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Introduction

Online integration of capillary electrophoresis and
dual detector Taylor dispersion analysis via a 3D
printed instrumentf

Felix S. Atsar,? Hillary D. Bourger 2'° and Christopher A. Baker (2 *?

Hydrodynamic radius (Ry) is a descriptive metric of protein structure with the potential to impact drug
development, disease diagnosis, and other important research areas of molecular biology. Common
instrumental methods for molecular size characterization are disadvantageous due to high sample con-
sumption, measurements made in non-physiological conditions, and/or inaccurate size determinations.
Capillary Taylor dispersion analysis (TDA) is a molecular sizing method that utilizes nL sample volumes
and achieves absolute size determination without calibration or comparison to standards. One key draw-
back of TDA is that it reports the concentration-weighted average Ry, which may be limiting in the ana-
lysis of complex sample mixtures. Here, we describe the development of a 3D printed instrument to inte-
grate capillary electrophoresis (CE) separations online with TDA size characterization. Dual laser-induced
fluorescence detectors were developed to enable two-channel detection using a single PMT and fluor-
escence filter set, achieving detection limits for AlexaFluor 532 of 0.6 + 0.4 nM and 1.1 + 0.2 nM for
detectors 1 and 2, respectively. Joule heating during CE separations was observed to introduce bias in
subsequent TDA measurements. The effects of Joule heating were mitigated by integrating a water circu-
lating sheath flow on the portion of the capillary used for CE. The utility of CE-TDA in bioanalysis was
demonstrated by standard-free peak identification in the ficin digestion of IgGl. CE-TDA was further
applied to characterizing denaturation dynamics of the Group Il heat resistant protein apolipoprotein A-1
(ApoA), in which Ry was observed to increase from 2.3 + 0.2 nm at 20 °C to 5.2 + 0.5 nm while heated at
at 90 °C, then returned to a quasi-native state with Ry = 2.9 + 0.5 nm after cooling to 20 °C. CE-TDA is a
powerful analysis mode with potential to impact various domains of bioanalysis. The instrument devel-
oped in this work offers a low barrier to entry for researchers interested in adopting CE-TDA.

opment of diagnostic methods and therapeutic molecules.
Common instrumental methods for molecular size characteriz-

Accurate size determination can provide essential insights on
the origins, mechanisms, interactions, and functions of bio-
molecules. Protein structure and function are intrinsically
linked, and hydrodynamic radius (Ry) is a descriptive metric
of protein structure with the potential to impact drug develop-
ment, disease diagnosis, and other important challenges in
molecular biology." As such, bioanalytical methods offering
straightforward, rapid, sensitive, selective, and accurate mole-
cular size characterization are needed to accelerate the devel-
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ation present disadvantages such as high sample consump-
tion, measurements made in non-physiological conditions,
and/or inaccurate size determinations."?

Size Exclusion Chromatography (SEC) is a common method
for protein sizing, but limited sizing range and modest size
resolution may limit its utility in some bioanlaytical
applications.>* SEC is susceptible to inaccuracy when sizing
protein aggregates due to physical filtration, non-specific
binding interactions with the column matrix, or aggregate
breakdown due to hydrodynamic shear forces.” Ahrer et al.
reported that accurately measuring molecular mass by com-
parison to protein standards can be challenging, leading to
misidentification of a protein’s native state or an underestima-
tion of its molecular mass.® Significant sample dilution occurs
on the column which can alter the equilibrium distribution of
non-covalent complexes, while changes in the ionic strength

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/analyst
http://orcid.org/0000-0001-5227-874X
http://orcid.org/0000-0001-9134-2994
https://doi.org/10.1039/d4an01208a
https://doi.org/10.1039/d4an01208a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4an01208a&domain=pdf&date_stamp=2025-02-06
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4an01208a
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN150004

Open Access Article. Published on 13 January 2025. Downloaded on 2/13/2026 8:45:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

and pH of the mobile phase can result in inaccuracies
of measured hydrodynamic radius due to electrostatic and
hydrophobic effects.”” Various additives and modifiers have
been used to suppress adsorption and hydrophobic inter-
actions in SEC, illustrating the need for extensive method
development to obtain accurate sizing."

Dynamic light scattering (DLS) characterizes the scattering
of light by particles undergoing Brownian motion.> DLS size
measurements are biased towards large aggregates because
scatter intensity is proportional to the sixth power of analyte
radius. As a result, DLS can overestimate Z-average and suffer
from sensitivity challenges for small molecule analytes. These
characteristics may present hurdles for sizing peptides or
other small biomolecules, especially in the presence of larger
proteins or aggregates.>'"'?

Capillary Taylor dispersion analysis (TDA) is a molecular
sizing method that utilizes small sample volumes (typically
low nL) and achieves absolute size determination without cali-
bration or comparison to standards. In TDA, mean diffusion
coefficient is determined by characterizing the band broaden-
ing of an analyte plug under well-controlled laminar flow con-
ditions via the Taylor-Aris equation.'®*** Diffusion coefficients
can be interpreted as Ry via the Stokes-Einstein equation.
TDA offers a much wider dynamic sizing range than SEC, with
accurate sizing possible from A to pm scales. As a single-phase
technique, TDA does not suffer from the same non-specific
column interactions or complications of shear-induced aggre-
gate breakdown observed in SEC.*° Since capillary TDA
employs the same concentration-sensitive detection methods
common in capillary electrophoresis (CE), it does not present
the same size-dependent signal bias observed in DLS."?

One key drawback of TDA is that it reports the concen-
tration-weighted average Ry, which may be limiting in the ana-
lysis of complex sample mixtures or polydispersed analytes.
Cottet and coworkers presented curve-fitting approaches to
resolving multiple Ry values in a sample mixture by TDA,
although these were limited to simple mixtures.'®™"® The
problem of accurate sizing by TDA within complex sample mix-
tures remains an active research challenge.

TDA is often performed using commercial CE instrumenta-
tion, sharing many of the volume reduction benefits exploited
by CE. This makes the integration of CE separation with TDA
size analysis a logical approach for addressing the challenge of
TDA sizing from complex biological samples. Our group and
others have developed methods for integrating CE separation
with size characterization by TDA, most commonly by adapting
commercial CE instrumentation and methodology for online
integration of the two techniques.'®® For example, we devel-
oped a miniature fluorescence detector that enabled two-point
TDA detection within the confines of a commercial CE instru-
ment, and demonstrated the utility of Ry determination for
peak identification without comparison to standards.**

The great potential of CE-TDA as an information-rich ana-
lysis mode is held back by the high barrier to entry presented
by high-cost commercial CE instrumentation and the need for
custom modification of such instrumentation to achieve two-
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point detection. We previously reported on the development of
a low cost, high sensitivity instrument for TDA analysis with
dual laser-induced fluorescence (LIF) detectors, which was fab-
ricated by consumer-grade 3D printing."® Our goal was to
make sizing analysis by TDA-LIF more accessible to a wider
community of researchers.

With a similar goal, this work describes the development of
a 3D printed instrument that integrates CE separations online
with TDA size characterization. We discuss the design of an
optical detection system that reduces the cost and complexity
of dual LIF detection, and the development of thermal man-
agement strategies to prevent bias in TDA size characteriz-
ation. We demonstrate the utility of the 3D printed CE-TDA
instrument by characterizing the thermal denaturation
dynamics of the Group II heat-resistant protein apolipoprotein
A-1 (ApoA), and with standard-free peak identification in the
CE spearation of IgG1 antibody fragments.

Materials and methods
Reagents and materials

BSA, sodium phosphate dibasic anhydrous, boric Acid (99%
assay), and phosphate buffered saline (PBS) used were fisher
BioReagents, sodium phosphate monobasic anhydrous,
sodium bicarbonate and sodium hydroxide were Fisher
Chemicals, all purchased from Fisher Scientific (Suwannee,
GA). Sodium tetraborate decahydrate (99.5%) was from ACROS
Organics, tetramethylrhodamine-5-(and-6)-isothiocyanate
mixed isomers (TRITC) and AlexaFluor 532 (AF532) were from
Invitrogen, all purchased from Thermo Fisher Scientific
(Waltham, MA, USA). ApoA was from Sigma Aldrich (St Louis,
MO, USA), R-Phycoerythrin (RPE) was from AnaSpec, Inc.
(Fremont, CA, USA), and CF532-succinimidyl ester was from
Biotium (Hayward, CA, USA). IgGl was a murine-derived
monoclonal anti-lutropin antibody purchased as an AF532
conjugate from Santa Cruz Biotechnology, Inc. (Dallas, TX). All
aqueous solutions were prepared using ultrapure water.

Optical design

3D printing and assembly instructions are provided in part 1
of the ESI,f and 3D printing model files are available at the
NIH 3D print exchange under model # 3DPX-021372. The
optical design utilized 6.0 mm N-BK7 ball lenses, 10 mm dia-
meter 4-6 wave aluminum first surface mirrors, and 10 mm
right angle prisms, all purchased from Edmund Optics Inc.
(Barrington, NJ). Laser excitation was generated by two low
power 532 nm laser diode modules (CPS532, Thorlabs Inc.,
Newton, NJ) frequency modulated using a Siglent SDG 1032X
waveform generator. All 3-D printed components were printed
using a Form 3B SLA 3D printer with Tough 2000 resin (RS-F2-
TO20-01, FormLabs Inc., Somerville, MA). Data acquisition was
managed by a USB DAQ module (USB-6341, National
Instruments, Austin, TX) with in-house software using
LabView (National Instruments, Austin, TX).
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Evaluation and mitigation of Joule heating effects

Prior to each experimental session, the capillary was flushed
for 3 min each with 1.0 M NaOH, 0.1 M NaOH, and DI water,
followed by a 5 min flush with CE run buffer (typ. 10 mM
borate, pH of 8.3). Between each injection, the capillary was
rinsed with 0.1 M NaOH and CE run buffer for 1 min each.
The effect of Joule heating on TDA size determinations was
assessed by measuring the hydrodynamic radius of 50 nM RPE
and 100 nM AF532 following applied CE potentials up to 25
kv. A 100 pm id, 50 cm total length fused silica capillary
(Polymicro Technologies, Phoenix, AZ, USA) with the detection
windows positioned at 30 cm and 45 cm effective lengths was
used for all CE-TDA experiments. Sample was injected by
pressure (12 psi applied to the eductor) for 1 second, followed
by application of voltage for 2 min. CE potential was termi-
nated prior to observing signal at the first detector, and
pressure driven flow via the eductor was used to drive the sep-
arated peaks past both detectors for TDA sizing analysis. To
mitigate Joule heating effects, a sheath flow of either com-
pressed air or room temperature water was integrated to sur-
rounded the capillary from approximately 2 cm after the inlet
up to the first detector.

Ficin digestion of IgG1

3 mL of immobilized ficin resin (Thermo Scientific,
Waltham, MA) was added to 20 mL of equilibration buffer
(5 mM EDTA, 4 mM cysteine, 100 mM citrate, pH = 6.0) then
centrifuged at 1000g for 2 minutes, discarding the super-
natant. A solution of 40 pg mL™" IgGl in 100 mM citrate
buffer (pH = 6.0) was added to the resin pellet and incu-
bated at 37 °C with gentle mixing for 12 hours. CE-TDA ana-
lysis of the resulting fragmentation products was carried out
using a background electrolyte of 10 mM borate (pH = 8.0),
with an applied potential of 25 kV for the first 90 seconds
followed by an applied pressure at the eductor inlet of 7 psig
for the remainder of the analysis.

Thermal denaturation studies

A reaction mixture of 6 pM TRITC and 90 pM BSA was pre-
pared in 100 mM bicarbonate buffer (pH = 9.0) and allowed to
react in darkness overnight. Working samples of the mixture
were prepared by diluting to a final concentration of 1 pM BSA
with ultrapure water.

A reaction mixture of 2 uM CF532-succinimidyl ester and
1 uM ApoA was prepared in 10 mM phosphate buffer (pH =
7.5) and allowed to react in darkness overnight. Working
samples of the mixture were prepared to a final concen-
tration of 100 nM ApoA in 10 mM phosphate buffer (pH =
7.5).

20 upL of either 1 pM BSA-TRITC or 100 nM
ApoA-CF532 mixtures were heated to temperatures of 60 °C,
70 °C, 80 °C, or 90 °C for 40 min, cooled in a room tempera-
ture water bath for 10 minutes, then analyzed by CE-TDA.
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Results and discussion
Optical design

The previously reported TDA instrument,"® was further devel-
oped to reduce overall cost and complexity, improve optical
performance, and integrate CE online with TDA in a single
instrument. The resulting 3D printed CE-TDA instrument is
illustrated in Fig. 1A.

Optical design modifications were aimed at combining
fluorescence emission from both detectors into a single beam
to utilize a single optical filter set and PMT transducer. Three
design modifications were needed to realizing this goal. First,
the beam diameter on the emission axis was reduced from ca.
25 mm to ca. 6 mm which enabled side-by-side beam combi-
nation in the 25 mm diameter optical path. The side-by-side
approach was preferred over coaxial beam combination to
avoid signal losses that occur when combining beams using
beam splitters. Although both the original and the modified
detector optics utilize a 6 mm ball lens as the primary objec-
tive for collecting fluorescence emission, the previous design
employed a 25 mm parabolic mirror to reflect emission from
the back side of the capillary into a nominally collimated
25 mm beam. In the revised design (Fig. 1B), the parabolic
mirror was replaced by a “back-side reflector” consisting of an
additional 6 mm ball lens and 10 mm flat mirror. The back-
side reflector returned collected emission to be re-focused at
the detection point. Back-side emission was subsequently cap-
tured by the front-side objective ball lens and transmitted to
the PMT as a nominally collimated beam of 6 mm diameter.

Fig. 2 shows the signal-to-noise ratios (S/N) for 100 nM
AF532 resulting from each of a series of design iterations
described below. We observes S/N of 132 + 3 and 128 + 4 for
detectors 1 and 2, respectively, when detecting fluorescence
only via the front-side objective lens. S/N increased to 248 + 13
and 288 + 9 with the addition of the back-side reflector. The
captured back-side emission was therefore shown to account
for approximately half of total signal from each detector.

The second optical design modification involved combining
the spatially separated 6 mm emission beams into a single
25 mm diameter optical path. For this we designed a 3D
printed periscope which employed two right angle turning
prisms to position the emission beam of detector 2 alongside
that of detector 1 (Fig. 1C). This design enabled detection
from both detection points via a single optical filter set and
PMT, however S/N was reduced to 173 + 3 and 130 + 2 for
detectors 1 and 2 respectively. We attributed the reduced S/N
for both detectors to the combination of baseline noise from
two detectors being simultaneously transduced at a single
PMT.

Finally, to address the overall reduction of S/N when com-
bining beams, we implemented a frequency modulation/demo-
dulation scheme to resolve the two detector signals by digital
frequency filtering. The laser excitation sources for detectors 1
and 2 were pulsed at 29 Hz and 70 Hz, respectively, with the
combined time domain signal recorded at the PMT. Digital fil-
tering was used to reconstruct time-domain signals for the 29

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Design illustrations of the CE-TDA instrument (A) CAD illustration showing the functional modules of the instrument. The instrument is com-
posed of 4 key subassemblies: (1) the instrument body consisting of the eductor flow system (cyan), the outlet chamber (green), two LIF detectors
(dark grey), and alignment structures (blue); (2) the capillary cartridge (pink) which ensures alignment of capillary detection windows with LIF detec-
tion points; (3) the periscope (yellow) to enable side-by-side beam combination of emission from both detectors; and (4) the cooling structure (light
grey), which enables a sheathflow of coolant around the capilliary. A second identical cooling structure (not shown) enables coolant inflow near the
capillary inlet. Inset i shows a photograph of the assembled instrument, highlighting essential components not produced by 3D printing. Inset (ii)
shows the internal geometry of the eductor, which enables pressure driven flow in the capillary by drawing vacuum pressure from the outlet
chamber via a channel within the detector body. (B) A detailed illustration of the optical configuration within the LIF detector. The 3D printed detec-
tor body (i) aligns a compact laser diode module (ii) and focusing lens (iii) with the CE-TDA capillary (iv). The capillary intersects the laser excitation
at a detection point positioned at the focal points of a 6 mm ball lens (v) which acts as an objective lens capturing and collimating fluorescence
emission from the front side of the capillary. An identical ball lens (vi) and flat mirror (vii) form the “back side reflector”. The inset shows the action of
the backside reflector to capture fluorescence emission (yellow) and return it via the detection point of the capillary to the front side objective for
relay to the PMT. (C) A detailed illustration of the optical configuration within the periscope beam combiner. A 3D printed body (i) positions two

10 mm right angle prisms (ii) to combine emission from both detectors into a single 25 mm diameter lens tube (not shown) for relay to the PMT.

Hz and 70 Hz components, resolving signal and noise from
detectors 1 and 2. The narrow frequency bandwidth of the
resulting signals improved S/N to 248 + 7 and 278 + 3 for detec-
tors 1 and 2, respectively. Similar frequency modulation/demo-
dulation approaches have been described for multiplexing in
laser-induced fluorescence anisotropy.”® This design process
reduced limit of detection (LODs) for AF532 from 6.0 + 0.3 nM
and 3.6 £ 0.2 nM to 0.6 + 0.4 nM and 1.1 + 0.2 nM for detectors
1 and 2, respectively.

Evaluation and mitigation of Joule heating effects on TDA
sizing

Electrophoresis can induce Joule heating of the sample solu-
tion, especially at high applied potentials or in high conduc-
tivity buffers. Joule heating will have deleterious effects on the
precision and accuracy of TDA by generating uncontrolled and
varying solution viscosity and temperature. To evaluate this
effect in the 3D printed CE-TDA instrument, CE-TDA was con-
ducted for samples of 50 nM RPE and 100 nM AF532 at
applied potentials up to 25 kV (Fig. 3). With no applied poten-

This journal is © The Royal Society of Chemistry 2025

tial (i.e. by TDA only), we observed Ry of 0.69 + 0.06 nm and
5.29 + 0.52 nm for AF532 and RPE, respectively. Both analytes
showed apparent increases in Ry at applied potentials of 15 kv
and above when no cooling mechanism was used, indicating
that sizing accuracy was affected by uncontrolled Joule
heating. Interestingly, with no active cooling, fluorescent
signal for RPE reduced dramatically at 25 kV such as to make
TDA impossible. We hypothesize that this may have resulted
from thermal denaturation of the fluorescent protein, but
further work would be needed to understand the mechanisms
involved.

To mitigate the deleterious effects of Joule heating on TDA
sizing, we integrated a sheath flow channel surrounding the
capillary between the inlet and detector 1 (see Fig. 1A). Active
cooling was achieved by circulating either 0 °C compressed air,
generated by passing compressed air at 10 psig through a
copper coil submerged in ice water, or room temperature water
through the sheath flow channel. Importantly, water presents
a potential electrocution hazard when used in close proximity
to high voltage. Caution is advised, and alternative cooling

Analyst, 2025, 150, 620-629 | 623
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Fig. 2 Summary of detector performance vs. optical design iteration. For
“front-side only”, signal was detected via a single 6 mm ball lens with dedi-
cated filters and PMTs for each detector, and “with back-side reflector” adds
to this arrangement the back-side ball lens and flat mirror. Both detectors
(with back-side reflectors) were combined via the periscope structure (Fig. 1C)
to produce the “combined beams” condition via a single filter set and PMT.
The “frequency resolved” condition utilized the “combined beams” condition
with the addition of frequency modulation/demodulation to resolve signal
originating from each detector. Bar heights each represent the mean of 10
replicate measurements. Error bars represent + 1 standard deviation.

media, such as perfluorinated solvents, may be warranted.
Both cooling media were sufficient to eliminate the effects of
Joule heating on TDA sizing of the small molecule AF532, with
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no statistical difference in Ry observed for applied potentials
up to 25 kV (Fig. 3A).

For RPE, active cooling with circulating water was sufficient
to eliminate evidence of bias in the TDA measurement, but the
same was not true for active cooling with compressed air,
despite compressed air cooling restoring measurable signal for
RPE at 25 kV. The difference in efficacy for compressed air
cooling for AF532 vs. RPE suggests that bias in sizing RPE for
CE potentials of 15 kV or more is driven by thermal denatura-
tion during the CE step, not viscosity or temperature inconsis-
tencies during TDA. These results highlight Joule heating as
an important consideration when designing CE-TDA assays for
protein and other macromolecules.

CE-TDA for peak identification

Peak identification in CE separations is typically accomplished
either via information-rich detection modes, or by comparison
of electrophoretic mobility with purified standards. Detection
by mass spectrometry (i.e. CE-MS) provides mass-to-charge
ratio as a structurally descriptive metric of the analyte.
Although a powerful analysis mode, CE-MS requires costly
instrumentation and extensive method development, and MS
analysis occurs in the gas phase under vacuum conditions that
perturb protein structure. While comparison to standards is
more straightforward, lower cost, and less labor intensive than
CE-MS, it is limited by the availability of pure standards. For
example, when using CE to characterize binding interactions,
the bound complex of interest may not be sufficiently stable to
allow the preparation of purified standards. In such cases, ana-
lyses are often limited to those binding interactions which
impart substantial shifts in electrophoretic mobility.

Another case in which purified standards are not feasible is
in the structural modification of complex natural products,
such as in the enzymatic fragmentation of antibodies. Ficin is

B

Hydrodynamic Radius (nm)

OkvV 10kV 15kV 20kV 25kV

Applied Potential

OkvV 10kV 15kV 20kV 25kV

Applied Potential

Fig. 3 Effects of Joule heating on Ry determination by CE-TDA. (A) CE-TDA sizing of the small molecule dye AF532 at various applied potentials
and various capillary cooling conditions. Since denaturation cannot occur for AF532, observed Ry increases (>10 kV, “no cooling”) resulted from
thermal bias in the TDA size measurement. No significant R, increases were observed for either active cooling approach. (B) CE-TDA sizing of the
fluorescent protein RPE. Only “water cooled” measurements were sufficient to eliminate significant Ry increases above 15 kV, suggesting thermal
denaturation of RPE during the CE process under the “air cooled” condition. Bar heights each represent the mean of 10 replicate measurements.

Error bars represent + 1 standard deviation.
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a cysteine endopeptidase utilized in the digestion of IgG anti-
bodies, yielding antigen-binding fragments (F,,). Under
various conditions, ficin digestion can yield a dimer of F,,
fragments termed Fp),, with the crystallizable fragment (F)
more extensively digested than the F,, fragment to give the
partially digested pFC’ fragment. Digestion of antibodies into
subfragments has various use cases, such as in the preparation
of antibody drug formulations,”” the development of binding
assays,® and for preparation of crystal structures.>®

Fig. 4 shows CE-TDA of a murine-derived IgG1 antibody, com-
mercially labeled with AlexaFluor 532, and its ficin digestion pro-
ducts. Fig. 4A shows one principal peak with Ry = 6.2 + 0.3 nm,
indicative of the intact immunoglobulin. After ficin digestion
(Fig. 4B), three prominent peaks were observed with Ry = 0.9 +
0.05 nm (not labeled in Fig. 4B), Ri; = 3.0 £ 0.1 nm, and Ry; = 1.7 +
0.2 nm. Various minor peaks were observed, but with insufficient
signal intensity or resolution to allow confident Gaussian fits.

Crystal structures for various I1gG1 fragments were down-
loaded from the RCSB Protein Data Bank, and their expected
hydrodynamic radii were calculated using the HullRad algor-
ithm.?® Four crystal structures were available for murine-
derived IgG1 F,;, fragments,*' > yielding Ry = 3.04 + 0.1 nm.
Two crystal structures were available for murine-derived IgG1
F, fragments,***° yielding Ry = 2.53 + 0.08 nm (mean + range).
One available structure of murine F(,p), gave Ry = 3.87 nm.”’
No structures were available for murine-derived pFC’ fragment,
but one available structure for guinea pig-derived pFC’ resulted
in Ry = 1.93 nm.*®

HullRad calculations of anticipated Ry indicate that the
peaks labelled in Fig. 4B can be assigned as F,, (R = 3.0 =+
0.1 nm) and pFC' (Ry = 1.7 + 0.2 nm) fragments, with minor
peaks likely the byproducts of F. digestion. This result indi-
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cates that the commercially sourced fluorescent antibody was
non-selectively labelled, with labelling sites on both the F. and
F,p, domains. Moreover, it illustrates the utility of CE-TDA for
information rich detection sufficient for peak identification.
This approach is analogous to peak identification by CE-MS in
that both m/z and Ry; are structurally descriptive metrics.

Denaturation dynamics characterization by CE-TDA

To illustrate the utility of CE-TDA beyond peak identification
in CE, we utilized the 3D printed CE-TDA instrument to evalu-
ate an established model of thermal denaturation in proteins.
Kim and coworkers used far-UV circular dichroism spec-
troscopy to observe the thermal denaturation dynamics of
ApoA, classifying the protein as a Group II heat-resistant
protein.* Group II proteins showed evidence of denaturation
upon heating, followed by spontaneous return to a psuedo-
native conformation upon cooling. Here, we demonstrate
similar insights by observing the effect of heating on Ry of
ApoA-CF532 using CE-TDA.

Fig. 5A shows the effect of heating on BSA-TRITC and
ApoA-CF532 at temperatures ranging from 60 °C to 90 °C. In
each case, proteins were heated at the indicated temperature
for 40 minutes, then allowed to cool to 20 °C prior to measure-
ment by CE-TDA. In the case of BSA-TRITC, Ry increased from
4.2 + 0.6 nm at 20 °C to 7.9 + 0.1 nm at 80 °C, with no further
evidence of thermal denaturation upon increasing temperature
to 90 °C. This behavior agrees well with previous observations
of the thermal denaturation behavior of BSA.**™*°

The Group II heat-resistant protein ApoA showed marked
differences in denaturation dynamics as compared to BSA. At
20 °C we observed a Ry for ApoA-CF532 of 2.3 + 0.3 nm, with
no evidence of thermal denaturation below 80 °C. Upon

A Ac? =317 + 45 52
3 Ry =62+03nm

Normalized Fluorescence (arb.)

| . detector

I B Ac? =234 +95?
Ry =3.0+0.1nm

Ac? =139+ 17 s?
Ry=17+02nm

1

Normalized Fluorescence (arb.)

0 1 2 3 4 5 6
Time (min)

Time (min)

Fig. 4 Peak identification in antibody fragmentation reactions by CE-TDA. (A) Prior to ficin digestion, the murine-derived IgGl labelled with
AlexaFluor 532 was injected on the capillary at a concentration of 40 ug mL™. CE separation at an applied potential of 25 kV was carried out for
1.5 min, followed by TDA to give Ry = 6.2 + 0.3 nm (n = 7). The trace from detector 2 is vertically offset for figure clarity. (B) CE-TDA analysis after
12 hours of ficin digestion shows 3 prominent peaks with Ry = 0.9 + 0.05 nm (not labeled, black trace t,, = 1.3 min), Ry = 3.0 + 0.1 nm corres-
ponding to F,, fragment, and Ry = 1.7 + 0.2 nm corresponding to pFC’ fragment. Peak assignments were made by comparison to crystal structures,

as described in the text.

This journal is © The Royal Society of Chemistry 2025

Analyst, 2025, 150, 620-629 | 625


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4an01208a

Open Access Article. Published on 13 January 2025. Downloaded on 2/13/2026 8:45:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A

[[] Bsa-TRITC [ TRITC =
B ApoA-CF532 [] CF532

. B i ESSNENN EEEa £ N F

o ~
o o

Hydrodynamic Radius (nm)
n
(4]

View Article Online

20°C 60 °C 70°C 80°C

Incubation Temperature

90 °C

Analyst
Il ApoA-CF532
= CF532
£ O
£4
2]
=
i)
o]
o
2
£
g
5.2
©
o
°
>
I .
—i= = ==
0
before heating  while heating post-heating
(20 °C) (90 °C) (20 °C)

Fig. 5 Thermal denaturation of BSA and ApoA characterized by CE-TDA. (A) BSA-TRITC and ApoA-CF532 samples, containing excess unreacted
label, were incubated at the indicated temperature for 40 minutes, then cooled to room temperature before CE-TDA analysis of the respective mix-
tures. ApoA-CF532 showed delayed onset of thermal denaturation as compared to BSA-TRITC (80 °C vs. 60 °C). Sizing of unreacted dye showed no
statistical differences as a function of incubation temperature, serving as internal standards to verify that observed Ry changes for BSA-TRITC and
ApoA-CF532 were not the result of thermal bias in the TDA measurement. (B) CE-TDA analysis of ApoA-CF532 before heating, during the incubation
at 90 °C, and after cooling to room temperature revealed the Group Il heat-resistant protein structural dynamics of ApoA. Increased Ry at 90 °C indi-
cates that ApoA-CF532 undergoes structural change at elevated temperatures but reverts to a more compact structure similar in Ry to the native
structure upon cooling. Bar heights each represent the mean of 5 replicate measurements. Error bars represent + 1 standard deviation.

heating at 80 °C, a significant increase in Ry was observed to
3.1 + 0.4 nm, which did not change significantly upon heating
at 90 °C. This result demonstrates that the native conformation
of ApoA is highly resistant to thermal denaturation, which
agrees with previous findings showing evidence of intact alpha
helical character at 100 °C.>°

For both BSA-TRITC and ApoA-CF532, CE-TDA separated
and sized excess unreacted dye in the labeled protein samples,
allowing the excess dye to serve as internal size references.
Neither TRITC (Ryg = 0.57 + 0.09 nm) nor CF532 (Ry = 0.59 =
0.09 nm) showed significant differences in Ry across the temp-
erature range, indicating that observed Ry changes in
BSA-TRITC and ApoA-CF532 were not the result of uncon-
trolled temperature or viscosity in the TDA measurements.

Fig. 5B shows the dynamic behavior of ApoA-CF532 in
response to thermal denaturation. When ApoA-CF532 was
sized during heating but without cooling to 20 °C, a significant
increase in Ry was observed from 2.3 + 0.2 nm at 20 °C to 5.2 +
0.5 nm at 90 °C. When the same sample was cooled to 20 °C,
Ry reduced to 2.9 + 0.5 nm, indicating a return to native or
quasi-native structure. This result illustrates that CE-TDA can
characterize transient states of protein denaturation, and
agrees well with Kim and coworkers definition of Group II
heat-resistant protein behavior.**

Conclusions

In this work we described the development of a 3D printed
instrument for online integration of CE separations with mole-

626 | Analyst, 2025, 150, 620-629

cular sizing by TDA. Optical design modifications were
described which reduced the cost and complexity of the instru-
ment relative to our previously reported system while achieving
low nM LODs at dual LIF detection points. Joule heating was
addressed as a source of potential thermal bias in TDA sizing
by integrating a water-circulating sheath flow surrounding the
portion of the capillary used for CE. The utility of CE-TDA was
demonstrated for peak identification in CE by assigning frag-
ment identities in the ficin digestion of IgG1. Finally, CE-TDA
was demonstrated as a technology for characterizing structural
dynamics in proteins, specifically by observing the denatura-
tion dynamics of the Group II heat-resistant protein ApoA.
Capillary TDA is a powerful yet underutilized molecular
sizing technique that benefits from online integration with CE
separations. Ry is a valuable analytical metric which we have
demonstrated has utility in analyte identification and charac-
terization of structural dynamics. Our objective with the devel-
opment of this instrument was to offer the research commu-
nity a powerful tool and an accessible entry point into CE-TDA
technology. Realizing the full potential of CE-TDA as an ana-
lysis mode requires further work, such as Ry-based assay
development and investigations into the scope and limitations
of Ry as a structural descriptor of biomolecules. We anticipate
that the system developed in this work will enable such efforts.
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