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Many responsive polymeric systems, important for pharmaceutical formulations, exhibit complex phase
behavior which require both large and precise experimental data sets for identifying phase boundaries
between various self-assemblies, morphologies, and solution properties. Datasets of these polymeric
systems are often limited by the quantity of materials and the time required to prepare samples and
collect data. Here we develop automated methods for sample preparation and analysis while using initial
sample volumes on the order of 100 plL. This volume was small enough to enable a dataset of a model
monoclonal antibody protein solution. Two sample-delivery approaches (syringe- or pneumatic-based)

Received 4th May 2026, are used to control the flow and mixing within the same measurement platform. The sample is

Accepted 20th July 2026 appropriately delivered to a commercial low-volume temperature-controlled spectroscopic flow cell for
DOI: 10.1039/d6sm00413j characterization using in-line ultraviolet-visible spectroscopy, turbidity, dynamic light scattering, and a

separate microcapillary rhneometer for viscosity measurements. This approach can be further optimized
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1 Introduction

There is widespread interest in generating systematic studies of
structure, phase behavior, and dynamics of stimuli-responsive
(co)polymers to achieve better modeling of material properties
under various solution conditions. The use of automation
for novel formulation discovery is particularly relevant for
characterizing multi-component systems with complex phase
diagrams." Automation of laboratory tasks enables improve-
ments to collection time, higher resolution, and potentially less
cost than is feasible with manual operation. These methods
also offer potential improvements in measurement repeatabil-
ity as automated procedures are designed to reduce human
error. This is particularly important whenever polymer systems
have many features that make measurements difficult, such as
phase boundaries that are sensitive to small changes in concen-
tration or solution conditions.>”> Automation techniques can
also be adapted to include machine learning techniques to
improve the speed and efficiency of measurements for char-
acterization of phase behavior.®
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to expedite structure—property datasets for the development of materials with targeted properties.

Many automated sample handling, mixing, and characteriza-
tion methods have been combined for various chemical applica-
tions, including multicomponent mixtures and chemical
synthesis.”® A critical aspect for sample preparation is a reliable
mixing procedure, which is typically performed within pipettes,
syringes, or in static mixers."’* The mixed samples are often
then characterized in various chambers, such as a well-plate
system,'® or delivered to a beamline flow cell, such as neutron
scattering or X-ray scattering.'® Peristaltic or isocratic pumps have
also been combined with light scattering that drive a sample
through a flow cell to obtain a time-dependent size-measurement
during a reaction or dilution."”'® Other continuous flow devices at
the millifluidic scale have incorporated active in-line mixing and
characterization with dynamic light scattering (DLS) for particle
synthesis and characterization.">*® This approach is limited by
the accuracy of DLS measurements under continuous flow con-
ditions. This effect can be mitigated by either limiting the flow
rate to be below a critical value, which was characterized by
Destremaut et al.,>* or by modeling the flow effect on the correla-
tion function to extract an accurate size measurement.>” Despite
the advancements in materials discovery and characterization
these methods have enabled, the volume required for these
techniques is typically at least on the order of milliliters and
can reach liter scale. Some of these methods can be adapted for
sub-milliliter volumes, such as using electrospraying in multiwell
plates,> but are best suited for low viscosity solutions, viz. mPa s
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range.>® For certain materials, such as high-value low-volume
products such as protein solutions or research-stage synthesized
molecules, the large sample volumes required to conduct assays
may be prohibitive.

Rheological and scattering characterization of small
volumes requires specialized techniques for both fluid hand-
ling and measurement methods, typically requiring minimum
sample volumes of approximately 100 pL.>>?® Microfluidic
techniques are often used to achieve these volume
requirements,>”*® and sample mixing approaches using valve
control to mix multiple fluid components.”® Sample volumes
can be reduced further through compartmentalization of sam-
ples in drops. For instance, multicomponent drops generated
in a microfluidic junction were stored in a glass capillary and
used to measure the phase diagrams of thermoresponsive
polymers using small angle light scattering (SALS).>**?> Micro-
fluidic drop traps also have been used to measure the rheology
of protein solutions using multiple-particle-tracking micro-
rheology and a temperature gradient was applied to character-
ize the phase behavior.>*** The carrier fluid approach provides
many flexibilities, but also a need to understand the interfaces
between carrier fluid and drops, undesirable solubility and
diffusional mixing and composition broadening. Drop-based
approaches work well for certain characterization techniques,
while continuous phase delivery provides a simpler setup and
more flexibility with existing characterization techniques.

Here we aim to reduce the volume required for solution
characterization by DLS, turbidity, ultraviolet-visible (UV-vis)
spectroscopy, and small-volume microcapillary rheometry. We
demonstrate two techniques for fluid delivery of thermo-
responsive polymers and protein solutions while using less
than 1 mL of an initial stock sample. The first approach uses
multiple syringes in combination with a microfluidic mixer and
a fluidic valve to deliver a mixed sample and displacing the
previous sample in the flow line. The second approach uses
pneumatic controls to deliver fluid in a sample reservoir to a
flow cell and then return the sample to the reservoir for
dilution. The accuracy of the nominal concentration of the
resulting samples from these two methods is evaluated using
UV-vis spectroscopy. The sample phase behavior and properties
are characterized in a customized DLS setup with a fixed
scattering angle of 90° and simultaneous transmission inten-
sity measurement. The cloud-point temperature phase behavior
and size characteristics of thermoresponsive polymers are
measured, including poly(N-isopropylacrylamide) (pNIPAM), a
well-defined polyzwitterion poly(3-(acrylamidopropyl-dimethyl-
ammonium) propyl-1-sulfonate) (pAPAPS), and block copoly-
mers of these two polymers, pNIPAM-b-pAPAPS. The measure-
ment approach is highlighted, and the results are validated and
harmonized by the available literature for pNIPAM.?> Finally,
we test the main goals for automation of small-volumes with
minimal manual intervention to quantify high-value monoclo-
nal antibody protein concerning the diffusion interaction para-
meter, kp, that is derived from DLS measurements and the
concentration dependent viscosity using a small volume micro-
capillary rheometer.?®
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2 Methods

2.1 Automated fluid control

The different combinations of experimental setups are shown
in Fig. 1. The syringe-driven flow is used for delivery to a cuvette
flow cell and the pneumatic flow control is used for either
rheometry or a cuvette flow cell. The details for the small
volume capillary rheometry are given in ref. 28 with the addi-
tion of the syringe dilution as shown in Fig. 1.

2.1.1 Syringe-driven flow. Two syringes are used to deliver
a mixture to the sample cell, one filled with a stock sample
solution and another with a diluent, typically the solvent used
with the stock solution. The two syringes are mounted on
syringe pumps (Harvard Apparatus}) and connected to input
channels of a herringbone microfluidic mixer chip with 8
mixing cycles (Chipshop).?® The required length of the channel
for mixing depends on the Peclet number, but the repeated
mixing cycles provides the necessary mixing for Peclet numbers
up to approximately 10°.3” We adjust flow rate to target a Peclet
number of approximately 10*. The outlet from the mixing chip
is connected via tubing (200 um diameter tubing) to a fluidic
valve and the outlet of that valve to another section of tubing to
a flow cell cuvette (Hellma).

When delivering sample to the cuvette, the valve is actuated
to an open position. When the specified volume has been
delivered, the syringes are stopped, and the valve is simulta-
neously switched to a closed position to maintain a back
pressure on the syringes. This eliminates flow between streams
due to residual stresses or relaxation of compliance in the flow
system. The valve stays in the normally closed position when
there is no flow and the sample in the cuvette is being
measured.

The total volume from the mixer device to a filled cuvette is
approximately 300 pL. The relative flow rate of the two syringes
is adjusted to deliver a new specified mixture to the sample cell.
A 25 mL syringe is used for the solvent and a 5 mL syringe is
used for the sample. A total volume of 500 pL is specified for
delivery to the sample cell, although this volume is increased
whenever necessary to satisfy a minimum dispensed volume of
10 pL from the sample syringe. The concentration sequence is
performed from lowest to highest concentration to provide
improved fluid displacement with increasing fluid viscosity.
The total volume of samples used depends on the resolution of
concentrations desired. For example, a logarithmic sequence of
concentrations from an initial volume fraction of 0.01 to 1 with
5 points per decade uses about 3 mL of sample.

2.1.2 Pneumatic flow. A pneumatically controlled sample
delivery method is developed for smaller-volume applications
where repeated dilution and fillings of the flow cell can occur
without sample degradation. This method requires an initial
sample volume of approximately 100 puL to 300 pL to fill the

# Certain commercial equipment, instruments, software or materials are identi-
fied in this presentation to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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Fig. 1 Experimental setups for pneumatic delivery and syringe delivery. Specified volumes from each syringe are injected into a mixing chip before being
delivered to a cuvette flow cell. Pneumatically driven flow setup delivers the sample from a reservoir to a cuvette flow cell or microcapillary. The sample is
returned to the reservoir and the sample is diluted using solvent from a syringe pump.

tubing and flow cell. The sample is loaded into a reservoir,
typically a 15 mL vial. The reservoir is fitted into a cap with
three fluidic tubing ports and a pneumatic port for pressurizing
the reservoir (Fig. 1). One section of poly(tetrafluoroethylene)
tubing (1.59 mm outer diameter) extends from one port and is
immersed in the sample at the bottom of the reservoir for
delivery to the sample cell. Another port connects a shorter
piece of tubing for return flow to the top of the reservoir above
the sample level throughout the dilution sequence. This elim-
inates the possibility of bubbling in the sample, which may
cause aggregation or other degradation of the sample. Both
sections are connected to a fluidic valve that switches to deliver
flow either to or from the reservoir. The sample is then driven
through a section of tubing connected from the valve outlet to
fill a measurement cell by pressurizing the reservoir to approxi-
mately 50 kPa with a pressure controller (Enfield). In this case it
is connected to either the SVR or DLS setup.

For the DLS setup, the flow cell is placed in the temperature-
controlled cuvette holder in the dynamic light scattering setup.
The filling level of the flow cell is accomplished by monitoring
the transmission intensity as the meniscus passes by the beam.
A rapid drop in intensity triggers the system to stop after a
specified delay time, typically about 5 s. The measurement step
is to perform DLS measurements at fixed temperatures and
specified durations, typically 5 min. Another temperature
equilibration period of at least 5 min is included before the
correlator is reset and autocorrelation data is obtained from
the equilibrated sample. A sequence of measurements at
four different temperatures takes approximately 1 hour to
complete.

This journal is © The Royal Society of Chemistry 2026

For the SVR, the sample is driven through a microcapillary
and then to a glass capillary where the meniscus is tracked by a
line image sensor, see Fig. 1. The direction of pressure drop is
reversed with the pneumatic switch value to maintain the
meniscus position above the image sensor. The sample viscos-
ity is measured as a function of shear rate by adjusting the
pressure drop and tracking the velocity of the meniscus to
determine the flow rate.”® The entire apparatus is enclosed in a
temperature controlled box and a similar 5 min equilibration
period is included before starting the viscosity measurement.
The duration of the measurement depends on the viscosity of
the sample and the resulting flow rate. For example, the
measurement can take approximately 1 hour for high viscosity
samples and as little as 5 min for low viscosity samples.

After either measurement technique has concluded, the
sample is returned to the reservoir by pressurizing an empty
reservoir downstream of the flow cell. The sample is diluted
from a solvent line connected to a syringe pump which delivers
a specified amount of solvent to the reservoir through the third
port. A stir bar is placed in the reservoir and the reservoir is
placed on a magnetic stirrer and stirred for approximately
5 min. After solvent is delivered to the reservoir for a dilution
step, the sample is delivered to the flow cell and then imme-
diately returned to the reservoir to mix any sample remaining in
the fluidic lines.

The overall duration of the measurements depend on the
number of variable experimental conditions to be tested, e.g.
temperature, ramp rate, and concentration. Most of the exam-
ples shown in the results take between (6 to 12) hours to
complete.
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2.2 Temperature ramps and dynamic light scattering

Either method described above is used to fill a flow cell (Hellma
model) mounted in a Quantum Northwest g-Pod unit
with 0.1 °C precision with a Quantum Northwest TC125
temperature controller. Temperature-dependent dynamic-
light-scattering measurements (I,) at a scattering angle of 90°
were conducted with a solid-state laser vertically polarized with
wavelength (1) of 532 nm operating at 100 mW with power
adjusted by neutral-density filters. The transmitted laser inten-
sity was recorded by a Thorlabs PM100D photodiode. The 90°
scattered light passed through a vertically polarized analyzer
was collected by a lens that focuses on a single-mode fiber optic
with signal split to separate single-photon counting modules
and cross correlated by a Brookhaven Instruments correlator
(TurboCorr), obtaining the average static scattered intensity
and normalized intensity-intensity cross correlation function
g(Z)(q’ T) - L

The diffusion coefficient is determined from fitting of the
DLS intensity-intensity time-correlation function, G*(q, 7). This
function is related to the normalized electric-field time-
correlation function, g"(g, 1) by: G®(q, 1) = A1 + B|g™(g,
7)|%), where A is the average baseline intensity and f is an
instrument spatial coherence factor. Depending on the compo-
sition of the solution, multiple decay modes may be present. In
the case of one average relaxation mode, the electric-field
correlation function is given by, gM(g, 7) = (e”'"), where
I' = Dg” and D is the diffusion coefficient. The scattering vector

is defined as ¢ = (4“—?) sin (g), where 7 is the index of refrac-
A

tion of the solvent and 6 is the scattering angle of 90°.

Two modes of operation are used to investigate the sample
phase behavior. A temperature ramp is performed while the
transmission and scattering intensity are recorded. The starting
temperature within a one-phase region and the different ramp
rates are input variables for a sequence of measurements. The
ramp is interrupted when the transmission intensity reaches a
near-zero threshold value, typically less than (I/I, = 10~?). For
multiple ramp rates, the sample is brought back to the initial
temperature and held at that temperature for a specified
duration, typically at least 5 min, to reach an equilibrium
phase. For a subsequent specified concentration, the sample
is replaced, and the temperature ramp sequence is repeated.
The acquisition of the DLS signal can also be recorded over
intervals to provide a quasi-steady-state cross-correlation
measurement, assuming the temperature ramp rate is
sufficiently slow.

DLS measurements can also be recorded at fixed tempera-
tures after equilibrating for a predetermined time at the
specified temperature. These fixed-temperature measurements
can be performed with a programmed ramp sequence at a given
concentration.

2.3 Polymers

Polymers were synthesized using aqueous reversible addition—-
fragmentation chain transfer (RAFT) methods reported
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previously.*® The following were added into a 500 mL Schlenk
flask: NIPAM (monomer, 40.0 g, 0.353 mole), 4-cyano-4(ethyl-
sulfanylthiocarbonylsulfanyl)-pentanoic acid (CCP) (chain
transfer agent, 0.724 g, 2.35 mmol), 2,2’-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride (VA-044) (azo initia-
tor, 1.523 g, 4.71 mmol), benzene sulfonic acid (3.0 g), and
300 mL of deionized water. The flask was charged with a stir bar
and sealed with a rubber septum. The flask was placed into an
ice bath and the contents were purged with ultra-high purity
argon for 1 h. The flask was placed into a water bath at 21 °C to
commence the polymerization. After 10 h, the flask was
removed from the water bath and immediately placed into an
ice bath to quench the polymerization. The solution was
transferred to a 500 mL round bottom flask and then warmed
up to 40 °C using a rotary evaporation bath without applying
vacuum. The polymer precipitated and the water was decanted
away. The remaining polymer was then dissolved in acetone
followed by precipitation from diethyl ether three times before
a final wash in diethyl ether. The final product was then dried
under high vacuum overnight resulting in a yellow powder.

UV-vis spectroscopy is used to characterize the concen-
tration of pNIPAM by tracking the value at 309 nm, corres-
ponding to the absorbance by the trithiocarbonate chain end.
The samples are filled through the flow cell with a 3 mm path
length.

2.4 Proteins

The protein solutions composed of IgG1 antibodies (molar mass
of 150 kDa; and provided by AstraZeneca) at 233.5 mg mL™" in
20 mmol L™* histidine buffer were filtered with 0.2 pm, 500 L
low protein binding centrifuge filters. The concentration of
protein, initially and after each dilution with 20 mmol L'
histidine buffer, was determined by the absorbance at 280 nm
using an in-line cross channel (Ocean Optics), with a 0.96 mm
path length.

2.5 Cleaning procedures

The following procedure is used to clean the fluidic lines and
glass surfaces in the various experimental setups. For pneuma-
tically driven flow, the sample reservoir is loaded with cleaning
solution and the test device (e.g. cuvette or capillary) is filled,
allowed to soak for a specified amount of time, and returned to
the reservoir. For syringe driven flow, the sample syringes are
removed and syringes loaded with cleaning solution are used to
drive flow through the various tubing sections. After an auto-
mated run, the sample is removed and deionized water is used
to rinse the sample. A liquid alkaline cleaning solution at a
volume fraction of 2% (Hellmanex) is then loaded, allowed to
soak for up to 30 minutes, and then removed. The test section
is then rinsed again with water using at least 10 repeated
filling/unloading steps. The flow path is then dried using
filtered nitrogen. For DLS measurements, the cleanliness is
assessed by filling the cell with deionized water or buffer to
verify that there is no scattering from contaminants. For SVR
measurements, a smooth transit of the meniscus is verified
using deionized water or buffer while any irregular motion of

This journal is © The Royal Society of Chemistry 2026
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the meniscus indicates that the surfaces are contaminated. The
cleaning procedure is repeated if contaminants are detected
and an additional cleaning step using isopropanol is included
if required.

3 Validation

The linear scaling of absorbance with polymer concentration
provides a means of comparing with control experiments,
which are pre-diluted samples at the same nominal concentra-
tions, see Fig. 2. The individual control samples also have
uncertainty in concentration from preparation and handling.
We quantify the deviation of the automated samples both in
comparison to the measured values of the control and devia-
tions from a linear fit through the sample measurements.

The measured absorbance for the syringe delivery shows an
average absolute deviation from the linear fit to the mean
syringe data within 3%. In comparison to the control experi-
ments, a systematic offset of approximately —5% is measured.
This deviation from the control experiments may result from
discrepancies from nominal values in the displacement of the
syringe pumps, compliance in the flow system, or the dilution
of the control samples.*® A smaller portion of this uncertainty
may arise from the volume in the syringe, which is expected to
be less than 1% of the nominal volume (Hamilton). The relative
standard deviation for each concentration is shown based on 7
repeats of syringe dilution protocol. The relative standard
deviation decreases with concentration, which may in part be
due to the sensitivity of the UV-vis measurement at low con-
centrations, but also shows that diluting to a small fraction of a
stock solution results in more variability.

For the pneumatic flow delivery method, a similar average
absolute deviation of up to approximately 7% is observed in
comparison to a linear fit to the data; see Fig. 2b. The largest
deviation occurs at intermediate concentration values. This
may be due to insufficient mixing of the sample in the
lines with the newly delivered solvent, resulting in a slightly
higher concentration than expected. The relative standard
deviation shows a similar magnitude of variation of up to
approximately 6%.

4 Results
4.1 pNIPAM

The cloud point of pNIPAM (relative mass-average molar mass
My = 12.2 kDa) was determined by the temperature at a 50%
transmittance, for both statically prepared and syringe-
delivered samples. A ramp rate of 1 °C min~' was used for
determining the cloud point, starting from 25 °C. Fig. 3a shows
the transmittance as a function of temperature with a clear
indication of a phase transition. We note that a cloud point
assigned using a maximum gradient analysis yields similar
values.

The data of syringe-delivered and statically prepared sam-
ples agree within the uncertainty estimated based on the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Absorbance from UV-vis measurements of the pNIPAM measured
at 309 nm as a function concentration using (a) the syringe delivery and
(b) pneumatic delivery. Top panel shows the static control concentrations
compared to the automated delivery absorbance values. The middle panel
shows the percent deviation between the absorbance value and the linear
fit (yellow) or the control values (blue). The bottom panel shows the
relative standard deviation for the set measurements at each
concentration.

approximately 5% average absolute deviation in concentration
observed from UV-vis measurements (see Fig. 3b). Since the
cloud point diverges as concentration approaches zero, the
sensitivity of the concentration on the cloud point is larger at
low concentrations. To characterize this, a piecewise spline is
used to estimate the slope of the cloud point as a function of
concentration. The uncertainty in concentration is multiplied
by the slope of the fit to estimate the uncertainty in the cloud
point. The uncertainty for the cloud point values is thus much
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more significant at low concentrations. When compared to the
literature, the cloud point of pNIPAM is similar to the Heskins
and Guillet data at high concentration and Pamies et al. at low
concentration.>***> We note that differences in molar mass
and distribution, synthesis methods, and the influence of
kinetics make precise comparisons of cloud point temperatures
challenging.?

4.2 pAPAPS

The automation protocols offer more detailed measurements
by combining DLS and estimates of the phase boundary
through transmission intensity. This was applied to a pAPAPS
polyzwitterion system with an upper critical solution tempera-
ture (UCST) to show the effects of temperature ramp rate
on cloud point measurements with simultaneous DLS
measurements. The number of aqueous polymer systems that
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display UCST behavior are limited, and the properties of
these systems have important implications for drug delivery
vehicles.”*™

The pneumatic delivery approach was used with an initial
sample of 300 uL of 200 mg mL~' pAPAPS stock solution. The
transmission as a function of temperature and the cloud points
determined from the 50% transmittance criteria are shown in
Fig. 4a for a sample with Mw = 20.3 kDa. As with many
thermoresponsive systems, slow kinetic transitions can signifi-
cantly affect the cloud point temperature measurement.*® In
the case of this UCST system, specifically, the observed cloud
point lowers progressively when the cooling rate is faster. To
explore the effect of ramp rate, the temperature ramps are
repeated at ramp rates from (—1.0 to —0.05) °C min . A linear
dependence on the ramp rate with measured cloud point is
observed, shown for 125 mg mL ™" M.y = 43.2 kDa sample in
Fig. 4c. Although this may not be true for all systems, a
sampling of different ramp rates may be used to improve the
estimate of the cloud point. The UCST from the cloud point
measurements extrapolated in this way is 11 °C at a concen-
tration of 70 mg mL .

DLS measurements during the temperature ramp are treated
as quasi-isothermal due to the slow ramp rate compared
to the acquisition time (10 s). Measurements are shown for
¢ = 50 mg mL ™" during the temperature ramp in Fig. 5. An
acquisition is taken every 10 s over a period of 10 min, and the
average temperature is reported. The correlation data shows an
increase in the apparent hydrodynamic radius, Ry app,
when temperature decreases. Near a phase transition (critical
point), scattering from concentration fluctuations can spatially
extend and approach the wavelength of light. In this scenario,
one expects a decrease in transmittance and increase in
the dynamic correlation length (apparent hydrodynamic
radius) and scattered intensity as the phase transition is
approached.*® These critical concentration fluctuations relax
more slowly, leading to an increase in the apparent hydrody-
namic radius. A decrease in the intercept for g*(g, 1) — 1 at
lower temperatures is also observed due to multiple scattering
effects. In the present case, the polymer chain dimension is
smaller than the wavelength of light, but the scattering near
the critical point can create multiple scattering effects. Strong
multiple scattering is also expected in higher concentration
solutions and with larger particles as the forward-scattered
light performs a random walk. This leads to faster relaxation
times and smaller apparent hydrodynamic radius because
the critical parameter becomes related to the ratio of the
path length traveled and the mean free path.”” The effect
can be mitigated by systematically reducing the path length,
a technique routinely used in commercially available
instruments.’>>" Alternatively, the field of diffusing wave
spectroscopy (DWS) takes advantage of multiple scattering to
characterize particle dynamics.*® Ultimately, the identifi-
cation of multiple scattering artifacts must be considered on
a case-by-case basis and during data analysis to avoid incor-
rect conclusions.>® A second experimental approach to sup-
press such artifacts from scattering in turbid media

This journal is © The Royal Society of Chemistry 2026
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as a function of concentration at —1 °C min~*. (b) Transmittance curves as
a function of temperature for pAPAPS (Myy = 20.3 kDa). (c) The cloud point
measurement as a function of ramp rate for 125 mg mL™t pAPAPS
(My = 43.2 kDa). The uncertainty in concentration presented a 5% value
and the uncertainty in cloud point is a propagation determined from the
local slope of the curve.

incorporates multi-beam and cross-correlation strategies,
such as the 3D-DLS.>*°°
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for the concentration 50 mg mL™. (b) The apparent hydrodynamic radius,
Rn app: Calculated as a function of temperature. The error bars, obscured by
the markers, show the uncertainty of Ry, ,pp from a single exponential fit.

(a) Dynamic light scattering of pAPAPS (M, = 20.3 kDa) during time
1

4.3 Polyzwitterion-block-pNIPAM copolymer

DLS measurements at temperatures below the cloud point
provide microstructure changes with increasing temperature
as shown by the evolution of the autocorrelation function in
Fig. 6b. A regularization method, known as CONTIN, was used
to analyze the DLS data in terms of size distribution as shown
in Fig. 6d.>° A single mode with an ~10 ps characteristic
timescale is observed at low temperature and indicative of
dispersed single chains. CONTIN validated a single mode
behavior at temperatures up to approximately 34 °C.>” Above
approximately 36 °C, the dynamics become slower and exhibit a
multimodal response characteristic of a critical micelle tem-
perature (CMT).>® The detection of the slow mode occurs at
approximately (2 to 4) °C above the cloud point of the pNIPAM
homopolymer, but below the cloud point for the block copoly-
mer. The formation of micelles occurs at the CMT at a tem-
perature below the phase transition. An increase in the
hydrodynamic radius from the fast mode is observed above
this temperature, indicating a change in the microstructure due
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to association. This slow-mode appears as a population
of larger aggregates with an Ry of ~200 nm. The relative
intensity of the slower mode also increases with temperature
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and becomes the dominant mode above approximately 40 °C,
which is &3 °C below the cloud point temperature. This system
shows some similar micelle formation characteristics detected
in other thermoresponsive block copolymers, such as
poly(methoxy diethylene glycol acrylate)-b-polystyrene by Kyria-
kos, et al., but only small variation in R}, of the monomer and
micelles with the temperatures that were observed in this
system.>®

4.4 Monoclonal antibody protein solutions

The interactions between proteins in solution are commonly
characterized by the change in viscosity and diffusion coeffi-
cient as a function of concentration in the dilute solution limit,
typically less than 10 mg mL ".° Similar to the polymer
systems, the concentration is measured using an in-line UV-
vis flow cell connected via optical fiber to a spectrometer
(Ocean optics). A calibration of the concentration of monoclo-
nal antibody protein is determined by the absorbance at
280 nm using protein solutions of known concentration as a
reference, see Fig. 7a. During a sequence of dilutions using the
reservoir setup the absorbance is recorded. A comparison of the
measured concentration with the nominal concentration from
successive dilutions is shown in Fig. 7b. The absorbance curves
were corrected for scattering contributions from uv-degraded
material using a linear scattering correction from the non-
absorbing region (320 nm to 350 nm) following the approach
of Thakkar et al® A slightly lower than expected protein
concentration is observed in the first dilution, but then a linear
response close to the expected value is observed for subsequent
dilutions. The slight deviation at the first dilution may be a
result of incomplete mixing throughout the system.

The relative viscosity is measured using small volume capil-
lary rheometry®® over a range of shear rates (100 to 10 000) s~
for four temperatures, (6.0, 14.0, 22.0 and 30.0) °C. The viscosity
did not change with shear rate indicating Newtonian behavior.
The mean value and uncertainty associated with each measure-
ment is shown as a function of concentration for different
temperatures. The viscosity (1) is normalized by the measured
buffer solution viscosity (17,) at each temperature and shown as
a function of concentration in Fig. 8. At low concentrations, the
increase in viscosity with concentration can be characterized by
the intrinsic viscosity,

i) = lim 70 (1)

where 7, is the buffer viscosity at zero solute concentration,
while at higher concentrations a nonlinear increase in viscosity
is observed.®*® This increase can be compared to the Ross-
Minton equation that describes the increase in viscosity in
terms of an exponential increase,

n_ exp 7[;1]]: , (2)

Mo 1—-= n
Jlnle

where k is the crowding factor and v is the Simha shape
parameter.®® The fits to the data using this equation are shown
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T(°0) [n] (mL g™") kv ko (mL g ")
6 7.76 + 0.05 0.367 + 0.004 9.5 + 4.0
14 7.07 + 0.04 0.396 % 0.003 17.4 + 4.3
22 6.74 %+ 0.03 0.399 + 0.003 33.7 + 6.4
30 6.74 + 0.03 0.364 + 0.003 29.2 + 3.6
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Fig. 8 Protein interactions measurements. (a) Viscosity as a function of
protein concentration for four different temperatures. (b) Measured diffu-
sion coefficient from DLS as a function of protein concentration.

in Fig. 8a and the fitted values are given in Table 1. The
temperature dependent viscosity is related to the activation

This journal is © The Royal Society of Chemistry 2026

energy of viscous flow. This can be modeled with the Andrade-
Eyring equation:**>"®’

EA;
=4 ul 3
1= aewn( ). ®)

where E, , is the activation energy of viscous flow, R is the gas
constant, and A is a pre-exponential term. The activation energy
related to the protein-protein interactions is found by subtract-
ing the solvent contribution to the activation energy, Ea ;. At
high concentrations, this activation increases with concen-
tration by a power law of approximately 2, see inset of Fig. 8a.
This scaling has been seen in other monoclonal antibodies over
a similar concentration range.®®

Another measure of protein-protein interactions is the
change in the diffusion coefficient as a function of concen-
tration using the reservoir dilution with DLS. The pneumatic
delivery system, shown in Fig. 1b, is modified to include a low
protein binding filter in an outlet stream from the reservoir to
remove aggregates that can develop in the reservoir during
mixing.

Protein-protein interactions are characterized by a first-order
virial correction to the diffusion coefficient, D(c) = Dy(1 + kpc),
where kp is the interaction parameter. The diffusion coefficient
is shown in Fig. 8b for four different temperatures. The dilution
starts from a sample with a concentration of 12.5 mg mL ™" and
is diluted 10 times to <2 mg mL . Linear fits to the data below

Soft Matter, 2026, 22, 5245-5256 | 5253



Paper

8 mg mL ™' are shown for the measurement of kp, which
increases with increasing temperature. A plateau in the diffu-
sion coefficient is observed for higher concentrations above
approximately 10 mg mL ™.

5 Conclusions

We present two different automated sample mixing and deliv-
ery methods for small volume characterization using DLS or
microcapillary rheometry. The two methods provide an auto-
mated and repeatable method for delivering diluted samples to
a spectroscopic flow cell. In-line UV-vis absorbance spectro-
scopy measures the concentration at each dilution step. These
concentrations compare to the commanded concentration
within about 3% for the syringe delivery and 5% for the
pneumatic delivery. The dilution reservoir measurements
required approximately 200 upL of high concentration
(c > 200 mg mL™") sample for the viscosity measurements and
approximately 450 pL of low concentration (¢ < 12 mg mL™*)
sample for the DLS measurements.

The two fluid delivery methods each have advantages and
drawbacks. The syringe delivery provides accuracy within the
tolerance of the displacement of the volume within the syr-
inges. This is subject to uncertainties of syringe diameter and
displacement, which are in the range of 1% to 3%.°%°%7° The
primary disadvantage of the syringe delivery is the larger
sample volume for each dilution, approximately 500 pL total
volume, due to the need to replace the sample in the flow cell
with each new solution. The volume of stock sample is there-
fore mostly dependent on the number of measurements
required at high volume fractions of the stock. The main
advantage of the reservoir approach is the small total sample
required, approximately 200 pL, while the main disadvantage is
the accuracy of the concentration. The reservoir approach is
sensitive to uncertainties in the sample preparation, including
the initial sample volume in the reservoir, which leads to a
propagated uncertainty through the successive dilutions. Also,
complete mixing of the sample in the flow lines requires
multiple exchanges between the fluid in the lines and the
reservoir. These exchanges also present potential issues with
residual fluid in the lines due to fluid film formation while air
displaces the fluid in the lines. These uncertainties are most
significant when the amount of diluent is small compared to
the total initial sample volume. Another source of uncertainty is
evaporation of the sample. This is minimized by providing
saturated gas in the pneumatic lines using in line water-filled
reservoirs, but long duration measurements may lead to some
evaporation, particularly if the reservoir must be heated above
room temperature to maintain a mixed sample. Despite the
additional uncertainties concerning sample concentration with
the pneumatic approach, these uncertainties are substantially
reduced when the concentration can be measured directly with
inline UV-vis spectroscopy, as done here.

The appropriate approach for a given sample and diluent
must be determined based on the needs for accuracy of
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concentration and the total volume of sample available. Both
approaches are suitable for different types of characterization
methods, such as small angle neutron scattering, small angle
light scattering, etc. The benefits of either automated approach
can be offset somewhat by more difficult cleaning procedures
and setup times, and therefore are most advantageous for large
numbers of sample conditions. These methods can also be
extended to multicomponent solutions, higher temperature
measurements, and automated cleaning.
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