-pressure curve was obtained.

After completion of the series of sample measurements, the device was dismantled, and a
sample of the final concentrated solute was obtained and weighed. Protein concentration at the end
of each series was determined using a spectrophotometer (Cary 50 Bio UV-VIS, Agilent, Santa
Clara, CA, USA) at 280 nm for diluted samples (sample size about 0.1 g but with an accuracy of
+ 0.001g ) at a 350:1 ratio. The mass of the initial load and final concentration were used to

calculate the concentrations of the subsequent sample sizes based on the changing volume. An
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example calculation is illustrated in the supplement (S2. Example Concentration Calculations). A

representative calibration curve is shown in the supplement (Figure S5).

RESULTS

Osmotic pressure profiles
To determine hydration and ion binding, the critical osmotic pressure concentration profile

is required for protein concentrations near saturation. For this study, the concentration range
focused in this region of interest beginning at approximately 200 — 300 g L™!. Regression hydration
and ion binding parameters extracted from this upper part of the osmotic pressure profile can
potentially have significant error®®, especially given the error observed in this region by previous
investigators.'>?® Therefore, six trials were performed at elevated concentrations as a proof of
concept. Figure 3 provides a representative curve of the pressure profile during operation. Pressure
readings were found to reach equilibrium in less than one hour, albeit, since changes in volume
were performed manually, the time between changes were arbitrary and sometimes up to 30 h.
Nevertheless, the results illustrated that the pressure during these large intervals remained
relatively constant demonstrating less than a 1% variation in pressure for a 30 h period where the
volume was held constant (Figure 3). The pressure profiles for each case are shown in the
supplement (S3. Raw Data. Figures S6-S12). The corresponding solute chamber volume
measurements are shown in the supplement (S4. Chamber Heights for Concentration Steps,
Table S1).

The osmotic pressure for BSA solutions, in 0.15M NaCl at pH 7.4, 25°C, are shown in
Table 1. Concentrated osmotic pressure for BSA has been previously studied?? and literature data
in the observed concentration range was used for a comparison between the concentrating

osmometer and a conventional osmometer. Figure 4 shows a plot of the results from the six trials
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and the results from the literature. Example calculations are in the supplement (S5. Example

Calculations).

Table 1. Osmotic Pressure of BSA in 0.15M NaCl, pH 7.4, 25°C

Literature* Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6

%) 5] %) ("] 5] ("] %)

P 1 P L= St L= St

- 2 -~ 2 - 2 -~ 2 - 2 - 2 -~ 2

= @ = 7] = @ = 7} = 7] = 7 = @»n
=3 £~ =78 Al m% f£~a|l=8% £~ =% LAl m% £~ =8 £~
<A A8 | < A | € A | €<n A8 | <n A8 | € A | €< A4S
n 00-1 n ug n QQ- 7, Q)0-1 7, °§ 7,0 Q)0-1 7, °§
Ba S| BL g2 |85 £2 25 220 £S AL g2 |25 £2

o S o S o S o S o S o S o S

- E - £ - E - £ - £ - £ - £

|74 j7d |74 n |7d n |74

o =) o =} =} =} =}

84 6.4 309 1204 | 212 57.0 | 178  49.1 | 241 547 | 304 108.2 | 324 1433
91 7.9 314 1283 | 219  69.1 189 53.0 | 245 60.5 | 311 120.7 | 328 170.8
211 443 | 323 1397 | 261 936 | 195 56.7 | 247 673 | 316 115.8 | 333 1659
211 445 | 331 1497 | 297 1133 | 213 61.2 | 250 729 | 323 1289 | 335 189.1
289 1125 | 335 1593 | 301 1319 | 216 70.1 | 254 773 | 325 1420 | 339 175.6

325 1328 322 168.1 | 242 815 | 258 825 | 331 153.1 | 345 193.3
325 1328 322 1846 | 245 919 | 265 919 | 333 1744 | 350 214.0
354 189.7 327 2063 | 261 1025 | 269 979 | 340 1889 | 353 187.6
357 2184 330 2125 | 268 106.7 | 285 1023 | 344 2068 | 356 218.1

335 2359 | 276 113.0 | 292 107.8 | 357 2165
341 239.1| 291 1152 | 292 1148 | 362 2158
344  258.0 | 297 1279 | 293 1224 | 360 224.1
338 296.5| 304 1379 | 307 135.1 | 364 233.0
354 3029 | 341 1457 | 311 1424 | 367 244.1
353 3302 | 345 158.7| 308 151.6 | 372 259.2
350 184.5 | 321 160.4
368 1969 | 323 167.0
368  205.2
373 212.1

*Data from Vilker et al.?

Calculation of hydration, v,,, and ion binding parameters, vs,
The osmotic pressure profiles for each trial were used to regress (TableCurve 2D, Systat

Software, San Jose, CA) the best fit values of the hydration, v;,, and ion binding parameters, vs,,
of the FSB model (Eqn. (2)). The best fit curves for the FSB model for the aggregate combination
of the data and the literature values are shown in Figure 4. Table 2 shows the resulting hydration

and ion binding parameters for each the trials and for the overall combination of all six trials.
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Bovine Serum Albumin - Trial 4
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Figure 3: Representative pressure curve for obtaining the osmotic pressure profile for Trial 4. The high pressure
surges represent the point at which the volume was reduced to begin the next sample. The dashed lines illustrate that
between a time interval of 30 h, the pressure readings remained relatively constant with only a 0.8% loss in pressure
between measurements. The actual time required between measurements to reach steady-state was determined to be
approximately one hour.

With increased concentration, the osmotic pressure changes rapidly and may alter the
membrane integrity of conventional membrane osmometers. As mentioned above, the
concentrating osmometer presented here demonstrated sustained pressure readings for periods on
the order of one day. This observation allays concerns of device leakage and offers further

reliability in the results, particularly at high concentrations.
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Table 2. Regressed Ion Binding and Hydration Parameters from Osmotic Pressure Data

; Hydration Ion Binding
0.15 M Nad(l, COHCCI;f_I;athIl mol H,0 mol Salt. C .
pH 7.4,25°C (® ) Crotsa) Goiasd ovariance
[Data Points] Vio Vaa

Literature” 84 — 357 [9] 5499 + 557 13.05 +£2.17 2.08x 107
Trial 1 309 —-335[5] 5168 £ 489 11.76 +£ 1.80 5.93x 107
Trial 2 212 -353 [15] 6212 + 387 14.77 £ 1.70 1.80 x 1073
Trial 3 178 =373 [19] 3386 £478 4.99 +1.82 1.80 x 10
Trial 4 241 -323[17] 6135 +£380 14.49 £ 1.36 3.65x10°
Trial 5 304 -372[15] 5364 £372 12.41 £1.53 5.66 x 10°°
Trial 6 324 -356[9] 4762 + 1571 9.86 £ 6.26 2.46 x 10
Aggregated Trials 178 — 373 [80] 4687 + 564 947 +2.24 4.45x10°

*Data from Vilker et al.?

DISCUSSION

Error analysis of the osmotic pressure profile at high concentrations
As seen in Figure 4, with the exception of Trial 2, there is an error of 18% in the osmotic

pressure results for the highest value. This level of error is consistent with what was observed
previously by Kappos and Pauly (1966). We have previously shown that the sensitivity of osmotic

pressure increases significantly near saturation conditions.?
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Bovine Serum Albumin
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Figure 4: Osmotic pressure data, from a concentrating osmometer, for BSA in 0.15M NaCl at pH 7.4, 25°C, and
values taken from the Vilker et al. (1981)*2. Overall, the pressure measurements made with the concentrating
osmometer are in excellent agreement with the results from the literature, albeit, the latter values for Trial 2 appear
high.

Nearly all of the results produced an osmotic pressure for specific concentrations of BSA
that were higher than that presented by Vilker et al. (albeit, the results from Trial 2 are notably
higher). The observed slightly higher data values may be due to modest changes in ionic strength
from the work of Vilker. Because the solvent chamber was on the order of the size of the solution
chamber, Vilker, used aliquots of 0.1 N NaOH or 0.1 N HCI to adjust pH. He did not measure the
change in ionic strength but estimated it to be as much as + 0.03 M.

The error related to the height and absorbance measurements in our work are calculated to

be less than + 1% and + 0.5%, respectively, with pressure transducer error documented at less than
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+ 2 kPa. The large deviation in the osmotic pressure from Trial 2 is likely coupled to an error in

solution preparation.

Advantages and disadvantages of concentrating membrane osmometer over
conventional devices

The concentrating osmometer has a number of advantages over conventional devices when
generating osmotic pressure profiles. Perhaps the primary advantages are; 1) the preparation time
is reduced, 2) the operation time is reduced, 3) the associated labor is reduced and 4) a lower
quantity of sample is required for the complete osmotic pressure profile. In conventional
osmometers, preparation of a single osmotic pressure profile took several weeks and required a
series of sample preparations and device loading. At higher concentrations, a single solution
preparation could take as much as two days.!>!8
A disadvantage is of the concentrating osmometer is that sampling error can propagate

throughout the entire concentration range for the profile. Using error propagation, the variance in

2 .
Cna O-Cna 18

) 2 2
2 _ Ime ) Mo 2 n Mo 2
02 =|—2>—) +|————=) of +X1,|——>——| o5, 3
‘n (VO—Z]-:zAVj <(VO—Z?=2AVJ')2> Yo o A 1<(VO—Z§‘=2AVJ)2> e ©

where g, is the error in the measurement of the initial mass, o7} is the variance in the initial volume
and O'szi is the variance in the i volume change. One can see that as n increases, the error in ¢,
increases significantly. With fixed O'AZVi the error propagates at a minimum rate of
Vn—-1 oay;- Even with excellent sample preparation, a dramatic increase in error is expected at
high concentrations, particularly as V, — ¥%_, AV; - 0. Thus, researchers should be mindful of the

potential error in using the concentrating osmometer.
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CONCLUSION
Here, a concentrating osmometer for determining an osmotic pressure profile for a colloid

solution from a single sample was developed and tested. The practical issues and applications were
discussed. The concentrating osmometer was tested for a BSA solution in 0.15 M NaCl at pH 7.4.
There was good agreement between the osmotic pressure profile and the regressed hydration and
ion binding values between this study and the literature.

The concentrating osmometer can substantially reduce the required quantity of protein used
to obtain the osmotic pressure profile and can significantly reduce the time required to obtain a
complete osmotic pressure profile. One should be aware of the propagation of error from the initial
sample measurements when evaluating the results. Although the study often used large variations
between volume changes, the results show that the system reaches steady-state within one hour.
Thus, an osmotic pressure profile for a region of interest for highly colloid solutions can be
obtained on the order of one day with substantially reduced preparation error. Since the sample
size required to generate the osmotic pressure profile is substantially reduced, gram quantities of

the protein are no longer required.
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SUPPLEMENT MATERIAL

The supplement contains:

S1. Design Specifications

S2. Absorbance Calibration

S3. Raw Data

S4. Chamber Heights for Concentration Steps

S5. Example Concentration Calculations (Trial 4)
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Detailed Design Specification, Calibration
Curve and Raw Osmotic Pressure Data

S1. Design Specifications

Concentrating Osmometer: Solute Chamber 07/21/2018
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Figure S1: Detail design specifications for the solute chamber.
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Concentrating Osmometer: Plunger Top 7/21/2018
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Figure S2: Detailed design specifications for the device plunger top.
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Detailed design specifications for the device plunger holder.
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Concentrating Osmometer: Plunger Bottom 7/21/2018
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Figure S4: Detailed design specifications for the device plunger bottom.
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Concentrating Osmometer V2: Solvent Chamber 9/13/2018
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Figure S5: Detailed design specifications for the solvent chamber.



Concentrating Osmometer V2: Membrane Support 9/13/2018
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Figure S6: Detailed design specifications for the membrane support.
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S2. Absorbance Calibration
Pressure Transducer Calibration
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Figure S7: Representative calibration curve for bovine serum albumin solutions used in the trials.
The sample from the device was diluted by a 350:1 ratio.
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S3. Raw Data
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Figure S8: Pressure profile obtained from Trial 1. The high pressure surges represent the point at
which the volume was reduced to begin the next sample. As can be seen, the pressure
measurement settles down rapidly and reaches a steady value within one hour.
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600 Bovine Serum Albumin - Trial 2
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Figure S9: Pressure profile obtained from Trial 2. The high pressure surges represent the point at
which the volume was reduced to begin the next sample. The time between the latter samples
was on the order of 100 h and the sample pressure remained relatively stable.



Bovine Serum Albumin - Trial 2, Zoomed
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Figure S10: Pressure profile obtained from Trial 2 for the first 12 h only. The high pressure surges
represent the point at which the volume was reduced to begin the next sample.
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600 Bovine Serum Albumin - Trial 3
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Figure S11: Pressure profile obtained from Trial 3. The high pressure surges represent the point
at which the volume was reduced to begin the next sample. The time between the samples were
on the order of 20 h for the initial cases and approximately 70 h between the last two points.
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Bovine Serum Albumin - Trial 4
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Figure S12: Pressure profile obtained from Trial 4. The high pressure surges represent the point
at which the volume was reduced to begin the next sample. The dashed lines illustrate that
between a time interval of 30 h, the pressure readings remained relatively constant with only a
0.8% loss in pressure between measurements.
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600 Bovine Serum Albumin - Trial 5
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Figure S13: Pressure profile obtained from Trial 5. The high pressure surges represent the point
at which the volume was reduced to begin the next sample.
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Figure S14: Pressure profile obtained from Trial 6. The high pressure surges represent the point
at which the volume was reduced to begin the next sample.



S4. Chamber Heights for Concentration Steps
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Table S1. Measured Solution Chamber Heights for Measurements Done During Each Trial

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
= = = = = =
Lo -~ 2P -~ 2P -~ 2P -~ 2P -~ 2P -
= % | 2 % | 2 % | 2 % | 2 % | 2 — 2
" E <o | L. <o |LTE <R | TE <X |LTE <48 | LTE <&
S g A - S g A - S g A - S g A - S g A - S g A -
B =| g =| =| =| =| o
= = = = = =
O O O O O O
2.997 312 2.985 220 2.197 191 2.845 246 2.845 310 2.108 324
2.921 317 2.819 227 1.969 201 2.743 250 2.743 316 2.007 328
2.794 324 2.057 268 1.867 207 2.692 252 2.667 321 1.905 333
2.667 332 1.575 301 1.562 224 2.629 255 2.565 328 1.854 335
2.616 335 1.524 305 1.511 228 2.540 259 2.540 330 1.753 339
1.295 325 1.156 253 2.464 262 2.464 335 1.626 345
1.295 325 1.130 255 2.311 269 2.438 337 1.524 350
1.245 330 0.953 271 2.235 273 2.362 343 1.448 353
1.219 332 0.876 278 1.943 288 2.311 347 1.397 356
1.168 337 0.800 285 1.829 294 2.159 359
1.118 342 0.673 299 1.829 294 2.108 363
1.092 345 0.622 305 1.803 296 2.134 361
1.143 340 0.572 311 1.588 309 2.083 365
1.003 354 0.318 345 1.537 312 2.057 367
1.016 353 0.292 349 1.575 309 2.007 372
0.267 352 1.397 321
0.165 369 1.372 323
0.165 369

0.140

373




Trial 4 (5/15/2018)

Protein Solution Used (g): 2.01
Protein Density (g/mL): 1.067
Protein Solution Used (mL): 1.88
Initial prep concentration (g/L) 201.9
Minimum Height (Inches): 0.8975
Total (mL, Minimum) 0.959
Vo (mL, Start) 1.881
Final Concentration, Cn (g/L): 322.6
Conversion (psi to kPa): 6.8948

Final Volume, Vn (mL, Finish) 1.4037

Turns, i
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S5. Example Concentration Calculations (Trial 4)

Hale et al.

Calculated
Measured Height (Inches)  Chamber Height (Inches) Vo/Vi Concentration, Ci (g/L) Pressure (psi) Pressure (kPa)
1.0095 0.1120 1.0000 240.7 7.9 54.7
1.0055 0.1080 1.0178 245.0 8.8 60.5
1.0035 0.1060 1.0270 247.2 9.8 67.3
1.0010 0.1035 1.0386 250.0 10.6 72.9
0.9975 0.1000 1.0554 2541 11.2 773
0.9945 0.0970 1.0703 257.6 12.0 82.5
0.9885 0.0910 1.1012 265.1 13.3 91.9
0.9855 0.0880 1.1174 269.0 14.2 97.9
0.9740 0.0765 1.1839 285.0 14.8 102.3
0.9695 0.0720 1.2122 291.8 15.6 107.8
0.9695 0.0720 1.2122 291.8 16.7 114.8
0.9685 0.0710 1.2187 293.4 17.8 122.4
0.9600 0.0625 1.2765 307.3 19.6 135.1
0.9580 0.0605 1.2910 310.8 20.7 142.4
0.9595 0.0620 1.2801 308.2 22.0 151.6
0.9525 0.0550 1.3324 320.7 23.3 160.4
0.9515 0.0540 1.3402 322.6 24.2 167.0

Ci = total protein mass/ volume at the ith measurement.
Ci = Cn* (Vn/Vo)*(Vo/Vi) where Cn*Vn is the total protein mass and Vi is the volume at the ith measurement.
P
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