M) Cneck tor updates

Lab on a Chip

View Article Online

View Journal

Devices and applications at the micro- and nanoscale

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: Y. Tobolovskaya,
M. Bustillo-Perez, Y. Ma, N. Low, O. Zeyons, D. A. Richards and E. Kumacheva, Lab Chip, 2026, DOI:

10.1039/D6LCO0197A.

Lab on a Chip

™ ROvAL SOCIETY
p OF CHEMISTRY

7® ROYAL SOCIETY
PN OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

rsc.li/loc


http://rsc.li/loc
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6lc00197a
https://pubs.rsc.org/en/journals/journal/LC
http://crossmark.crossref.org/dialog/?doi=10.1039/D6LC00197A&domain=pdf&date_stamp=2026-05-04

Page 1 of 14

Open Access Article. Published on 04 May 2026. Downloaded on 5/5/2026 1:50:40 AM.

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

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

lab on-a Chip

View Article Online
DOI: 10.1039/D6LC0O0197A

A Microfluidic Approach to Evaluating Surface Protection from
Nonspecific Antibody Adsorption

Yulia Tobolovskayat?, Bexi M. Bustillo-Perezt?, Yingshan Ma?, Nadine L6w®, Ophélie Zeyons®, Daniel
Richards¢, and Eugenia Kumacheva*adef

Nonspecific antibody adsorption to solid surfaces remains a challenge in the development and use of formulations for

immunotherapies, as it can compromise antibody structure and therapeutic function. Here, we introduce a
photoluminescent carbon dot (C-dot) nanointerface integrated within a microfluidic platform for real-time, quantitative
exhibited

photoluminescence quenching due to interactions with antibodies, thereby reporting on real-time adsorption to the surface

evaluation of antibody adsorption and surface protection strategies. Surface-immobilized C-dots
of microfluidic device. The approach combines tailored C-dot synthesis and their covalent immobilization onto the
microchannel surface, while fluorescence microscopy enables continuous monitoring of antibody adsorption under flow.
Using this approach, we evaluated the performance of surface-protecting surfactant molecules. The platform provided
reproducible, concentration-resolved measurements across therapeutically relevant antibody concentrations. This strategy
offers a time- and material-efficient route for screening anti-fouling agents, guiding the rational design of antibody-

compatible surfaces. More broadly, the use of the C-dot nanointerface integrated with microfluidics establishes a versatile

strategy for studying protein-surface interactions for immunosensing applications.

Introduction

Antibody engineering is a wide-reaching field that impacts
different industries, but most notably, healthcare and
diagnostics.»? Antibodies and antibody-drug conjugates are an
emerging class of biotherapeutics used for the systemic
treatment of cancers, infections, autoimmune and Alzheimer’s
conditions.3® The predominant antibody format approved by
the US Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) is immunoglobulin G (I1gG), which is
abundantly found in human and animal serum.” 8

Therapeutic antibodies are frequently formulated at high
concentrations (>100 mg mL™), allowing clinically relevant
doses to be delivered via subcutaneous injection within limited
volumes (typically <1-2 mL).>'* The intrinsically amphiphilic
nature of antibodies renders them prone to non-specific
adsorption to different surfaces.!>'? Adsorption causes
antibody loss during manufacturing, transportation, and
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storage.'® 16 18 |n addition, changes in antibody conformation
upon adsorption and desorption affects their functionality.
These challenges have stimulated the development of surface-
protective agents—most notably, non-ionic amphiphilic
molecules (surfactants) attaching to hydrophobic surfaces with
their hydrophobic fragment, while their hydrophilic moiety
extends into an aqueous solution, creating a steric barrier for
antibody attachment to the surface.? 1% 20 These molecules
compete with antibodies for adsorption sites, thereby forming
a protective surface layer suppressing antibody adsorption and
enhancing the stability and shelf-life of therapeutic antibody
formulations.?%-22 For example, they have been used to prevent
the adsorption of polyclonal bovine IgG on borosilicate glass
and polydimethylsiloxane (PDMS), two materials widely

employed in antibody research, storage and administration.®
22,23

The discovery and optimization of effective anti-biofouling
compounds require the implementation of quantitative
analytical methods to study antibody adsorption to solid
surfaces. Currently used methods include surface plasmon
resonance (SPR), ellipsometry, quartz crystal microbalance with
dissipation monitoring (QCM-D), neutron reflectometry, and
single-molecule microscopy.?> 2422 These methods have at least
one of the following limitations. They either lack high-
throughput and real-time screening capabilities, or have
insufficient sensitivity, or need a large amount of antibodies and
cost-intensive reagents. The development of a high-throughput
and cost-effective methodology for real-time monitoring of
antibody—surface interactions would enable the rapid
screening, decision-making and optimization of next-generation
anti-fouling agents.
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To address these limitations, we developed a fluorescence
assay-based microfluidic (MF) platform for the real-time studies
of antibody adsorption to solid surfaces. Our approach utilizes
quenching of the photoluminescence (PL) of a fluorophore
reporter (carbon dots, C-dots) immobilized on the surface of the
MF device following adsorption of polyclonal bovine IgG
antibodies (pAbs) from the solution perfused through a
microchannel.?>31 The reduction in the degree of PL quenching
of C-dots in the presence of an antifouling agent was used as
the indication of the surface protection from the pAbs
adsorption. For the case study we used a block copolymer of
poly (ethylene oxide) and poly (propylene oxide) (Kolliphor® P
188 Bio), and a polymeric surfactant composed of poly(ethylene
oxide) chains attached to a sorbitan monolaurate backbone
(Kolliphor® PS 20). The trends observed for the antifouling
properties of surface-protective agents using a MF platform
were validated using the QCM-D method and the Bradford
assay. The utilization of the fluorescence assay-based MF
platform is a promising strategy for screening antifouling
properties of surface-protective agents.

Results and discussion

Figure 1 outlines the approach to studies of pAbs adsorption in
the MF platform. Following the synthesis of C-dots, they are
covalently attached to the surface PDMS microchannels (Figure
1A). The PL intensity of the surface-bound C-dots is examined
using fluorescence microscopy. During perfusion of the solution
of pAbs through the MF channel, they adsorb onto the C-dots
and the non-functionalized PDMS surface (Figure 1B). We
hypothesized that interactions between C-dots and pAbs would
lead to the change of either PL emission wavelength, or PL
intensity, and real-time monitoring of these changes using
fluorescence microscopy could serve as a measure of pAbs
adsorption to the PDMS surface. Following these experiments,

the surface of PDMS was coated with a surfage:protecting
surfactant, and the pAbs solution was perfusedsthreugtvithe
microchannel (Figure 1C). A reduced change in PL properties of
C-dots, in comparison with the unprotected C-dot coated
surface, would serve as a measure of antifouling performance.

In the present work, C-dots were selected as the fluorophore
reporters owing to their biocompatibility, colloidal stability in
water, high quantum vyield, controllable PL emission
wavelength,?-32 and binding to organic molecules.3? 33, 34 We
synthesized C-dots by the solvothermal synthesis.?% 35 36 The
representative transmission electron microscopy (TEM) image
in Figure 2A reveals that C-dots had a close-to-spherical shape
and average diameter of 4.4 + 1.7 nm (Figure S1A, Supporting
Information). The PL emission spectra of C-dots were acquired
at an excitation wavelength, Ay, of 344 nm, at which the C-dots
displayed a strong emission band centered at 435 nm (Figure
2B). The PL intensity increased linearly with C-dot concentration
in an aqueous solution from 0.1 to 0.5 mg mL? (Figure S1B,
Supporting Information), while the emission wavelength
remained unchanged (Figure S1C, Supporting Information). The
PL properties of C-dots in solution were stable at room
temperature over one week (Figure S1D and E, Supporting
Information). Based on the results of X-ray photoelectron
spectroscopy analysis (XPS), the survey spectrum displayed
dominant peaks corresponding to C 1s, N 1s, and O 1s of the C-
dots, with a trace Si 2p signal at 101.4 eV (0.37 at%) attributed
to the underlying silicon substrate (Figure 2C). Nitrogen
incorporation into the carbon framework during the thermal
condensation of urea and citric acid precursors was validated by
the overall elemental composition (C 53 %, N 18 %, O 28%) of

the C-dots. High-resolution deconvolution of the C 1s region

(A) Surface attachment of C-dots
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Figure 1. Illustration of the approach to studies of real-time adsorption of pAbs to solid surfaces. (A) Attachment of C-dots acting as a fluorescent reporter

to the surface. (B) Adsorption of pAbs to the surface carrying C-dots. (C) Surface protection from adsorption of pAbs by the antifouling surfactant.

Fluorescence microscopy is used to monitor fluorescence of C-dots directly interacting with pAbs and C-dots interacting with pAbs in the presence of the

surface-protecting surfactant.
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revealed three major components at 285, 286, and 288 eV,
corresponding to C—C/C=C (23 at%), C—O/C—N (9.4 at%), and
C=0/COOH (20.85 at%) bonds, respectively (Figure S2A,
Supporting Information). The N 1s spectrum contained two
peaks centered at 399 and 401 eV, corresponding to N—H or
pyrrolic (15. 8 at%) and graphitic or protonated nitrogen species
(N—Cs or N*—H, 2.1 at%), respectively (Figure S2B, Supporting
Information). Oxygen-related peaks at 531and 533 eV were
associated with carbonyl (C=0, 24 at%) and hydroxyl (C-O, 4.3

at%) groups (Figure S2C, Supporting Information). The
coexistence of nitrogen and oxygen functional groups
confirmed successful heteroatom doping and surface

passivation, both of which enhance the PL properties of C-dots
and their water dispersibility.37. 38

Next, the suitability of C-dots as fluorescence reporters was
verified by introducing pAbs into the C-dot solution and
measuring the PL intensity of C-dots. A rapid decrease in PL
intensity was observed within 15 s, which subsequently
remained invariant for a least 2 h (Figure 2D). Notably, the PL
emission wavelength of C-dots exhibited no significant change
in the presence of pAbs (Figure S1F, Supporting Information).
Carbon dots are rich in surface functional groups (e.g., —OH or
—COOH groups) interacting with the amino acid residues in pAbs
(e.g., —=NH;, or —COOH groups).33 32 Quenching of PL of C-dots
arises from a combination of static and dynamic mechanisms.*°
Static PL quenching occurs due to binding events at the C-dot
surface, resulting in the formation of a non-fluorescent ground-
state complex between the fluorophore and the quencher and

ARTICLE

leading to a reduced emission intensity without, altering
fluorescence lifetime.*® 41 Dynamic qu&NcHIRE3HFSeSOftam
collisional interactions in the excited state, often mediated by
energy or charge transfer processes. Figure 2E shows the
reduction in the average normalized PL intensity of C-dots, I/lo,
as a function of the mass concentration ratio of pAbs-to-C-dots
(Cpabs/Cc-dot), Where | is the PL intensity of the C-dot sample after
the addition of pAbs and lg is the initial PL intensity of C-dots
before the addition of pAbs. For 20 < Cpaps/Cc-dot <180 mg mg?,
the value of I/l, decreased linearly from ~ 0.84 to 0.69 (Figure
2E), while at Coabs/Cc-dot >180 mg mg?, the change in I/l was not
linear, with a minimum 1/lp & 0.25 was achieved at Cpaps/Cc-
dot=1350 mg mgL. Importantly, at a 96 % purity designated by
the vendor, the pAbs were identified as the primary contributor
to PL quenching, while approximately 4 % bovine serum
albumin (BSA) impurity accounted for <2 % of the total PL
guenching (Figure S3A, Supporting Information), confirming
that the measured PL quenching was driven by non-specific
interactions of C-dots with pAbs. In addition, incubation of C-
dots with one of the surface-protecting surfactants used in the
present work (Kolliphor® P 188 Bio) did not alter PL properties
of C-dots (Figure S3B-D, Supporting Information).

The interaction of C-dots with pAbs was further supported by
the (ITC)
experiments. An exothermic binding profile was acquired when

results of isothermal titration calorimetry
C-dots were added to a solution of pAbs (Figure 2F), revealing
notable interactions of pAbs with C-dots that directly caused

the quenching of their PL intensity. In contrast, no measurable
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Figure 2. Characterization of C-dots and their interactions with pAbs. (A) TEM image of C-dots. (B) Fluorescence excitation and emission spectra of 0.5

mg mL* C-dots in solution at 344 nm excitation. (C) XPS survey spectrum of 50 mg mL* C-dots in solution drop-casted onto a silicon wafer and dried. (D)

Fluorescence emission spectra of 0.25 mg mL* C-dots during incubation with 15 mg mL* pAbs in 1 mL histidine buffer (Cc.aot/Cpans=60 mg/mg). (E) Variation
in the 1/l as a function of Cyabs/Cc.dot- Standard deviations of I/lo were obtained from three independent repeats. (F) ITC profile for the titration of C-dots

into a solution of pAbs, reporting changes in heat as a function of Cc.aot/Cpass- The dashed lines are provided for eye guidance.
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binding was detected between C-dots and Kolliphor® P 188 Bio
the same experimental (Figure S3E,
Supporting Information).

under conditions

To achieve the surface immobilization of C-dots for the next
stage of this work, the surface of PDMS was modified with 3-
(aminopropyl)triethoxysilane (APTES) by using vapor-phase
silanization (Figure 3A).*2 The details of the surface modification
procedure are provided in the Experimental section. Figure
S4A—C, Supporting Information displays the XPS survey, Cls,
and N1s spectra of the APTES-modified wafer prior to C-dot
attachment. More specifically, the C 1s region (Figure S4B)
displayed the peaks consistent with the alkylsilane backbone
and the N 1s high-resolution spectrum (Figure S4C) exhibits a
dominant peak at 399 eV (5.16 at%), assigned to terminal amine
(—-NHz) group, a smaller peak at 400 eV, attributed to
protonated amines (—NHs*), and a weak component at 401 eV,
consistent with hydrogen-bonded or partially oxidized nitrogen
species.*3%> The existence of these peaks confirms the
formation of the amino-terminated silane layer. Following this
step, the APTES-modified surface was exposed for 12 h to an
aqueous suspension of C-dots in deionized water. At pH 6.3,
interfacial condensation between the protonated surface
primary amines of APTES and deprotonated carboxyl groups of
the C-dots in solution can yield covalent amide-bond linkages.*®-
48 Computational and experimental studies have shown that
alkoxysilane derivatives lower the activation barrier for amide
bond formation by stabilizing key in the
condensation pathway.#”-%° In addition, carboxylic acid groups

intermediates

on the C-dot surface can be further activated via hydrogen
bonding with APTES, enabling amidation to proceed in the

A

(B) Contact angle of water on the PDMS surfaces before and after sur\fagawodlﬂcatlon (C) Surface d

local effective concentration of reactive amine groupsand
lowers the entropic barrier for covalent cB@pliRgGE&INE BB e
bulk solution. The XPS analysis of the surface of APTES-modified
silicon wafer exposed to the solution of C-dots and rinsed with
water confirmed the covalent attachment of C-dots, that is, a
reduced silicon signal (Figure S4D, Supporting Information) and
prominent peaks in the C 1s (288 eV, 11.3 at%) (Figure S4E,
Supporting Information) and N 1s (400 eV, 9.2 at%) (Figure S4F,
Supporting Information) spectra, which were characteristic of
respectively.’% 51 |n
contrast, the non-modified silicon wafer exposed to C-dot

amide carbonyl and nitrogen species,

solution and rinsed with water exhibited a stronger silicon
substrate signal (Figure S4G, Supporting information), a weak
carbon signal (Figure S4H, Supporting Information) and low
nitrogen (2.28 at%) (Figure S4l, Supporting
Information), all of which were indicative of weak C-dot surface

content

attachment. Collectively, these spectral features support the
role of APTES
immobilization of C-dots.

key in facilitating the covalent surface

After modifying the PDMS surface with APTES and C-dots, it was
rinsed to remove unattached or weakly attached C-dots (Figure
S5A, Supporting Information). The wetting contact angle of the
PDMS surface decreased from 107 to 75° after being modified
with APTES and further to 65 °
dots, (Figure 3B). Fluorescence microscopy imaging confirmed
C-dot immobilization onto the APTES-modified PDMS surface,
with PL
intensity increasing with the C-dot mass concentration (Cc.dot)

after functionalization with C-

as indicated by the strong and uniform PL signal,

(o]

Figure 3. Fabrication of C-dot-functionalized MF devices. (A) Workflow for the chemical modn‘lca,tﬁmgi{ surface of PDMS microjhannels with C-dots.

HN
ty of C-dots in the mlcrochapgnel, plotted as a

function of Cc.got in the solution. (D) Fluorescence microscopy |mag§{f thémfc‘rsd(hnﬁhafter modifiation at Cc.got of 7 and 50 mg miLL. Error bars
represent mean + standard deviation (n = 3 independent experiments). Fcﬁ' thenw-xg mL™" condltlon/ﬁ (q) \\2 was used. / 1' \
CH; CH, CH, OH OH OH d o o
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aqueous, mildly acidic environment. Moreover, the surface
confinement of the APTES monolayer inherently increases the

4| J. Name., 2012, 00, 1-3

Cc-dot (mg/mL)

(Figure
S5B, Supporting Information). Following the quantification of
the C-dot surface density on the microchannel surface, as

This journal is © The Royal Society of Chemistry 20xx
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described in the Experimental section, the concentration Cc.got
= 7 mg mL! was identified as optimal, leading to the surface
density of C-dots of 0.015 + 0.002 mg-cm? (Figure 3C). At Cc-dot
beyond this threshold (that is, 20-100 mg mL?) the
nanoparticles formed surface aggregates, and their PL was self-
quenched (Figure 3D and S5B, Supporting Information). Overall,
at Ccdot in the range of 4.0-100 mg mL? a significantly higher
density of C-dots was found on the APTES-modified PDMS
surface (Figures S5B and S6A Supporting Information), in
comparison with the non-modified surface to which the C-dots
attached solely due to physical adsorption (Figures S6B and S7,
Supporting Information).

surface

Adsorption of pAbs the microchannel

functionalized with C-dots was monitored in real time during

onto

perfusion of the pAbs solution through the MF device shown in
Figure 4A. The MF device containing 12 parallel microchannels,
enabled the examination of pAbs adsorption from solutions
with four pAbs concentrations, each in triplicate format. Each
pAbs solution was perfused through the microchannel, with a
time-dependent decrease in C-dot PL intensity monitored for 5
min. Figure 4B shows representative variations in the I/l value
for the lowest and highest pAbs mass concentration (Cpabs),
where | and lgis the PL intensity at a particular time point and
15 s after insertion of the pAbs solution in the MF device,
respectively. Perfusion of the solution with Cpaps = 300 mg mL?
resulted in a rapid decline of I/lp to 0.43 within 1 min,
corresponding to a 57 % quenching of the initial PL signal, with
the value of I/lo decreasing to 0.08 after 5 min. Following
perfusion of the 10 mg mL™ pAbs solution, the decrease in I/lo
was more gradual, reaching 22 % quenching after 5 min.

B

L:ab on-a Chip

Figure 4C shows a comparison of the reduction i the ratio of
1/lo after 5-min perfusion of pAbs solutiohAS IWRIHEdifPerent
concentrations through the MF device. Perfusion of the 10 mg
mL 1 solution of pAbs resulted in a minimal reduction of 1/l to
0.78, only ~ 9 % greater than the histidine baseline signal, thus
indicating the sensitivity of the measurements in the present
work. As the concentration of pAbs in the solution increased, a
progressively greater PL quenching was observed, correlating
with stronger pAbs adsorption.

Next, we focused on the evaluation of the surface-protecting
performance of two antifouling compounds, Kolliphor® P 188
Bio and Kolliphor® PS 20. These experiments were performed
using two protocols. In Protocol 1, the microchannels were pre-
treated with either Kolliphor® P 188 Bio or Kolliphor® PS 20. This
step was followed by perfusion of the pAbs solution with a
particular concentration (Figure 5A and D). In Protocol 2, a
mixed solution of pAbs with Kolliphor® P 188 Bio or Kolliphor®
PS 20 was perfused through a MF channel (Figure 5B and 5E,
respectively). The summaries of the results acquired using both
protocols for pAbs solutions with different concentrations using
Kolliphor® P 188 Bio and Kolliphor® PS 20 are shown in Figure 5C
and F, respectively.

In the experiment conducted using Protocol 1, Kolliphor® P 188
Bio exhibited a weak anti-fouling effect, with the ratio 1I/lo
decreasing to 0.83 and 0.20 after perfusion of 10 and 300 mg
mL™? pAbs for 300 s, respectively, compared to 0.78 and 0.08
measured in the microchannels not protected with this
surfactant (Figure 5A). A small difference in I/l values between
protected and non-protected microchannels indicated that
surface pre-treatment with Kolliphor® P 188 Bio resulted in a
minor surface protection from pAbs adsorption. In contrast, the
results obtained for the microchannels protected with
Kolliphor® PS 20 using the same protocol showed superior
surface-protection, maintaining 1/lo at 0.9 and 0.35 after

perfusion of 10 and 300 mg mL™ pAbs for 300 s, respectively
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Figure 4. Real-time fluorescence assay-based measurements of the adsorption of pAbs on PDMS within the MF platform. (A) Photograph of the fabricated

MF device comprising 12 parallel channels, each with one inlet and one outlet connected to tubing for high-throughput analysis. (B) Time-dependent
decay in I/lo during perfusion of pAbs in histidine buffer (pH=6), showing increased quenching with higher concentrations of pAbs. (C) One-way ANOVA

(Figure
5D). In

statistical analysis followed by Dunnett’s test of the ratio I/lo at the end of 300-s perfusion showing statistically significant differences among groups (p <

0.05). Error bars represent mean + standard deviation (n = 3 independent experiments).
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experiments carried out using Protocol 2, Kolliphor® P 188 Bio
yielded I/lo values similar to those observed under Protocol 1
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Figure 5. Fluorescence assay-based evaluation of the surface-protecting performance of anti-fouling surfactants. Real-time monitoring of I/l of surface-
attached C-dots following perfusion of pAbs solution through microchannels protected with (A-C) Kolliphor® P188 Bio or (D—F) Kolliphor® PS 20. Panels

A and D correspond to experiments performed using Protocol 1; panels B and E correspond to experiments performed using Protocol 2. Panels C and F

present the steady-state 1/lo value after 5-min perfusion of pAbs solution with different concentrations. Error bars represent mean + standard deviation

(n = 3 independent experiments).

(Figure 5A and B), while the anti-fouling performance of
Kolliphor® PS 20 was diminished, with I/lo decreasing to 0.83 and
0.23 following perfusion of 10 and 300 mg mL™ pAbs for 300 s,
respectively (Figure 5E). These trends were consistent for pAbs
solutions with all examined concentrations (Figures 5C and F).

To complement and validate PL-based results obtained in the
MF device, we performed pAbs adsorption studies using QCM-
D experiments and Bradford assay. In the QCM-D experiments
we used PDMS-coated sensors functionalized with C-dots
following the surface modification protocol applied to the
PDMS surface in the MF channels. Prior to each measurement,
baseline stabilization was performed by perfusing the histidine
buffer through the QCM-D chamber for 1 h (Figure S8A-D,
Supporting Information), which was followed by the supply of a
1.7 mg mL? pAbs solution and a subsequent perfusion of the
histidine buffer for 90 min to remove weakly adsorbed
molecules. A decrease in the resonance frequency (Af;) was
observed due to pAbs adsorption on both non-modified and
APTES-modified PDMS surfaces, with or without C-dot
functionalization (Figure 6A). The adsorbed mass (Am) of pAbs
was calculated using the Sauerbrey model in Eq. 1.52

Am = =58

) (1)

n

where C is the mass sensitivity constant (17.7 ng/(cm? Hz)) and
n is the overtone number (7). The tested surfaces of PDMS and
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APTES-modified PDMS exhibited a similar large decrease in
resonance frequency (Af;) (Figure 6A), corresponding to a high
degree of surface fouling by pAbs of 1548 + 75 and 1622 + 96
ng-cm?, respectively (Figure 6D). Surface modification with C-
dots did not significantly change pAbs adsorption, resulting in a
comparable surface coverage of 1624 + 91 ng-cm™. These
results indicate that although introducing APTES functionalities
onto PDMS decreased the hydrophobicity of the PDMS surface
by approximately 39 %, the surface adsorption behavior of pAbs
was not affected. In addition, C-dots did not interfere with pAbs
attachment to the PDMS surface and their function was to act
solely as a fluorescence reporter. Moreover, this method
accurately quantified the mass of adsorbed pAbs over a
concentration range of 0.0003 — 1.7 mg mL? (Figure S8E and
S8F).

The QCM-D method was utilized to evaluate the surface-
protecting performance of Kolliphor® P 188 Bio and Kolliphor®
PS 20 using two experimental protocols described in the
Methods section, involving surface pre-treatment with the anti-
fouling surfactant in Protocol 1 and co-perfusion of the mixture
of pAbs with the surfactant in Protocol 2. Figure 6B shows that
Kolliphor® P 188 Bio exhibited weak antifouling performance
under both experimental conditions, signified by a strong shift
in resonance frequency after perfusion of pAbs solution. In
these experiments, the mass of adsorbed pAbs was comparable
to those attached to the unprotected PDMS surface (Figure 6E).
In contrast, Kolliphor® PS 20 effectively suppressed fouling. The

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. QCM-D-based pAbs adsorption on PDMS-based sensor surfaces. Shifts in the resonance frequency (Af;) recorded during perfusion of pAbs over
(A) unprotected PDMS-based surfaces, (B, C) C-dot functionalized APTES—-PDMS treated with Kolliphor” P 188 Bio, and Kolliphor® PS 20, respectively. (D)
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effect was stronger when the surface was pre-treated with the
surfactant (Protocol 1), as shown in Figure 6C. Adsorption mass
change was 1135 + 63 ng-cm?, that is, a ~31 % reduction in pAbs
adsorption occurred in comparison with the unprotected
surface (Figure 6F). Notably, the adsorbed mass of Kolliphor® PS
20 of 259 *+ 29 ng-cm™2 was two-fold greater than 114 + 33
ng-cm~2 determined for Kolliphor® P 188 Bio, indicating a
stronger affinity of PS 20 toward the surface.

Secondly, the Bradford assay was done for experiments
performed using Protocol 1 and Protocol 2. As summarized in
Table 1, the strongest adsorption of pAbs occurred when the
pAbs solution in histidine buffer was perfused through the non-
protected microchannel, confirming the critical role of anti-
fouling surfactants in suppressing nonspecific antibody binding.
Surface treatment with Kolliphor® PS 20 (Protocol 1) provided
the most effective protection against pAbs adsorption. In
contrast, premixing Kolliphor® PS 20 with the pAbs solution
(Protocol 2) resulted in an inferior surface protection compared
to the pre-coating method in Protocol 1, similar to that of
Kolliphor® P 188 Bio. Nevertheless, in Protocol 1, Kolliphor® PS
20 outperformed Kolliphor® P 188 Bio, for which a substantially

higher adsorption of pAbs was observed.

Table 1. Bradford assay results for pAbs adsorption to the
microchannel surfaces

Experimental Condition CBabs recovered (mg mL™") CB@labs adsorbed (mg mL™")

Control 437 +44 1063 + 44
Protocol 1 — Kolliphor® P 188 Bio 683 + 46 817 + 46
Protocol 2 — Kolliphor® P 188 Bio 547 82 953 +82

This journal is © The Royal Society of Chemistry 20xx

Experimental Condition
Protocol 1 - Kolliphor® PS 20
Protocol 2 — Kolliphor® PS 20

CBla,s recovered (mg mL™) CBaps adsorbed (mg mL™)

986 + 40 514 +40

620+ 22 880+22

We note that the concentrations of pAbs used in the QCM-D
and Bradford methodologies were significantly lower than
those applied in the MF fluorescence assay due to the intrinsic
limitations of these approaches. Nevertheless, these two
methods and the PL assay conducted in the MF experiments
showed similar trends in the adsorption of pAbs onto the
surface of PDMS and the examination of the anti-fouling
performance of Kolliphor® P 188 Bio and Kolliphor® PS 20. This
similarity validates the results obtained in the MF platform and
leads to the following conclusions. First, increasing pAbs
concentration consistently led to a stronger PL quenching,
which correlated with higher adsorption detected by the QCM-
D method, confirming that pAbs binding occurs on both the C-
dot coating and the underlying PDMS surface. We hypothesize
that pAbs bind to the PDMS surface in a flat-on orientation,
driven by favorable hydrophobic interactions, > ¢ while the
exposed fragment antigen-binding (Fab) regions can engage
with the surface functional groups of C-dots by hydrogen
bonding.33 These intermolecular interactions likely perturb the
emissive surface states of C-dots, resulting in an observable
quenching of PL intensity.33 34 Secondly, Kolliphor® P 188 Bio
demonstrated an inferior surface-protecting effect, compared
to Kolliphor® PS 20, in experiments performed using Protocol 1.
In experiments conducted under Protocol 2, no significant
differences were observed between the two surfactants across
all tested antibody concentrations. These results indicate that
for industrial applications the efficiencies of Kolliphor® P 188 Bio
and Kolliphor® PS 20 in preventing antibody adsorption to
hydrophobic PDMS surfaces are comparable. The diminished
performance of Kolliphor® PS 20 is likely due to the competitive
adsorption between pAbs and Kolliphor® PS 20 to the PDMS
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surface, which hindered the formation of a densely packed,
protective monolayer. In contrast, no statistically significant
difference in surface protection was observed for Kolliphor® P
188 Bio in experiments performed with either Protocol 1, or 2.
Collectively, these results can be understood in terms of
surfactant structure: a relatively low molecular weight
Kolliphor® PS 20 packed densely, yielding a high surface
coverage when used as a pre-treatment, but competed with
pAbs adsorption from mixed solutions.'® 33 34 In contrast,
Kolliphor® P 188 Bio, a significantly larger surfactant, anchored
to the PDMS surface with a short polypropylene oxide block,
which resulted in its low packing density and increased antibody
access.?% 22 The large polyethylene oxide blocks further
restricted the surface attachment of neighboring molecules due
to steric repulsion, thus, preventing the formation of the dense
surfactant layer. Consequently, pre-treatment resulted in
relatively low surface coverage for P 188 and hence, weaker
anti-fouling performance, while co-perfusion conditions
resulted in similar results compared to PS 20, showcasing the
suitability of P 188 as an alternative surfactant to PS 20 in real-
world formulations.

Importantly, the developed MF approach is designed to provide
a high-throughput, concentration-dependent readout of pAbs
adsorption at moderate-to-high concentrations, rather than
precise  kinetic parameter extraction at low pAbs
concentrations, where techniques such as SPR or QCM-D are
more appropriate. Table 2 shows that in comparison with QCM-
D and SPR techniques, the MF platform offers advantages in
multiplexing, speed, and sample size, requiring only 5 ulL per
experiment and ~5 min per experiment. In contrast, QCM-D and
SPR, while highly sensitive at low concentrations, require longer
acquisition times (~¥90 and ~35 min, respectively) and operate
at lower throughput.>> 56

Table 2. Operational parameters of the MF method and QCM-D
and SPR techniques

Parameter MF method* QcCm-D* SPR®%.%¢

Total volume required (pL) 5 500 ~500-1500
m’g”;i::’_i;m”ce”"ation N8 10-300 34x104-017 1.68x105-1.0
Sample consumption (mg) 0.05-1.5 1.7x10%-0.085 8.4x10°-1.5
Real-time measurement Yes Yes Yes

Throughput High Low Medium-Low
Time per run (min) ~5 ~90 ~15-25

*
Based on the present work.

Experimental
Materials

Bovine polyclonal IgG antibodies (96 %, SDS-PAGE (IgG w/w
Total Protein)) were supplied by MP Biomedicals, LLC, United
States. Kolliphor® P 188 Bio with molecular weight of 8500 g
mol* and Kolliphor® PS 20 with molecular weight of 1200 g mol-
1 were supplied by BASF SE, Germany. Later in the text these
compounds are termed as “surfactants”. Citric acid (ACS
reagent grade, 299.5%, crystals), urea (ACS reagent grade,
<0.001% Heavy Metals by ICP-OES, metals basis, 99.0-100.5%,
solid), N,N-dimethylformamide (ACS reagent, 2>99.8%),
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petroleum ether (puriss. p.a., reag. Ph. Eur., high bailing,.bp,20=
70 °C), ethyl acetate (ACS reafént]l0.1359594)00193A
Aminopropyl)triethoxysilane (99%), L-histidine (299% (TLC),
ReagentPlus®), bovine serum albumin (heat shock fraction,
protease free, fatty acid free, essentially globulin free, pH 7,
>98%), 2-Propanol (ACS reagent, 299.5%), hydrochloric acid
(37%, ACS reagent), and ethanol (95 %, ACS reagent) were
purchased from Sigma—Aldrich, Canada. Pierce™ Bradford Plus
Protein Assay Reagent was purchased from Thermo Scientific,
Canada. Sylgard 184 silicone elastomer base and PDMS were
purchased from Dow Corning Corporation, United States.
Deionized water (resistivity of 18.2 MQ cm at 25 °C) was
obtained from the Milli-Q Water Purification system.

Synthesis of C-dots

Blue-emissive C-dots were synthesized following a modified
procedure reported elsewhere.?? Briefly, 3 mmol citric acid and
10 mmol urea were dissolved in 10 mL of N,N-
dimethylformamide under stirring for 30 min. The mixed
solution was transferred into a stainless-steel autoclave reactor
with a polytetrafluoroethylene (PTFE)-liner and was maintained
at 140 °C for 4 h. Subsequently, the reaction mixture cooled
down to room temperature and was centrifuged at 11, 644 x g
for 10 min to remove the solid residues. To separate the C-dots,
the supernatant was decanted into a mixture of petroleum
ether and ethyl acetate (1:1 v/v). Upon collection, the final
product was placed overnight in a vacuum oven to evaporate
the residual solvent and subsequently stored at -20 °C until
further use.

Optical and structural characterization of C-dots

Aqueous dispersions of C-dots were prepared by transferring
the nanoparticles into deionized water or 20 mM histidine
buffer (pH=6.0), followed by vortex-mixing for 30 s. PL spectra
of C-dot solutions (Figure S1B and C, Supporting Information)
were collected using a Varian Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA). The stability of C-dots was evaluated by comparing their
initial PL spectra to those acquired after one week storage in 20
mM histidine buffer (pH=6) (Figure S1D and E Supporting
Information).

TEM images were acquired with a Hitachi HT7700 microscope.
Aqueous dispersions of C-dots were prepared at a
concentration of 1 mg mL? and drop-casted onto carbon-
coated copper grids for imaging. The average diameter of C-dots
(Figure S1A, Supporting Information) was determined by
analyzing their TEM images using the Image J software (ImageJ,
US National Institutes of Health, Bethesda, MA, USA).

X-ray photoelectron spectroscopy

All samples for XPS analysis were prepared on 1 cm x 1 cm
silicon wafer substrates. To characterize the surface chemistry
of C-dots (Figure S2, Supporting Information), two layers of a 50
mg mL ! aqueous C-dot dispersion (40 uL per layer) were applied
on the wafer, with each layer dried under nitrogen. The
resulting C-dot-covered wafer was left overnight in a vacuum
oven at room temperature. To prepare APTES-modified

This journal is © The Royal Society of Chemistry 20xx
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substrates, the silicon surface was first subjected to the vapor-
phase silanization with APTES for 12 h, which was followed by
thorough rinsing with isopropanol and deionized water (Figure
S4A—-C, Supporting Information). A 7 mg mL?! aqueous
dispersion of C-dots was then drop-cast onto the APTES-
modified substrate and left undisturbed overnight in the dark
(Figure SAD—F, Supporting Information). A control sample was
prepared with C-dots deposited from 7 mg mL? solution on the
non-modified silicon substrate (Figure S4G-I, Supporting
Information). Each sample was subsequently rinsed four times
with 5 pL aliquots of deionized water.

Characterization of interactions of C-dots with pAbs

The interaction of C-dots and pAbs was studied using ITC. A0.3
mg mL™" dispersion of C-dots in 20 mM histidine buffer (pH=6.0)
was titrated into a 1 mg mL™" pAbs solution in the same buffer.
Each titration consisted of 19 sequential injections of 2 L each,
performed at 25 °C using a MicroCal PEAQ-ITC instrument
(Malvern Instruments, UK). The resulting data were analyzed
using the one-site binding model in the MicroCal PEAQ-ITC
analysis software to evaluate the occurrence of binding
interactions between C-dots and pAbs. As a control, the same
methodology was used to study interactions of C-dots with
Kolliphor® P188 Bio at the ratio of mass concentrations (Ckoliiphor®
p188 Bio/ Cc-dot) Of 35 mg mg™! (Figure S3E, Supporting Information)
and 160 mg mg (Figure S3F, Supporting Information).

To assess the change in the PL properties of C-dots upon their
interactions with pAbs, the C-dots were added to a solution of
pAbs prepared in 20 mM histidine buffer (pH=6.0) and
incubated at room temperature for 2 h. Starting from 15 s after
C-dot addition, the variations in PL emission wavelength, Aem
(Figure S1F, Supporting Information) and PL intensity of the C-
dots were monitored for 2 h. The effect of the concentration of
pAbs on PL quenching was examined by varying the Cpabs/Cc-dot
ratio from 5.0 to 1350. To account for the contribution of
approximately 4% BSA impurity which could be present in the
96% pAbs provided by the vendor, the same experiments were
performed using BSA alone (Figure S3A, Supporting
Information). In addition, to confirm that surfactants do not
alter the PL properties of C-dots, the experiments were
repeated with Kolliphor® P 188 Bio (Figure S3B—D, Supporting
Information).

Fabrication of MF devices functionalized with C-dots

MF devices with 12 parallel microchannels channels with
dimensions of 5 mm x 0.5 mm x 1 mm were fabricated in PDMS
using a standard soft-lithography method.>” The PDMS layers
were plasma treated under O, for 1 min and functionalized with
APTES by 12 h vapor deposition, followed by ethanol rinsing to
remove unreacted silane. Two APTES-modified PDMS layers
were plasma-treated for 1 min and brought into contact to seal
the device. The MF channels were filled with 5 pL of an aqueous
C-dot dispersion and incubated for 12 h, after which 20 uL of
histidine buffer was perfused through the channels to remove
non-attached C-dots. To determine the number of rinsing steps
required for the complete removal of unattached or weakly
attached C-dots, the waste solution collected from each 5 pL-

This journal is © The Royal Society of Chemistry 20xx
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rinsing step was diluted with 45 pL of histidipe.huffer,
transferred to a 96-well plate, and analyze@!using3® CARIOSt&r
Plus plate reader (BMG Labtech, Germany). The PL intensity of
each rinse solution was compared to that of the histidine buffer
control (Figure S5A, Supporting Information). Rinsed
microchannels were examined using a Nikon Ti2 fluorescence
microscope (Nikon, Japan) (Figure S5B, Supporting
Information). To optimize the Cc.qot for device functionalization,
the microchannels were filled with C-dot dispersions at 4.0, 7.0,
10, 20, 30, 50, 70, or 100 mg mL}, incubated for 12 h, and rinsed
with four 5 pL perfusions of histidine buffer. The optimal Cc.got
value was identified as the lowest concentration producing a
strong and stable PL signal without visible C-dot aggregation
leading to PL self-quenching.

Quantifying surface density of C-dots on the MF channels

The coverage of the PDMS surface with C-dots was determined
for the microchannels exposed to solutions of varying Cc.got.
After 12-h incubation, the supernatant, together with four
sequential 5 pL rinsing aliquots were collected, diluted to 1 mL,
and analyzed using a Varian Cary Eclipse fluorescence
spectrophotometer. To quantify the surface coverage, the PL
intensity of this solution was measured and converted to mass
concentration using a calibration curve of PL intensity vs. C-dot
concentrations in the solution (Figure S6C, Supporting
Information). The mass of surface-attached C-dots per unit
surface area of the microchannel was subsequently determined

Mc_dot_total — M c—dot_unattached
SDC—dot = SA ’ (2)

as yielding the surface density of immobilized C-dots (SDc-dot) in
the microchannel corresponding to each Cc.dot, Where mc.dot_total
is the initial mass of C-dots in the solution introduced into the
channel, Mc.dot_unattached IS the mass of non-attached or weakly
adsorbed C-dots in the eluted solution, and SA is the surface
area of the microchannel (Figure S6A and S6B, Supporting
Information). Figure S7, Supporting Information shows images
of the microchannel surfaces without the modification with
APTES, which were exposed to the solutions of different Cc.got
and subsequently rinsed with deionized water as before.

Contact angle measurements

The contact angle of water on the PDMS, APTES-modified
PDMS, and APTES-modified PDMS surface functionalized with
C-dots was measured using the sessile droplet method where 3
different areas of the PDMS sheet were assessed with a Drop
shape analyzer DSA100E (Kruss scientific, Germany). The
average value of three contact angle measurements were
obtained for each surface.

MF fluorescence assay

To evaluate the degree of PL quenching of surface-attached C-
dots due to their interactions with pAbs, a solution of histidine
buffer containing a varying Cpans Was perfused through the
microchannel at a flow rate of 2 puL minl. During perfusion, a
video of the region of interest (ROI) measuring 100 x 100 pixels
(0.073 mm x 0.073 mm) and located at the center of the
microchannel was recorded for 5 min using the Nikon Ti2
fluorescence microscope. A small but measurable contribution
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of pAbs autofluorescence (Figure S9, Supporting Information)
was accounted by using this PL signal as a background.

Modifying the PDMS microchannels by vapor-phase APTES
silanization ensured surface functionalization across the
enclosed geometry of the microchannels, including their
sidewalls, via gas-phase diffusion of the silane. Subsequent
C-dot immobilization produced a continuous interface,
evidenced by spatially uniform PL intensity along the
microchannel surface confirmed by examining 3 ROIs, as shown
in Figure S10, Supporting Information. Image acquisition was
performed by extracting individual frames from the recorded
videos and analyzing the change in PL intensity over time using
the NIS-Elements AR software (Nikon, Japan) (Figure S10,
Supporting Information).

Evaluation of surface-protecting performance of surfactants

To assess antifouling performance of Kolliphor® P 188 Bio and
Kolliphor® PS 20, their 0.05 % w/v solutions were prepared in
histidine buffer. In experiments carried out by Protocol 1, a
surfactant solution was introduced into a C-dot-functionalized
microchannel and incubated for 1 h, which was followed by
perfusion of histidine buffer through the channel. Next, a
solution of pAbs in histidine buffer was perfused through the
protected microchannel, and the change in PL intensity of C-
dots was monitored by fluorescence microscopy. In
experiments conducted using Protocol 2, a mixture of the
surfactant in solution with pAbs at surfactant concentration of
0.05 % w/v was perfused through a microchannel and the decay
in PL intensity of surface-attached C-dots was monitored by
fluorescence microscopy.

QCM-D experiments

Adsorption of pAbs on C-dot-modified PDMS quartz crystal
sensor discs (BL-QSX 348, 5 MHz) was characterized using QCM-
D following a modified procedure reported elsewhere.?° The
PDMS-coated sensors were functionalized with C-dots using the
immobilization protocol employed for the functionalization of
the MF channels. The PDMS-coated quartz sensors were
cleaned by repeated rinsing with isopropanol and deionized
water, followed by drying under nitrogen. The cleaned sensors
were plasma treated in O, for 60 s and subsequently subjected
to vapor-phase silanization with APTES for 12 h under vacuum.
Excess APTES was removed by thorough rinsing of the surface
with isopropanol and deionized water, and the sensors were
dried under nitrogen. An aqueous dispersion of C-dots (7 mg
mL1) was applied to the APTES-modified sensor surface and
dried overnight in the dark. Non-bound C-dots were removed
by rinsing with deionized water. The sensors were dried and
assembled into the QCM-D module (Q-Sense E1, Biolin
Scientific, Sweden). All experiments were performed at 22 °C.
Baseline stabilization was achieved by the initial perfusion of 20
mM histidine (pH=6.0) at 10 uL min~! for 1 h using a peristaltic
pump (Ismatec IPC-N4) connected to the sensor chamber
(Figure S8A-D, Supporting Information). After stabilization, 0.5
mL of pAbs solution in histidine buffer was perfused past the
sensor, and the change in resonance frequency at the 7t
overtone (Af;) was monitored over time (Figure S8E, Supporting

10 | J. Name., 2012, 00, 1-3

Information). Weakly bound pAbs were removegd. by.30-min
perfusion of histidine buffer through thel$&hsorEREMBerOFHE
same protocol was used for adsorption studies on the non-
modified and C-dot-modified PDMS surfaces, as well as the
generation of a calibration graph of the mass of adsorbed pAbs
over a concentration range of 0.0003 — 1.7 mg mL™? (Figure S8F,
Supporting Information). Surface protection studies using
Kolliphor® P 188 Bio and Kolliphor® PS 20 were performed using
two protocols. In Protocol 1 experiments, 1 mL of the 0.05 %
(w/v) solution of the anti-fouling surfactant in histidine buffer
was perfused immediately after baseline stabilization, followed
by perfusion of the histidine buffer for 120 min. Subsequently,
0.5 mL of 0.17 mg mL* pAbs solution was perfused, followed by
perfusion of the histidine buffer for 90 min. In Protocol 2
experiments, a mixture of pAbs (0.17 mg mL?) and the anti-
fouling surfactant (0.05 % w/v) was perfused following initial
baseline stabilization and terminated with perfusion of the final
histidine rinsing step at 90 min.

Bradford assay

The concentration of pAbs in the solution eluted from the
microchannels pre-treated with surface-protecting surfactants
was quantified using the Bradford assay. A 5 plL aliquot of the
recovered pAbs solution in histidine buffer was transferred into
a 48-well plate filled with 300 pL of Bradford reagent. Histidine
buffer alone and a 1.5 mg mL™ pAbs solution perfused through
unprotected MF channels served as negative and positive
controls, respectively. Following a 10 min incubation to allow
completion of the brown-to-blue colorimetric transition,
absorbance of the solution at 595 nm was recorded using the
plate reader CLARIOstar Plus plate reader (BMG Labtech,
Germany). The concentration of pAbs in the eluted solution was
determined using the calibration graph constructed by plotting
absorbance of solutions with different Cpabs in the histidine
buffer, which contained the Bradford reagent (Figure S11A,
Supporting Information). Importantly, Kolliphor® P 188 Bio
alone at the concentration of 0.05 % w/v did not cause any
change in the Bradford reagent (Coomassie Brilliant Blue) signal,
confirming that the observed color shift originated solely from
pAbs binding (Figure S11B, Supporting Information). In contrast,
Kolliphor® PS 20 (0.05 % w/v) caused an increase in absorbance
of the Bradford reagent. Therefore, its contribution was
subtracted to ensure that the final absorbance values reflected
only pAbs concentration.

Conclusions

In summary, a fluorescence assay based on C-dot
photoluminescent reporters operating within a MF platform
was developed for the real time studies of antibody adsorption
from solutions onto the PDMS surface. Covalent immobilization
of C-dots on the surface of APTES-functionalized PDMS
microchannels provided a stable PL signal with intensity
reducing with pAbs adsorption. The method demonstrated the
sensitivity and reproducibility across a wide range of pAbs
concentrations, with the results consistent with independent
QCM-D and Bradford analyses. Collectively, the results of this
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work validate our MF fluorescence assay as a reliable and
accurate platform for studying pAbs adsorption and evaluation
of the performance of surface-protecting surfactants. Our
findings show that Kolliphor® PS 20 is superior to Kolliphor® P
188 Bio as a surface-protecting surfactant if it is used as a pre-
treatment to prevent antibody adsorption to hydrophobic
surfaces, while using it in a mixture with the antibody
molecules, both surfactants exhibit a similar performance in
preventing the adsorption of antibody molecules. The
developed platform offers a high-throughput strategy for
evaluating surface fouling with proteins and screening surface-
protecting compounds in real-time with a broad potential for
the rational design of anti-biofouling interfaces. The advantage
of the MF strategy over the QCM-D methodology originates
from the small antibody amount needed for adsorption studies,
shorter time scales for such studies, and evaluation of the effect
of surface-protecting compounds at high antibody
concentrations (>100 mg mL?), which is representative of real-
world therapeutic formulations. While the present study
focuses on pAbs and two practically relevant surfactants,
additional experiments with other proteins, including
monoclonal antibodies, would further validate platform
generality. It can be expected that the MF platform will be
extended to studies of adsorption of a broad range of proteins,
excipients, and emerging anti-fouling materials, supporting
accelerated development of next-generation therapeutic
antibody sensing and engineering strategies.
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