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ABSTRACT: Rheometry is an important characterization tool for therapeutic protein solutions because it determines syringeability and
relates indirectly to solution stability and thermodynamic interactions. Despite the maturity of rheometry, there remains a need for a
rheometer that meets the following three needs of the biopharamaceutical industry: small volume; large dynamic range of shear rates; and
no air-sample interface. Here, we report the development of a miniaturized capillary rheometer that meets these needs and is potentially
scalable to a multiwell format. These measurements consume only a few microliters of sample and have an uncertainty of a few percent.
We demonstrate its performance on monoclonal antibody solutions at different concentrations and temperatures. The instrument has a
dynamic range of approximately three decades (in shear rate) and can measure Newtonian, shear thinning, and yielding behaviors, which
are representative of the different solution behaviors typically encountered. We compare our microliter capillary rheometer with existing
instruments to describe the range of parameter space covered by our device. © 2014 Wiley Periodicals, Inc. and the American Pharmacists

Association ) Pharm Sci 104:678-685, 2015
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INTRODUCTION

The protein therapeutic market is growing rapidly in sales and
number of drugs available.! In early-stage formulation develop-
ment, a wide variety of different solution conditions, including
various excipients, buffers, and pH, are screened for various
properties including viscosity. High protein concentrations are
part of the manufacturing process; sometimes therapeutic pro-
tein solutions are concentrated up to approximately 250 g/L.
High protein concentrations are also sometimes required for
the drug product, as there is a limit to the volume of fluid that
can be administered to the patient, for some methods such as
subcutaneous injection.

Viscosity is a critical property not only because it relates
directly to syringeability, but also because it is a relevant pa-
rameter for purification, fill/finish, and drug delivery.2? It is
an indirect diagnostic of protein interactions and aggregation
of the protein monomer.*® Although there is not a clearly
established relationship between viscosity and protein self-
association and/or aggregation, considerable work is aimed at
this goal.!®

Despite the maturity of viscometry, there remains a need for
a rheometer that meets the following three needs of the bio-
pharamaceutical industry: small volume; large dynamic range
of shear rates; and no air-sample interface. The small volume
requirement is particularly important to the biopharmaceu-
tical industry during the screening stage of product develop-
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rheology; protein aggregation; viscosity; 1gG antibody; microfluidics

ment. Traditional viscometric measurement methods include
rotational rheometers such as the cone-and-plate, the cup-and-
bob, or the double-gap cylinder geometries. The lower end of
the volume range for these geometries is approximately 0.1, 3,
and 4 mL, respectively, which places limits on the number of
screening compounds that can be tested.

The requirement for a wide dynamic range in shear stems
from the need for viscosity information in the high shear rate
limit (e.g., shear rates greater than 10° s~!) where syringe-
ability is an issue and the concomitant need for low shear
rate information (e.g., shear rates less than 100 s !), which
relates to diffusive time scale of deformable structures.!! The
low shear rate range is particularly sensitive to the presence of
irreversible aggregates.

Our third requirement of no air—fluid interface stems from
work showing how the existence of such an interface in ro-
tational rheometers sometimes complicates interpretation of
results because of surface rheology and surface tension. The
surface rheology complication'? stems from the fact that the
surface itself has an independent viscosity (units of Pa m s, as
opposed to usual viscosity units of Pa s), which is convoluted
with the viscosity measurement in situations that are common
to protein therapeutics. The surface viscosity ranges signifi-
cantly (from 107° to 107%) Pa m s for typical surfactants, and
(from 107° to 1072) Pa m s for proteins (without added sur-
factant). If the surface rheology is measured separately with
sufficient certainty, its effect can be accounted for.!> Unfor-
tunately, these precision-limiting surface effects are typically
more significant in the smaller-volume geometries. The other
complication!* arises because surface tension serves as a ma-
jor source of error in precision measurements at low torque
because the nonaxisymmetric irregularities of the surface that
frequently occur cause a net torque. Adding surfactant to the
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solution reduces and often essentially eliminates the effects
of both surface rheology and surface tension. Surfactants are
added to therapeutic protein solutions also to stabilize them
against aggregation.!®

Pressure-driven capillary viscometry!® can meet the above
three requirements; however, none to date have been designed
and built to do so. The rheometer that we describe here mea-
sures the fluid viscosity over a wide range of shear rates (e.g.,
1-10,000 s~!) and temperatures (e.g., 0°C—80°C), yet it requires
very small volumes (consuming ~3 pL at each temperature). In
this report, we describe the approach and the resulting perfor-
mance of this rheometer and then demonstrate its use to test
protein solutions. We focus on the rheometer’s capabilities and
not on the rheological behavior of protein solutions, which can
be explored with this instrument.

BACKGROUND

Here, we review the variety of viscometric techniques that are
currently used to probe fluids under a wide range of conditions
and discuss the relative merits with respect to the needs of the
biopharmaceutical industry. Falling ball viscometry is some-
times used for protein solutions. The disadvantage is that the
sample volume requirement is approximately 0.4 mL, and the
shear rate range is typically limited. As the flow around the
sphere is nonviscometric, the interpretation of this measure-
ment is difficult when the fluid is non-Newtonian. In certain
circumstances, when the diameter of the sphere is small com-
pared with the cylinder containing the non-Newtonian fluid,
and wall and end effects are eliminated, the zero-shear viscos-
ity may be obtained by testing various spheres and extrapolat-
ing to zero stress, that is, to a sphere of infinitesimal size and
neutral buoyancy.!” This procedure will not work for all fluids,
for example, not for yield-stress fluids. Moreover, commercial
instruments are typically designed with Newtonian fluids in
mind, when it is not necessary to use multiple or small spheres.

One class of small-volume viscometers is oscillators. A va-
riety of geometries and approaches have been tried.'® For
many such cases, the so-called surface-loading limit!® applies,
because the evanescent shear wave penetrates a small dis-
tance compared with the fluid gap (i.e., unlike in a typical
rheometer that operates in the gap-loading limit, in which the
shear propagates entirely across the gap). For kilohertz (kHz)
oscillators,'®?° this penetration is roughly 10 um or more, de-
pending on viscosity. For megahertz (MHz) oscillators,?>?2 how-
ever, the penetration is typically a few hundred nanometer,
so that bulk viscosity is measured only for simple fluids and
monomeric protein solutions, and they are not suitable for com-
plex clustering protein solutions. MHz oscillators have been ap-
plied to such systems and qualitative effects of clustering have
been observed, but the measurement is ill defined and inac-
curate when the shear penetration layer is not large enough
to sample the structures within the fluid. Recently, a micro-
electrical-mechanical (MEMs) microrheometer was reported,
which is capable of low frequency behavior. As currently imple-
mented, it contains an air—fluid interface that could act as a
source of stress in protein solutions.?

Optical methods based on diffusive motions of proteins or
tracer particles have been recently introduced. For example,
dynamic light scattering®?® and particle tracking,?®?” which
both take advantage of the generalized Stokes—Einstein re-
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lation, GSER, need only very small volumes. The GSER is
valid in some circumstances and not in others.?® It fails when-
ever a probe particle changes the structure of the fluid to
be measured.?’ This failure occurs in highly charged concen-
trated colloidal solutions,®® of which protein solutions are a
good example.?! Another failure occurs when the probe particle
is small compared with the size of structures in the fluid. This
happens whenever protein solutions form large aggregates and
thus become heterogeneous.?! Guidelines involving a series of
double checks to avoid the pitfalls of this method are elaborated
by Amin et al.?

Lastly, we discuss capillary rheometers where many are com-
mercially available and smaller-volume versions have appeared
recently.3®3* In a capillary rheometer, the flow is nonuniform
(Poiseuille flow) but it is still viscometric. Even when the fluid
is non-Newtonian, the shear stress and rate at the capillary
wall is well defined provided the required Rabinowitsch correc-
tion (see Eq. (3) below) is made.?® The basic principle underly-
ing capillary viscometry is the Hagen—Poiseuille law describing
nonturbulent flow through a tube:

AP 128 nL

As such, the pressure drop (AP) and flow rate () must be
measured to determine the hydrodynamic resistance (R) and
the fluid viscosity (). K is a constant that depends only on the
length (L) and diameter (d) of a capillary. R and K can be calcu-
lated similarly when the capillary or channel has rectangular
cross-section.?® The performance of any given system, in terms
of volume required and the range of accessible viscosities and
shear rates, depends on K, on the dimensions of the capillary
(and any input tubing), and on the sensitivity and range of
measurement of AP and @ (see Table 1). Several microfluidic
rheometers have been developed.3337-4

A recent capillary rheometer uses recirculation and thus en-
ables dilution with the solvent or another solution mixture,
in order to sample a whole range of concentration.® That

Table 1. Summary of Capability of Various Capillary and
Microfluidic Rheometers Listed in Order of Approximate Sample
Volume Consumed

Volume (pL)/Rate Sweep n(mPa s) Pw(s1)e Reference
0.03 1 to 100 200 to 2000 390
1 0.2 to 100 200 to 2000 37
1 1 to 600 10 to 600 380
3 0.4 to 2000 10 to 3000 This work
10 0.9 to 100 10 to 1000 34
20 100 to 10° 1 to 1000 420
50 0.2 to 10° 1000 to 10° 33
100 0.2 to 10 100 to 2000 43
100 0.2 to 10 20 to 1000 45
750 0.2 to 1000 10 to 1500 46
1000 0.2 to 10 20 to 600 44
100,000 10 to 1000 1000 to 106 40

“The shear rate range accessible to a single sample with a Newtonian viscosity
in the middle of the rheometer’s range. Note that a wider range of shear rate is
usually accessible if the sample is non-Newtonian.

bThese rheometers are based on tracking the interface between immiscible
fluids. The pressure at the sample interface must be accounted for, whenever the
applied pressure is low (i.e., comparable to the sample interface pressure).

Values of the current work are in bold.
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Water—sample
interface
Narrow section
Figure 1. The instrument design. (a) Schematic of the apparatus,

comprising two pressure chambers connected by polyethylene tubing
through a flow meter. See text for details. The dotted and dashed lines
near the sample chamber illustrate a possible modification whereby
the sample pressure chamber may be fitted to dip into and seal onto a
multiwell sample-and-reference plate. (b) Circuit schematic, illustrat-
ing two flow resistors (R, and Rpeter, the resistances of the capillary
and meter, respectively) as described in the text. (c) Photograph of the
sample fixture. The sample, here a black suspension of carbon nan-
otubes, is in a 0.5-mL Eppendorf tube that is threaded into a machined
block of acrylic that holds a glass capillary, which is drawn to a narrow
test portion at the bottom.

instrument’s design requires weak mixing at the pressure taps,
and there may be concerns over possible flow-induced changes
in protein structure that affect results from one concentration
to another. Table 1 contains a summary of capillary and mi-
crofluidic rheometers.

METHOD
Microcapillary Viscometry

Our implementation of a microcapillary rheometer is depicted
in Figure 1. It comprises two pressure chambers, one contain-
ing sample and the other water, and a flow path in between.
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The flow path includes a glass capillary with a narrow mi-
crocapillary tip, larger diameter polyethylene tubing, and the
flow meter in series. Initially, the entire flow path is filled with
water. Pressure is then used to drive sample through the micro-
capillary into the wider capillary, and if desired into the preflow
meter polyethylene tubing, establishing a water—sample inter-
face there. Measuring AP and @, we obtain R and therefore n
The total pressure drop is AP = P, — P; + Py, where P; and P,
are the pneumatic pressure of the sample and water reservoirs,
respectively, and Py is the hydrostatic pressure because of their
different elevations. Pressure can therefore be applied by ei-
ther hydrostatic elevation or pneumatics, as described further
below. The flow meter measures the volumetric flow rate (Q),
which is the same through each of the components. The pres-
sure drop during flow is not uniform, however, and is located
primarily across the component of the flow path having the
largest flow resistance, that is, the narrow microcapillary. This
narrow tip is a length (L), typically 1-6 mm, of rather uniform
diameter (d), typically 20-80 pm. L and d, and therefore K, are
adjustable (see Supplementary Information, SI).

According to Eq. (1), a plot of pressure drop (AP =
P, — P, + Py) versus @ has zero intercept. This constraint fixes
the appropriate reference point for Py. As some sample fluids
may be non-Newtonian and AP(Q) thus curved, interpolation to
@ = 0 is carried out using small AP and @ at points roughly
symmetrical about @ = 0. Reliable shift to zero intercept is thus
obtained.

As all components of the flow path are in series, the total
resistance is simply the sum of the components. The constant
K; of each element i is determined by calibration with fluids of
known n For convenience, we consider just two components in
series: one filled with water and the other filled with sample.
The portion filled with sample has a constant K. associated
essentially with the geometry of the narrow microcapillary, and
the portion filled with water is all of the other components of the
flow path summed together, having a constant Kete;. Equation
(1) thus becomes:

R= %P =KMNs (7') + Kmeterrlw (Tmeter) (2)
where the subscripts ¢ and s refer to the microcapillary and
sample, respectively. The subscript w denotes water. The sam-
ple is held in a temperature-controlled chamber (see SI). The
sample temperature T reaches the set point within a °C after
approximately 200 s and eventually is controlled within a few
hundredths of a degree. Both temperatures T and Teter are
measured with Pt-resistance thermometers (RTDs).

The shear rate at the wall for Newtonian fluids is v, = %,
32Q _ %1.47

and the shear stress at the wall is Tyay = NsVa = g =

For non-Newtonian fluids, the shear rate at the wall is%°:

. ) dlnYa
Ywall = Va [(3 + M)/‘l] ?

The expression inside the brackets is unity when the fluid
is Newtonian. In subsequent references here to shear rate, the
subscript wall is omitted for convenience.

Pressure (Py, P1, and P,; see Fig. 1) is controlled by two
methods in order to maximize the range. At the relatively high
pressures (103-10° Pa), a computer-controlled multichannel
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Fluigent MFCS (Villejuif, France) pneumatic controller is used.
(Certain commercial materials and equipment are identified in
this paper to adequately specify the experimental procedure.
In no case does such identification imply recommendation or
endorsement by the National Institute of Standards and Tech-
nology, nor does it imply that these are necessarily the best
available for the purpose.) Over this range of pressures, the un-
certainty remains essentially unchanged at ~30 Pa. For lower
pressures (3—7000 Pa), P; and P, are set to ambient (open to air)
and a computer-controlled motorized stage (Zaber, Vancouver,
BC, Canada, A-LLST1500D) is used to elevate the water reser-
voir (to change Py). This stage has a step size of ~2 pm and
a large travel-relative displacement accuracy of approximately
+0.00013. Displacements are repeatable, returning to the same
step position. These characteristics mean that the uncertainty
for small displacements is ~0.02 Pa and up to 2 Pa for large
displacements.

Flow was measured using a Fluigent Flowell meter based on
flow-induced thermal convection. This device comprises a tube
(d ~ 150 pm, L ~ 3 cm) fitted with a small heater flanked up-
stream and downstream by two thermocouples. Flow through
the channel convects heat downstream, causing a temperature
differential whose magnitude correlates to flow rate. The meter
can measure flow rates from approximately +0.1 to 120 nL/s.
Capabilities of the meter are elaborated in SI.

Operation of the microcapillary rheometer and data acquisi-
tion are handled by a program written in LabVIEW™, Continu-
ous acquisition of flow rate and pressure data is communicated
to the rest of the program in packets, so that data acquisition is
not interrupted by other functions such as analysis, operation,
or writing to disk. This approach ensures an accurate record
of the total amount of sample that passes into the instrument.
The residual sample volume that must remain in the sample
reservoir can be very small (~10 pL has been achieved) when
the microcapillary is positioned at the bottom of the reservoir.

In general, the sample may be either miscible or immiscible
with water. When the sample is immiscible with water, a small
additional pressure is required to move the sample-to-water
interface.?® Most of our experience is with samples that are
miscible with water. In this latter case, that is, the exclusive
interest of this report, the interfacial effect vanishes, but sam-
ple dispersion and miscible displacement must be considered.
Dispersion is most significant whenever a low-viscosity fluid
pushes into a higher viscosity one, because it occurs by the
viscous fingering mechanism.*®* For example, when the sam-
ple is more viscous than water, the flow front is stable while
the sample is drawn in, but viscous fingering occurs when the
flow is reversed. At large Peclét number, that is, when flow is
much faster than diffusion, the practical limit of expulsion is
~40%-50% of the volume drawn in, depending on the viscos-
ity ratio.*® After that, the sample in the narrow section would
be diluted by water. The pumping protocol is designed to avoid
any condition when sample dispersion dilutes the sample in the
narrow section of the capillary.

Other Viscometry Measurements

Other capillary viscosity measurements were used for vali-
dation. Here, we use a commercial rheometer (m-VROC™;
RheoSense, San Ramon, CA) that has a series of pressure
sensors embedded along the microchannel to measure a pres-
sure gradient (AP/L). The flow rate is controlled with a sy-

DOI 10.1002/jps.24201

681

ringe pump. Different pressure sensors are available for dif-
ferent ranges; here types A and D sensors were used. For
samples with a viscosity of approximately 3 mPa s, this in-
strument is useful for flow rates in the range approximately
1000-100,000 s~1.33

Fluids

Fluids used for this study were distilled water, anhydrous glyc-
erol (Mallinckrodt Baker, St. Louis, MO, used as received) and
a monoclonal antibody (mAb). Various concentrations (up to
120 g/L) of the mAb were prepared using ultrafiltra-
tion/diafiltration at two pH, one in a bicine buffer at pH 8.7
near the isoelectric point and the other at pH 6 in histidine
buffer. The concentration was measured by absorption at 280
nm (A280) using an Agilent (Santa Clara, CA) 8453 UV-Visible
spectrophotometer with an absorption coefficient of €959 = 1.47
L/(g cm). Other characteristics of the protein solutions are not
reported here, consistent with the focus of this report being on
the new rheometer. Protein solutions were stored for several
months between 2°C and 8°C, and allowed for 1 h to come to
room temperature before removing a sample for testing.

RESULTS AND DISCUSSION

To characterize the rheology of a protein in solution at a certain
pH and salt or excipient concentration, we desire to explore
three main variables: shear rate, protein concentration, and
temperature. Here, we illustrate that this new rheometer can
effectively study these three variables (in Figs. 2-4), and we
leave to future work the task of correlating biophysical and
rheological properties.

Additional background concerning the rheometer is pub-
lished in SI. Specifically, the statistical behavior of the flow
meter and the data acquisition strategies are described; these
strategies permit the rheometer to measure a wide range of
shear rate and to consume such small volumes of fluid. Calibra-
tion of the geometrical factors Kpeter and K. is also reported in
SI. Consistency of calibration at different temperature demon-
strates that the sample temperature is well controlled.

To test this calibration, the viscosity of glycerol was mea-
sured, with results consistent with those published in the lit-
erature (Table 2).5! This agreement confirms not only the ac-
curacy of the rheometer but also validates the instrument’s
design. Specifically, it shows that a more viscous sample is able
to satisfactorily displace the water as it is drawn slowly (300 nL
at ~2 nL/s) from the sample reservoir into the microcapillary.
Glycerol is a particularly sensitive test, as a noticeable 5% re-
duction in viscosity is anticipated if the glycerol at the capillary
surface is mixed with and diluted by merely 0.3% mass frac-
tion of water.’! Instead, the rheometer reports random positive

Table 2. Glycerol Viscosity

T (°C) mn(mPa s) Literature®® n(mPa s) Measured Difference (%)
20 1410 1470 + 20 +4.4
30 612 610 + 10 -0.3
40 284 281+9 -1.1
50 142 144 + 3 +1.5
60 81.3 81.9 +£ 2.2 +0.8
70 50.6 49.1+ 1.2 -2.9
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Figure 2. Viscosity n(y) of antibody solutions, over a range of shear
rates. (a) Antibody solutions at pH 8.7 and temperatures 5°C, 23°C
and 40°C, illustrating Newtonian behavior. (b) Antibody solution at pH
6.0 and 23°C comparing results from the microcapillary (circles) and
m-VROC (square) rheometers. Open and closed symbols represent two
different capillaries (open: d = 46 pm; closed: d = 26 pm) and two
different m-VROC chips (open: chip A; closed: chip D), see text. Shear
rate is determined according to Eq. (3).

and negative deviations that are generally a few percent or less
(Table 2). Miscible displacement of fluids (where the more vis-
cous one invades the other) is therefore a suitable approach for
microcapillary rheometry.

On the basis of the calibration, the effective diameter d of
a glass capillary microchannel can be approximated from an
estimate of its length L. As the resistance is proportional to
Ld ~* see Eq. (1), this approximation of d is quite accurate.
From knowledge of d, the true shear rate at the microcapillary
wall may be determined see Eq. (3).
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Figure 3. Concentration dependence of the relative viscosity . of

mAD solutions at pH 8.7 for three different temperatures, 5°C, 23°C,
and 40°C. The lines are fits to the Krieger Dougherty model.
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Figure 4. Viscosity In(nfmy) v. 1/T—1/Ty of 120 g/LL mAb solutions
at pH 6.0 and 8.7 and Ty = 23°C. Water literature data are shown
for reference.’? The straight dashed line connecting endpoints of the
pH 8.7 data is to emphasize its curvature.

Having calibrated the viscosity and the true shear rate, we
now report the viscosity of protein solutions to illustrate the
performance of the rheometer. First, we explore the effect of
shear rate (Fig. 2). Nearly a three decade span in shear rate
can be obtained see Fig. 2a; 20 g/L. at 5°C). The total volume
consumed for the measurements reported in Fig. 2a was 11.3,
5.7, and 7.5 pL for the solutions of concentration 20, 60, and
100 g/L, respectively. Over this wide range of shear rate, all of
the antibody solutions here exhibit Newtonian behavior: specif-
ically, the bracketed quantity in Eq. (3) is found to be 1.000 +
0.002. Of course, the need to measure a wide range of shear
rate is because not all antibody solutions are Newtonian, as il-
lustrated in a recent report by Zarraga et al.’? Indeed, we have
tested heavily aggregated antibody solutions that exhibit shear
yielding (not reported here). Other complex fluids too have been
tested with this microcapillary rheometer, and a wide variety of
non-Newtonian behavior has been recorded (not reported here).
By exploring a range of shear rate, the rheometer is sensitive
to the effects of structure within complex fluids.

Next, we compare data from another rheometer
(Fig. 2b). The average viscosity reported by the microcapillary
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rheometer is 2.82 + 0.04 mPa s. This is approximately 4%
higher than the viscosity of the same solution measured by the
m-VROC rheometer, 2.70 + 0.03 mPa s. The uncertainty re-
ported in each instance is one standard deviation. RheoSense
reports that the accuracy of the m-VROC is +2%. Each
rheometer was calibrated with water using the data of Kestin
et al.’° for reference. This calibration causes each rheometer
to give self-consistent results, with different test channels,
even though, for example, the micro capillary diameter differs
markedly (see Fig. 2 caption). In summary, the two rheometers
are in near agreement. Future work may determine whether
the observed 4% difference in this instance is systematic or
random.

The next main variable to explore is protein concentra-
tion. For this, we report the relative viscosity 7. (of the sam-
ple relative to that of the buffer) of the antibody solutions
at a pH of 8.7, that is, near its isoelectric point (Fig. 3).
The viscosity rises dramatically with increasing concentration,
especially as it approaches some critical value at higher con-
centration. Such is roughly the behavior of all particle disper-
sions. Although model hard sphere colloidal solutions follow
ideal nonassociating models such as the Krieger Dougherty
equation,’® these models do not apply readily to protein
solutions,>* which have various degrees of self association. Mod-
est deviations from the Krieger Dougherty model are already
apparent in Fig. 3, and more significant deviations have been
observed.

The final variable to explore is temperature, whose effect
was already illustrated in Figures 2 and 3. Now we explore
the effect of temperature in more detail. For simple fluids, the
effect of temperature is often well described by the Arrhenius
equation. In this view, flow is an activated process and the fric-
tion between molecules depends exponentially on temperature:
In(1) is proportional to E,/(RT), where E, is the activation en-
ergy, and R is the gas constant. A plot of In(wry) v. 1/T—-1/T,
(where the subscript 0 signifies any reference point, here 23°C)
is therefore informative to evaluate whether fluids exhibit such
behavior. The viscosity of fluids departs from this simple de-
scription whenever molecules associate with one another. Such
is the case for water approaching its freezing point. Stronger
effects are observed in supercooled liquids. Protein solutions
may also exhibit nearly Arrhenius behavior; the apparent ac-
tivation energy depends on the protein, its concentration, and
other solution compositions.5?

Here, we compare two concentrated antibody solutions at pH
6.0 and pH 8.7 (Fig. 4), the latter being near to the pI, measured
at seven different temperatures between 5°C and 40°C. These
data were obtained consuming only 9.3 pL of one solution and
21.8 pL of the other. These data are well fit by a second-order ex-
pansion in terms of 1/(RT)—1/(RTy). The linear coefficient is the
activation energy E, and the second-order term measures the
departure from Arrhenius’ equation. For pure water at 23°C,?°
the activation energy (E,) and the second-order coefficient are
17.26 + 0.03 kJ/mol and 51.0 + 1.7 (kJ/mol)?, respectively. For
comparison, these coefficients for the antibody solutions can be
expressed relative to those of water. The normalized activation
energies are thus 1.20 + 0.01 and 2.09 + 0.01, for pH 6.0 and
8.7, respectively. The corresponding normalized second-order
coefficients are 1.7 &+ 0.2 and 5.6 £+ 0.3. The apparent friction
between antibodies and the degree to which they associate with
one another are therefore much stronger at pH 8.7. Although
data such as this may be useful in future understanding of the
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effects of monomer association in concentrated protein solu-
tions, we leave to future publications to discuss and explore the
implications.

Here, we simply demonstrate the utility of this rheometer.
Specifically, it is suitable to obtain such data from small quan-
tities (of order 10 pL) of solution. It can explore the rheology of
protein solutions of various composition as a function of major
variables of shear rate, concentration, and temperature.

CONCLUSIONS AND OUTLOOK

Although capillary rheometry is well established, here we
demonstrate a unique implementation that meets needs of
the biopharmaceutical industry: small volume; large dynamic
range of shear rates; and no air-sample interface. Here, we
demonstrate that accurate viscosities, ranging from 0.5 to
2000 mPa s with uncertainty of a few percent, can be measured
over a (two or more decade) wide range of shear rate with just a
few microliters of solution. Various experimental protocols (see
SI) are necessary to achieve this accuracy and performance.

Viscosities of antibody solutions were measured as a function
of shear rate, protein concentration, and temperature. These
measurements demonstrate the utility of the rheometer for
characterizing some of the solution behavior of proteins.

In the approach that we outline here, sample loading is triv-
ial: the microcapillary is simply dipped into the sample vial. On
the basis of this simplicity, interfacing with a multiwell plate
would be straightforward, as noted in Figure 1. Such adapta-
tion seems desirable in light of industrial requirements that
call for testing of multiple different formulations and solution
conditions.
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MICROCAPILLARY FORMATION

The micro capillaries were drawn from a type-1
class-A borosilicate glass capillary (Sutter Instrument)
with an inside diameter of 780 um, using a Sutter
Instrument P-2000 micropipette puller. The diameter
and length of the resulting narrow section of the
capillary can be adjusted with drawing conditions and
forging, i.e. fracturing or blowing of the tip, using an
MFG-5AP microforge from Microdata Instruments.
Glass blowing creates a gentler entrance at the tip. Due
to the nature of the drawing process, the drawn section
of the microcapillary is quite, but not exactly, uniform
in cross section. Typical dimensions of this nearly
uniform section are d ranging (20 to 80) um and L
ranging (1 to 6) mm, with L/d ranging 50 to 300.

During sample testing, flow through the micro
capillary is accompanied by extensional flow at the
entrance and exit. The effect of these entrance and exit
flows is included in calibration of K, and they could be
evaluated further by adjusting the ratio L/d
systematically.

By choosing different capillaries to adjust K (see
Eq 1), the range of shear rates and of viscosities
accessible is adjustable.

HYDROSTATIC PRESSURE

Hydrostatic pressure is described here by Po. An
additional hydrostatic pressure arises when the sample
density differs from water. In the present report, this
pressure is at most 0.1 % of the driving pressure drop
AP, and thus is neglected.

SAMPLE CHAMBER

The temperature-controlled chamber for the
sample comprised two thin inner aluminum boxes (not
shown) surrounding the Eppendorf tube (Fig. 1 a), and
the entire assembly was enclosed in an outer metal
box, with rigid-foam insulation on 3 sides and two
Peltier elements (cooled by a water circulator) on the

3 steven.hudson@nist.gov

4™ side. When the Peltier elements are powered, the
characteristic time response of the temperature in the
inner-most chamber is ~ 250 s. More intimate contact
between a temperature controlled housing and the
sample would be necessary to speed temporal
response. Here we used feed-forward control® of the
Peltier power when T differs significantly from the set
point and normal PD feedback control after T
approaches the set point. The balance between feed-
forward and feedback changes smoothly according to
a Gaussian distribution about the set point. The sample
temperature reaches within a °C after approximately
200 s and eventually is controlled within a few
hundredths of a degree.

FLOW METER STATISTICS

The primary measurements of the rheometer are
flow rate Q and pressure drop AP. Since the
uncertainty of the pressure is relatively small, the
greater source of uncertainty is the flow meter. To
achieve the broadest possible shear rate range requires
efficient data averaging and statistical analysis of the
flow meter output (Fig. S1). These measurements and
analysis determine the optimal setting for the flow
meter resolution, i.e. the number n of significant bits
in the numerical output, ranging from 9 to 15. The flow
rate can be read at various bits of resolution, and the
highest precision (of the mean flow rate) is achieved
at the lowest resolution (9 bits).

This perhaps surprising result is because the
coarsest resolution remains finer than the random
measurement noise, and the rate of data acquisition is
fastest at lowest meter resolution. The cost of
increased resolution is increased measurement time,
which ranged from 2 ms to 36 ms per measurement.
For each resolution setting, multiple data points were
accumulated and analyzed statistically. The total time
of data accumulation is directly proportional to the
volume of fluid that passes through the meter, which
is a matter of prime concern since our objective is to
reduce the amount of fluid required for viscosity
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measurement. For this comparison (Fig. S1), the total
time of data accumulation was fixed at 18 s. The total
number of data points N thus ranged from 9000 (at 9
bit) to 500 (at 15 bit). Data was accumulated under
three conditions such that the flow meter was: empty
(dry), filled with water (with zero pressure drop), and
filled and pressurized so that water flowed through the
meter at a rate of approximately 100 nL/s. Actually, a
range of flow conditions were recorded, and we report
the condition at 100 nL/s as representative. For each
data set, we computed its standard deviation c. At zero
pressure drop, this oo represents the noise floor (often
expressed in terms of percent full scale), and at high
flow rate o100 reflects uncertainty of the gain (often
expressed as % of signal).
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FIG. S1. Flow meter performance, with data acquired
with various bits of resolution. Plotted here are the
time in ms required to obtain each flow rate reading
(ms/pt), the numerical resolution (res), the standard
deviation of flow rate readings when the flow meter is
dry (oary), wet and no differential pressure (co) and wet
with average flow rate of ~ 100 nL/s (c100), and uo (=

col \/W ) the standard uncertainty of the mean of as

many data points that can be obtained in 18 s. The lines
are guides for the eye.

SI-2

Our primary interest is u, the uncertainty of the

mean, which is simply c/\/ﬁ. While more data bits
means finer numerical resolution, best performance is
with the lowest (9-bit) resolution, since o is relatively
insensitive to the bit resolution, and thus u is reduced
primarily by accumulating larger N. Data acquisition
rate is thus a premium. Specifically, various data
associated with flow rate measurements (Fig S1)
approximate exponential functions, with a power
proportional to n. The numerical resolution of course
is proportional to 2. The exponents for the time per
measurement and of o are roughly 0.69n and —0.03n
(Fig S1) respectively, so that the uncertainty u
increases with increasing resolution with an exponent
of =~ 0.27n. This circumstance arises because the
standard deviation of the flow meter readings when
filled with water is always greater than numerical
resolution. Best performance is obtained therefore
with the lowest (9-bit) resolution, to maximize data
acquisition rate.

The standard deviation o is sensitive to
disturbances (such as vibrations, blowing air, and
temperature variations). For example, when the dc
power supply for the sample temperature chamber was
nearby, o increased approximately three fold when the
power supply was switched on. Therefore we used a
vibration isolation table and kept fans distant. Better
rheometer performance rests on reducing ¢ as much as
possible.

IDENTIFYING
CONDITIONS

Discarding transient data efficiently is crucial for
small volume performance. This challenge arises
because whenever switching the pressure drop AP =
P, — P1 + Py to a new state, an oscillation in the flow
rate follows. We therefore implemented a scheme to
decide efficiently when steady state is reached.

We remind the reader that the flow rate is
measured at a distance from the glass capillary
microchannel, so that the transients may also represent
extraneous effects for example arising from various
sources of apparent compressibility.

To efficiently assess if the flow reading is steady, we
use the following algorithm, which allows for
integration times as long as desired, but minimal time
sampling transients (Fig. S2). The data is collected in
packets (e.g., N1 = 100 data points at a time) into an
accumulated set. Initially, the set is empty. After two
sets are accumulated, we calculate the mean value of

the oldest packet 60 and compare it to the mean of

STEADY-STATE FLOW

the entire accumulated set Q . The oldest packet is
retained only if its mean satisfies this inequality:



Q -cu§ <Q, <Q +cu§ , (S1)
where ug is the expected uncertainty of the
measurement (based on the meter resolution and the
flow rate, see Fig S1), and c is an adjustable constant,
which regulates the stringency of this criterion. This
approach ensures that the oldest packet is
representative of the entire accumulated set. When c is
chosen to be 2 (as usually done here), it means that the
oldest packet is retained if it represents 95 % of the
accumulated packets. If the inequality fails, then the
oldest packet is removed from the accumulated set.
Either way, the algorithm proceeds until the
accumulated set contains the desired number of data
packets (e.g., 100 steady data packets) to reduce u far
below o. In this way, measurements of flow rate with
1 % accuracy can be obtained even when the flow rate
is as small as the noise . This approach is necessary
to acquire even a modest range of shear rates.
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FIG. S2. AP(t) and Q(t), showing transient (dotted)

and steady (solid line) readings.

CALIBRATION DATA

The geometrical factors Kpewer and K¢ can be
calibrated with water, or other standards. First, Kmeter
is obtained by operating the rheometer with a glass
capillary that was not formed into a microchannel. In
this case, the flow resistance of the capillary is
negligible compared to the rest of the system, whose
primary resistance is the flow meter. Dividing the flow
resistance by the viscosity of water? in the flow meter,
the data Kmeter is plotted in Figure S3, and statistical
analysis gives Kmeter = (2763 * 36) nL* (where the
uncertainty is + one standard deviation).
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FIG. S3. Calibration data of Kneter (the lowest data set)
and K. for three microcapillaries (upper sets), each of
which has essentially a fixed value, independent of
temperature or viscosity. Within these sets are data
obtained at the following temperatures: (5, 12, 20, 29,
40, 52, 65, and 70) °C

Having determined Kmeer, EQn 3 can then be
applied to calibrate K. of each forged microcapillary.
Data for three such tips is shown in Figure S3. Within
each data set for a microcapillary, multiple
measurements are reported over a range of different
sample temperatures from 5 °C to 70 °C. In each case,
the calibration fluid is pure water. The calibration
constants K¢ for these microcapillaries are: (11,120
490) nL, (23,140 + 270) nL, and (306,300 * 6,000)
nLt. The uncertainty of the calibration varies from
approximately 1 % to nearly 5 %, depending on the
length of data collection time.

The self-consistency of the calibration constant at
different temperatures demonstrates that the
temperature control is accurate and thermal gradients
are negligible. Also, note that thermal expansion of the
capillary is negligible, even though K. changes
inversely with volumetric expansion (Eqn 1).
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