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Abstract

Although pentraxin-3 holds promise as 2 diug:0sis/prognosis biomarker of microbial
infections and lung cancer, its analysis “a h».man serum can be constrained by matrix effects
caused by high abundance proteins — “uman serum albumin and immunoglobulin G. Aqueous
biphasic systems composed of pc'y.n..s and citrate buffer are here proposed as a serum
pretreatment step to improve “he accuracy of pentraxin-3 analysis. Binodal curves were
determined to identify the ccmpositions required to form ABS and to correlate the polymers’
properties and perforr.i.ce in serum pretreatment and biomarker extraction. Aqueous
biphasic systems wer. avaluated regarding their ability to deplete human serum albumin and
immunoglobulin G at the interphase. Polymers of relatively high to intermediate
hydrophobicity were unveiled as efficient components to deplete high abundance serum
proteins. Considering the possibility to extract pentraxin-3 from human serum into the
polymer-rich phase, the system composed of polyethylene glycol with a molecular weight of
1000 g-mol™ simultaneously achieved >93% of human serum albumin and immunoglobulin
G depletion and complete biomarker extraction. The accuracy of analysis of pretreated human
serum by enzyme-linked immunosorbent assays outperformed that of a non-pretreated
sample, with a relative error of 0.8% compared to 14.6%, contributing to boost pentraxin-3

usefulness as a biomarker.
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1. Introduction

Pentraxin-3 (PTX-3) is a 45 KDa glycoprotein that belongs to the pentraxin
family. This family is arranged into two sub-groups, the short and the long pentraxins,
with PTX-3 falling within the latter category. PTX-3 composition comprises 381
amino acids, each composed of a signal peptide (residues +-"7), a N-terminal domain
(residues 18-178) and a C-terminal do-main (residurs 279-381) connected through
disulphide bonds [1]. The C-terminal domain is als~ called the “pentraxin domain”
since it is a well-conserved sequence of around 22 ~mino acids across the pentraxin
family [1,2]. Contrarily to short pentraxinc 1at are only produced in the liver in
response to interleukin-6 (IL-6), PTX-3 is _voduced by a variety of cell types, entailing
monocytes, macrophages, fibroblasts, ~.nd epithelial cells. PTX-3 is produced as a
response to several inflammatory or infectious events, especially intensified by
interleukin-10 (IL-10) [3]. It can (e thus considered a biomarker for innate immunity
and inflammation as its bloou levels rapidly raise from < 2 ng-mL™ under normal
conditions to 200-800 ng-i.°'_* under inflammatory and infectious conditions (e.g.,
endotoxic shock and seps’s) [2—4]. In addition to the immune system activation, PTX-3
also takes a part in vimor progression by interposing within the PISK/AKT/mTOR
signaling pathway, essential for cell cycle regulation [2]. PTX-3 has been shown to
induce tumor cell proliferation, apoptosis, and metastasis in several types of cancer,
including lung cancer, head and neck squamous cell carcinoma and breast cancer [2].
Considering lung cancer, despite the limited predictive role, PTX-3 levels in serum
correlated well with the presence versus the absence of the disease in high-risk
populations comprising heavy smokers [5,6]. Its levels in serum are close to 1 ng-mL™
in healthy individuals and close to 5 ng-mL™ in lung cancer patients [7,8]. Moreover,

the prognostic value of this glycoprotein is justified by the positive correlation between



its levels in serum and tumor stage, disease aggressiveness, and survival in both small
cell and non-small cell lung cancer patients [5,9,10].

PTX-3 can be present in blood-derived samples (including serum and plasma),
the most clinically relevant body fluids, but also in urine, cerebrospinal, pleural and
amniotic fluids [11]. To assess its concentration in biological samples, analytical
methods such as surface plasmon resonance (SPR) [12] and enzyme-linked
immunosorbent assay (ELISA) [10,11] have been used. Among these, ELISA is the
preferred method to quantify PTX-3 since it features high accuracy and precision of
analysis and lower limits of detection (LODs) than othe ai.~lytical methods [13].
Despite its enhanced analytical performance, the accur~z:’ T ELISA assays involving
complex samples is still limited by background noics ad non-specific reactions that
may lead to false positive and negative resu''s | .4]. Accordingly, as for other
biomarkers, the complex composition of the acrix is a major barrier to the accurate
analysis of PTX-3 in serum and its furthe: use in clinical settings. In serum proteome,
human serum albumin (HSA) and ir..mi'noglobulin G (IgG) account for over 80% of
the protein content (corresponding *o the mg-mL™ range), while the concentration of
low abundance proteins such as 27 x-3 commonly falls within the ng-mL™ range [15].
The discrepancy between thece orders of magnitude endows HSA and IgG with the
capacity to interfere in the 'tection and quantification of PTX-3 [16].

To overcom : uese interferences, aqueous biphasic systems (ABS) are
proposed in this woi." to be used as a sample pretreatment technique prior to PTX-3
analysis by ELISA. ABS belong to a class of liquid-liquid extraction systems that
combine at least two incompatible solutes (e.g., two polymers, two salts or a polymer
and a salt) in water as a replacement for water-immiscible organic solvents [17].
Because of the numerous combinations of ABS constituents available, a much wider
tailoring ability is enabled, allowing to improve the performance/selectivity/cost-
efficiency of sample pretreatment and biomarker extraction [18-20]. Additionally, it
has been reported that upon the addition of complex samples in ABS, protein
precipitation events can occur at the systems’ interphase, leading to the formation of

three-phase partitioning (TPP) systems [21,22]. This phenomenon arises from the
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differential partition/precipitation of proteins in ABS, i.e., between the top, inter or
bottom phases and it is here used as the basis to design a human serum pretreatment
step. We have recently overviewed the potential of ABS to support the analysis of
disease biomarkers [23]. ABS can be used to prepare biological samples for proteomic
studies assisting the identification/discovery of biomarkers [24], as extraction
techniques supporting laboratory-reliant [25] and point-of-care analyses [26], and as
confinement strategies within multiplex immunoassays [27]. Regarding the analysis of
cancer biomarkers, successful applications of ABS have been reported with prostate-
specific antigen (PSA) [20,28] and extracellular vesicles [?91; ~owever, to the best of
our knowledge, there are no previous reports regarding *~= ...proved analysis of PTX-
3 by using ABS. To achieve our objective, the ‘ernaiy phase diagrams of ABS
composed of polymers, either homo or copolyr:>rs, and citrate buffer were initially
determined to identify biphasic mixture comrZ-itions and to further allow establishing
structure-properties-performance relationswips in serum pretreatment and biomarker
extraction. Then, adequate sample L vet’eatment systems were defined according to
their aptitude to simultaneously deplete high abundance serum proteins at the
interphase of the systems (here rafzned to as ABS-TPP) aptitude and extract PTX-3 in
one of the ABS aqueous phas>s. 1he best performing ABS-TPP was further evaluated
regarding its impact on the accuracy of PTX-3 quantification by ELISA as compared
to non-pretreated seram.. A layout of the new analytical approach here proposed is

provided in Figure 1.
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Figure 1. Experimental layout of the analytical method proposed to improve the analysis of PTX-3 by

ELISA.

2. Materials and Methods

2.1 Materials

The ABS studied in this work ..=re formed using homopolymers/copolymers
and a citrate buffered salt. The homopc.:’mers include polyethylene glycols (PEGs) of
different molecular weights, name, 400, 600, 1000 and 2000 g-mol™ (herein
abbreviated as PEG 400, PET ¢27, PEG 1000, and PEG 2000, respectively) and
polypropylene glycol of -ver.ge molecular weight 400 g-mol® (PPG 400). All
polymers were acquire.' fro.n Alfa Aesar, except PEG 400 and PPG 400 that were
acquired from Sinmc-Alldrich. The copolymers used included Pluronic PE6200 and
PE6400 (PEG-block-''PG-block-PEG-block), both from BASF, as well as Pluronic
L35 (PEG-block-PPG-block-PEG-block) and UCON (PEG-ran-PPG), both from
Sigma-Aldrich. The chemical structures of the polymers are represented in Figure S1
in the Supplementary Information also including the polymers molecular weight
(MW), arrangement and percentage of PEG (%PEG). For the citrate buffered salt
preparation, potassium citrate tribasic monohydrate (KsCe¢HsO7-H,0, purity > 99%)
was obtained from Acros Organics and citric acid (C¢HgO7-HO, purity > 99.5%) from

Panreac.



The human serum used was obtained from Sigma-Aldrich (H4522- Lot #
SLBX6353) and kept at -20 °C up to use. For the preparation of the standards of the
immunoglobulin G (IgG) and human serum albumin (HSA) calibration curves, a
solution of purified human IgG (29.4 mg-mL™) was obtained from Innovative
researched, Inc. and a solution of HSA was prepared using a lyophilized powder of
human albumin (purity > 96%) purchased from Alfa Aesar. The quantification of
pentraxin 3 (PTX-3) was performed using a commercially available enzyme- linked
immunosorbent assay (ELISA) kit (ab214570), purchased from abcam and kept in
storage at 4 °C. The ELISA kit included a pre-coated 'ate, capture/detection
antibodies, buffers, diluents, substrates and lyophilized ™ .7-3 that was reconstituted
by addition of a buffer to generate a stock solutio~ wiur 10000 pg-mL™. The stock
solution was then used to prepare the standard sc 'utic 1s for the calibration curve, and
the PTX-3 aqueous solution/spiked human <zrum for the extraction studies. For the
Size-Exclusion High-Performance Liquid ~hruinatography (SE-HPLC) mobile phase,
double distilled water, passed by a 1. /e’se osmosis system and further treated with a
Milli-Q plus 185 water purificatior. apparatus as well as the salts sodium di-hydrogen
phosphate 1-hydrate, NaH,PO, F.,C(0 (99 wt% of purity) and di-sodium hydrogen
phosphate 7-hydrate, Na,-."9,4-/H,O (99 wi% of purity), both from Panreac
Applichem, were used. Fi.nsphate buffered saline (PBS) 0,001M (pH 7.2-7.6) was
prepared from Sigm‘-Aldrich (Lot # SLF6818), dissolving one tablet in 200 mL of

distilled water.

2.2 Determination and characterization of ternary phase diagrams

Ternary phase diagrams for the systems composed of the homopolymers PPG
400, PEG 400, PEG 600, PEG 1000, and PEG 2000, or the copolymers Pluronic
PE6200, PE6400, L35 and UCON and citrate buffer (K3;Ce¢HsO7/C¢HgO7) at pH = 7
were characterized through the determination of the binodal curves and the tie-lines
(TLs). The phase diagrams of PEG 400, PEG 600, PEG 1000 and PEG 2000 were

already defined by Ferreira et al. [30] and are in agreement with the data reported. The
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binodal curve of each ABS was determined through the cloud point titration method at
25 (£ 1) °C and atmospheric pressure (widely used and previously described by us)
[30]. Aqueous solutions of K3;CsHs0,/CsHgO; at pH = 7 at circa 50 wt% and aqueous
solutions of the different polymers/copolymers (with concentrations ranging from 30
wt% to 70 wt%) were used. Repeatedly and under continuous stirring, the drop-wise
addition of the K3;CgHsO;/CsHgO; aqueous solution to the homopolymer/copolymer
solution was done until getting a cloudy solution (biphasic region) and was
interspersed with the drop wise addition of water until a clear and limpid solution is
met (monophasic region). The ternary system compositiors a™*er the addition of the
salt solution or pure water were determined by weizh. guantification within an
uncertainty of £ 10 g.

The tie-lines (TLs) of each phase diagra:1 wi re determined by a gravimetric
method described by Merchuk et al. [31] :'sing mixture compositions where all
systems are within the two-phase reg'me. rhe selected mixtures (30 wt% of
homopolymer/copolymer + 30 wt% ~f '3CsHs0,/CsHgO; + 40 wt% of water) were
prepared by weighing the prceper quantity of each ABS component, i.e.,
homopolymer/copolymer, K;Cg.1,0./CsHgO;, and water. Then, each mixture was
vigorously stirred, centrifugeu for 10 min at 3500 rpm and left in equilibrium for more
10 min at 25 °C to enscre that the coexisting phases are in equilibrium. After
separation of the twc pi.oses, each phase was carefully weighed within an uncertainty
of + 10™ g and collected for pH measurements. The pH values of both the top phase
(polymer-rich phase) and the bottom phase (salt-rich phase) were measured at 25 °C
using a pH/Conductometer from Metrohm within an uncertainty of + 0.02. To calibrate
the pH meter two buffers, also from Metrohm, with pH values of 4.00 and 7.00 were
used. The experimental points obtained to determine the binodal curve were correlated

using the three-parameter equation proposed by Merchuk et al. [31] (Equation 1).

[Polymer] = Aexp (B[Salt]®® — C[Salt]®)

(1)



where [Polymer] and [Salt] represent the weight percentage (wt%) of
polymer/copolymer and salt, respectively, and A, B, and C correspond to the adjusted
parameters obtained by least-squares regression. Each individual TL was determined
by the application of the lever-arm rule to the relationship between the weight of the
top phase and the overall system composition. For the determination of the TLs, the
following system of four equation and four unknown variables (Equations 2 to 5) was
used to calculate the concentration of homopolymer/copoly nzr and K;C¢Hs0,/CgHgO4

in each phase ([Polymer]+qp, [Salt]top, [POlymer]gotom and [sar sorom, respectively):

[Polymer]rop = Aexp [(B[Salt]}s,) — (C[Salt]}o, )]
2

[Polymer]gotrom = Aexp [(B [Salt]g'gttom) — (C[Salt]3oetom)]

(3)

Pol i
[Polymer]ry, = [O#T]—M - /\Ta) [Polymer]pottom
(4)

Salt 1-
[Salt]Top =1 aa v _ (Ta) [Salt]sottom

()

where the subscripts “Top”, “Bottom” and “M” represent the top phase, the bottom

phase, and the mixture composition, respectively. The parameter a is the ratio between



the top phase and the total weight of the mixture. For the calculation of each tie-line

length (TLL), the Equation 6 was applied:

TLL = [(Saltlrop = [Saltlsoctom)? + (Polymer]rap = [Polymerlsoccom)?

(6)

2.3 Depletion of human serum albumin and imriunoglobulin G

For the depletion studies, the mixture composition dopted was 30 wt% of
homopolymer/copolymer, 30 wt% of K3CsHs07/CsHs )7, © Wit% of human serum and
35 wt% of water. ABS were prepared by weighina the appropriate amount of each
component, within + 10* g, and mixing until ah ~omponents were dissolved. Each
mixture was stirred, centrifuged for 10 min it 3500 rpm, and left to equilibrate for 10
min at 25 °C to reach total phase sep..~ticn and to ensure HSA and IgG depletion.
After achieving the equilibrium condiu.ns, the three phases were carefully separated.
In almost all ABS, the aquec''s ~hases were diluted and the interphase was
resuspended in a phosphate b’.%fei ~olution (PBS) for further analysis. The interphase
of the ABS containing PPC 400 and the top phases of the ABS containing PE6200 and
PE6400 were not analy-ad vuJe to solubilization issues. In these cases, the amount of
IgG and HSA war ca'culi ted through mass balance to the initial amount added to each
ABS. At least two rplicas were prepared for each system, allowing to determine
average values and the corresponding standard deviations. The amount of HSA and
IgG in each phase was quantified by SE-HPLC using calibration curves previously
established for 1gG and HSA, both within the 0.1 — 1.0 mg-mL™ range. The equipment
used was a Chromaster HPLC system (VWR Hitachi) equipped with an analytical
column (8 mm x 300 mm), Protein KW- 802.5, from Shodex, with a 50 mM sodium
phosphate buffer and NaCl 0.3 M, run isocratically with a flow rate of 0.5 mL-min™
during 40 min. The column oven and autosampler temperatures were kept at 25 °C and

at 10 °C, respectively. The injection volume was of 25 pL and the wavelength was set
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at 280 nm, whereas the retention times of 1gG and HSA were 15.21 min and 16.60
min, respectively.

The ABS performance to deplete 1gG and HSA from commercial human serum
by inducing their precipitation at the interphase was evaluated by their depletion

efficiencies (DE 4, % and DEusa, %), according to the Equations 7 and 8:

Inter

WigG
0fs — g
DEIQG’ % = WTUP_l_WIInEer_{_ W[Boé‘tom x 100 (7)
I1gG g 9
WInter
DEHSA’% == HSA X 100 (8)

Top Inter Bottom
Whsat WHsa + Whsa

where wg’f, wiges™ and wi O™ represent, rsy actively, the weight of 1gG in the top

phase, in the interphase and in the bc tor. phase, and wyyob, wie™, wh2iio™ represent

the weight of HSA in the top pi.~se, in the interphase and in the bottom phase,

respectively.

2.4 Extraction of pontr uxin 3

To evalus*e e /ABS-TPP ability to recover PTX-3, the systems containing
PEG 1000, PEG 200", PPG 400 and UCON were used. The same mixture composition
as well as the protocol of ABS preparation and phases’ separation as previously
described was adopted with few adaptations. Instead of adding commercial human
serum, an aqueous solution of PTX-3 (5 ng-mL™) or commercial human serum spiked
with PTX-3 (at 5 ng-mL™) were introduced in the systems. The weight of PTX-3 on
the aqueous phases of either the ABS or ABS-TPP, wioP . and whpiom was
quantified using an ELISA kit following the manufacturer’s instructions and using a

calibration curve previously established (within the 15.6 - 1000 pg-mL™ range). In
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turn, the weight of PTX-3 in the interphase of the ABS-TPP, wl#¢"., was obtained

through mass balance according to the Equation 9:

Inter _ . Initial Top Bottom
Wprx-3 (9) = Wprx—3 — Wpry_3 — Wprx—3 9)

where, wiitial wloP  and wBpLtom represent the weight of PTX-3 initially added in

the ABS, and in the top and bottom phases, respectively.

The interference of the ABS components and protei~s p-esent in human serum
samples within the quantification method was addresszd u.ough the implementation
of blank controls (i.e., the same systems’ compositic 1s without PTX-3). At least three
replicas of each system were employed, allowing to o 2termine average values and the
corresponding standard deviations.

The extraction efficiency of PTX 3 (Ecprx.as, %) towards the top phase was
determined in the ABS comprising a7 ueous solutions of PTX-3 (and where no

interphase is formed), according to the Equation 10:

Top

w
0/ — PTX-3
EEprx_3,% = —755 o X 100
+ws,
PTX-3 P1. -3

(10)

where wa2P . and wBetom are the total weight of PTX-3 in the top phase and in the

bottom phase, respectively.
The recovery yields of PTX-3 (RYprx.3, %) from human serum to the top, inter or

bottom phases were calculated according to Equation 11.:

Top/Inter/Bottom

RYprx_z % = ‘”PTX-T x 100 (11)

11



Where woB/Inter/BOttom s the total weight of PTX-3 in the top, inter or bottom

phases and whtia s the total weight of PTX-3 initially added in the spiked human
serum.

To compare the accuracy of PTX-3 quantification obtained with and without
pretreatment with the best performing ABS-TPP, the corresponding relative errors

(RE, %) were determined according to the Equation 12:

non-pretreated/ABS—TPP—-pretreated _ WInitial

w -
RE;% = —Fx=3 Initial —_— X100 (12)
PTX-3
Where wpon_bretreated/ABS=TPP=pretreated jq the tot-; weght of PTX-3 in a non-pretreated

spiked serum sample or in an ABS-TPP-pretreated sam,.'e (i.e., the top phase of the PEG

1000-based ABS-TPP) measured by ELISA, 'v. e pinitial js the exact weight of PTX-3 in

the spiked serum (250 pg).

3. Results and discussion

In this work, ABS-TFr >re proposed as a pretreatment step for human serum
and PTX-3 extraction, whi'e assisting quantification by ELISA. In ABS-TPP, it is
envisaged that the higi. abundance proteins HSA and 1gG are depleted through
selective precipit.:ioi. at the system interphase, while PTX-3 is fully extracted to the
aqueous polymer-ric*. top phase. The used polymers were chosen because of the low
cost, bio-friendliness, and capacity to act as protein precipitating agents [32,33].
Moreover, by varying the molecular weight as well as the monomeric
composition/arrangement of the polymers, a wide range of hydrophobicity-
hydrophilicity can be investigated, and more detailed structure-properties-performance
relationships can be created to better design ABS-TPP as sample pretreatment and
biomarker extraction techniques [34]. Citrate buffer (K;CsHs0;/CsHgO) at pH = 7 was
used as the common second component due to its salting-out effect and capacity to
maintain the pH of the medium [35].

12



To develop ABS-TPP for human serum pretreatment, it is necessary to identify
suitable ABS components and mixture compositions yielding two phases. To this aim,
the cloud point titration method was used to determine the binodal curves of two
groups of phase diagrams at 25 °C and atmospheric pressure [30], i.e., one composed
of the homopolymers PPG 400 and PEGs 400, 600, 1000 and 2000, and other
comprising the copolymers Pluronic PE6200, Pluronic PE6400, Pluronic L35 and
UCON, both with citrate buffer (K;CsHsO;/CsHgO;) at pH = 7. All experimental
binodal data is given in detail in the Supplementary Information (Table S1-S2).
Compositions of homopolymer/copolymer and K;C¢HsO7/"-h,); above each binodal
curve result in biphasic systems, whereas compositions %2, the same curve fit within
the monophasic region. In systems with a larger bivhasic region, the ability of both
components to induce phase separation is high:-r, ti us requiring lower amounts of
polymer and K;C¢Hs0,/C¢HgO7 to form an A.2S, as previously demonstrated [30]. In
addition to the binodal curves, the charact-rizauon of the phase diagrams involved the
estimation of the regression parametes (A, B and C) by the least-squares regression as
well as the experimental tie-lines (TLs) and their corresponding lengths (TLLs). All
related information can be founc i1 1me Supplementary Information (Table S3-S4) and
is relevant due to the impact .at both top and bottom phase compositions may have in
the partition of proteins. I ~hould be remarked that correlation coefficients (R?) higher
than 0.9766 were o'staied, meaning that the correlation obtained can be used to
predict the phase dicqram behavior when no experimental data is available. In all
systems, the top phase is polymer-rich, whereas the bottom phase is mainly constituted
by K3CgHs07/CsHgO7. Despite all ABS being prepared at pH =~ 7, the pH of both
phases was also measured to control any deviation resultant from the polymers used
that may influence the partition of the proteins (cf. Table S4 in the Supplementary
Information).

Figure 2 shows the binodal curves in weight percent, enabling the direct
identification of biphasic mixture compositions to be used in the development of the
serum pretreatment step. Moreover, the relative position of the binodal curves provides

information on the molecular-level mechanisms involved in the ABS formation and
13



enables the establishment of an indirect polymer hydrophobicity scale [36,37]. Such
information is useful to design/select more fit-for-purpose ABS components through
the understanding of structure-properties-performance relationships.
K3CgHs0,/CeHgOy is a strong salting-out species according to the Hofmeister series as
it embodies a triply charged anion (i.e., C¢HsO;>) with strong hydration capacity [35].
Therefore, it presents a high affinity for water [38], being highly effective in the
exclusion of the polymer from the aqueous solution, promoting the desired two-phase
separation. Since the salt, temperature, pressure, and pH are constant, the ABS

formation ability is both dependent on the type and molecul~r w ~ight of the polymer.

A B
= 60 q
X N X
E— 50 | % z
= d =
: §
54 >
S =
o 30 g
£ ’ o
2 20
10
0 _ e o W
0 20 40 20
[K;C¢H50,/C _H30.] (Wt%) [K3CeH50,/CsH;0;] (Wt%)

Figure 2. Binodal curv:s i>r the ABS composed of homopolymers (A) or copolymers (B) and
K3CsHs07/CsHgO; (pH ~ 7) at 25 °C and atmospheric pressure: (A) PEG 400 (red triangles), PEG 600
(orange rectangles), PEG 1000 (green diamonds), PEG 2000 (yellow squares), and PPG 400 (blue
circle); (B) UCON (yellow circles), PE6400 (red squares), Pluronic L35 (blue triangles), and PE6200
(green diamonds). The dashed lines are the fitting of the experimental data obtained using the equation

proposed by Merchuk et al. [31].

In what concerns the ability of homopolymers to induce liquid-liquid demixing,
as shown in Figure 2A, the trend PPG 400 > PEG 2000 > PEG 1000 > PEG 600 > PEG

400 identifies PPG 400 as the most efficient polymer to form ABS in the presence of
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K3CsHs0,/CsHgO-. Overall, this trend complies with the molecular-level mechanisms
reported in the literature as main drivers of polymer-salt ABS formation, where the
salting out effect as well as the polymer molecular weight and hydrophobicity take a
dominant part [39-41]. In brief, PPG is more hydrophobic than PEG due to the
presence of an additional methyl group at the monomeric unit. It is thus possible to
attribute to this structural feature the responsibility for the larger biphasic region
observed with PPG 400 [42]. Regarding PEGs, a consecutive expansion of the two-
phase region as the PEG molecular weight increases from 400 to 2000 g-mol™ is
observed. This trend derives from the increasing hydrophekici.’ of PEGs with higher
molecular weights and their consequent lower water aff:~ity, .naking them easier to be
salted-out to the polymer-rich top phase by K3;CgHsC-/Cgi 1507 [43].

For the copolymers (Figure 2B), the ranki. ¢ P1 ironic PE6200 > Pluronic L35 =
Pluronic PE6400 > UCON reflects two effect<: /1) the percentage of PEG monomers in
the copolymers composition (i.e., Pluronic PE 1200 versus Pluronic PE 6400); and (ii)
the monomers arrangement in blooks or randomly in polymers with the same
percentage of PEG (i.e., UCON ve.<us Pluronic L35). First, Pluronic PE6200 is more
easily salted out by K;CgHs0,/Cg'1g o7 given its lower percentage of PEG monomers
(20%), thus higher hydrop.abic nature, than Pluronic PE6400 (40% of PEG
monomers). Second, althouah it seems that Pluronic L35 has a higher ability to form
ABS with K;C¢HsC /L HgO7 than the randomly arranged UCON, the differences
observed in the bin.dal curves are small. Furthermore, the use of copolymers is
advantageous since these may provide distinct behaviors as compared to their parent
homopolymers and allow for a wider degree of structural versatility in ABS [44,45]. A
reflection of this opportunity is disclosed by the relative position and shapes of the
binodal curves of all ABS under investigation (cf. Figure 2), according to the following
tendency (at [polymer] = [salt]): Pluronic PE6200 > Pluronic L35 = Pluronic PE6400 ~
PPG 400 > UCON > PEG 2000 > PEG 1000 > PEG 600 > PEG 400. In general, the
ability of most copolymers to form ABS outpaces that of the homopolymers. Taking as
reference PEG 2000 and Pluronics (that have similar molecular weights), the PPG

content in the copolymers supports this behavior. Although PPG 400 is exclusively
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composed of more hydrophobic monomeric units, it has a lower molecular weight and
its ability to form ABS is similar or even surpasses that of the copolymers.

Following the determination of the polymer-salt ABS that enabled the selection
of a mixture point belonging to the biphasic region, ABS-TPP were formed by adding
human serum [20]. A common mixture composition for all systems was adopted to
appraise the depletion of high abundance serum proteins based on the binodal curves
previously determined: 30 wt% of homopolymer/copolymer + 30 wt% of
K3CsHs07/CsHsO7 + 5 wt% of human serum + 35 wt% of water. SE-HPLC was used
to quantify IgG and HSA, allowing to determine the depletian ~fficiencies (DEys and
DEusa, %) shown in Figure 3. The Supplementary Infermadon provides all details on

the related data (Table S5).
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Figure 3. Depletion efficiencies of 1gG (DE 4, %) (green bars) and HSA (DEusa, %) (yellow bars)
obtained with ABS-TPP composed of 30 wt% of homopolymer/copolymer + 30 wt% of

K5CsH50,/CsHO7 + 5 wit% of human serum + 35 wt% of water.

The aptitude of the systems to deplete 1gG agrees with the following sequence:
PEG1000 > PEG 2000 > PPG 400 = UCON > Pluronic L35 > Pluronic PE6200 >

Pluronic PE6400 > PEG 600 > PEG 400. For HSA, the tendency changes according to
16



the following ranking: PEG 1000 > UCON > PPG 400 > Pluronic L35 > PEG 2000 >
Pluronic PE6200 > Pluronic PE6400 > PEG 600 > PEG 400. In the ABS-TPP studied,
depletion efficiencies ranging between 23.2% and 93.4% for IgG and between 9% and
95% for HSA were obtained. Considering the data depicted in Figure 3, among the
homopolymers studied, the ABS-TPP formed by PEG 1000 was the most efficient,
followed by PEG 2000 and PPG 400. The lowest molecular weight (most hydrophilic)
homopolymers (PEG 600 and PEG 400) achieved significantly lower depletion
efficiencies of both proteins. Using copolymers, depletion efficiencies ranging from
59% to 84% for IgG and between 40% to 92% for HSA wera achieved. The ABS-TPP
formed by UCON vyielded the highest depletion efficiz-~ics for both HSA and 1gG,
followed by Pluronic L35, PE6200 and PE6400, ac shuwn in Figure 3. It should be
remarked that in all systems, the remaining prote.s p: rtitioned mainly to the polymer-
rich top phase.

The partition and depletion of prtenis in ABS-TPP are guided by several
interactions established between the «7or.sed groups of proteins and the phase-forming
components [19,46,47]. The deple.’on of HSA and 1gG at the interphase seems to be
mainly driven by the combined acuon of the polymer, whose high concentration
reduces the protein solubi'i,,” in the polymer-rich top phase (cf. Table S4 in the
Supplementary Informatio.), and the salt capacity to bind to the proteins breaking
intramolecular intera.uo.>s [48-53]. To gather more insight on the role of the polymer
hydrophobicity and . rther drawing structure-properties-performance relationships, a
connection between the capacity of all polymers to undergo phase separation in the
presence of KiCgHs0,/CsHsO,; (i.e., polymer relative hydrophobicity) and the
depletion efficiencies of both proteins can be generally established. Overall, ABS that
are placed at relatively high to intermediate positions of the ABS formation ability
trend, such as PEG 1000, PEG 2000, UCON and PPG 400, are more suitable to design
the sample pretreatment technology allowing depletion efficiencies that are higher than
80% for both proteins. However, the influence of electrostatic interactions cannot be
discarded because of the pH of the ABS-TPP (controlled at =7) and the proteins

isoelectric points (pl) [54]. The pl of HSA and IgG are 4.7 and 6.5-9.5, respectively
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[55,56]. Thus, regardless of the polymer, HSA is negatively charged (pH > pl) and IgG
is electrically neutral (pH = pl). A more readily precipitation of proteins takes place at
their pl due to reduced repulsive electrostatic forces that cause aggregation and
precipitation [57]. In turn, negatively charged proteins are more soluble and not as
susceptible to be precipitated [58]. Even negatively charged, almost all HSA
precipitated at the interphase in the systems formed by PPG 400, PEG 1000, PEG 2000
and UCON (80+%). Although a significant portion of both HSA and IgG partitioned to
the polymer-rich top phase in most remaining systems, electrostatic interactions do not
seem to play a part: 1gG is neutral and migrated preferenti=!ly ~ the polymer-rich top
phase instead of precipitating as expected [59,60]. Trz-e .csults seem to exclude a
significant effect of electrostatic interactions in e ucpletion of high abundance
proteins in the systems and conditions under ag;'raisl. Instead, the relevance of the
polymer nature to design efficient serum pref-Z~tment strategies resorting to ABS-TPP
is reinforced [61,62].

Since our aim is to promote *he depletion of high abundance proteins in the
interphase, the significant partitio.. of HSA and IgG to the polymer-rich top phase
made the systems composed of F EG v00, PEG 400, Pluronic PE 6200 and Pluronic PE
6400 unsuitable for the targe. nurpose. Thus, to evaluate the potential of ABS-TPP to
simultaneously deplete H>.A and 1gG and completely extract PTX-3 from serum into
an aqueous phase fo' Tu.ther analysis by ELISA, ABS-TPP formed by the following
polymers were inves'igated: PEG 1000, PEG 2000, PPG 400, UCON and Pluronic
L35. Before studying human serum samples, ABS were initially prepared with an
aqueous solution of PTX-3 at 5 ng-mL™ — the cut-off value found in human serum for
unhealthy donors [10] — to elucidate on the partition of this protein between the two
phases using a simple matrix. Complete extraction (100%) of PTX-3 to the polymer-
rich top phase was observed in all tested systems (Table S6 in the Supplementary
Information).

After that, experiments with human serum spiked with PTX-3, at the same
concentration as the previous tests, were conducted to evaluate the recovery yield of

PTX-3 (RYprx.3, %) in each phase. These results are shown in Figure 4 and detailed in
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the Supplementary Information in Table S7, showing that the capacity of the polymers
to extract PTX-3 from serum towards the polymer-rich top phase oblige to the

following trend: PEG 1000 > UCON > Pluronic L35 > PEG 2000 > PPG 400.
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Figure 4. Recovery yields of PTX-3 (RYprx.3, %) .~ ¢ the top (green bars), inter (yellow bars), and
bottom (blue bars) phases of the ABS-TPP c¢/.mpt sed uf 30 wt% of homopolymer/copolymer + 30 wt%

of K3CgHs507/CeHgO- + 5 wt% of spiked human sv,um + 35 wt% water.

PTX-3 has a smaller size (45 KDa) than IgG (=160 KDa) and HSA (=66
KDa) and is also found in 'ov.er concentrations in human serum, being less prone to
precipitate [63—65]. Furthe, more, PTX-3 has a lower isoelectric point than the pH of
the ABS (4.86 > 7), can ’ing negative charge [66]. Despite these properties, only the
ABS formed by PEG 1000 allowed the complete extraction of PTX-3 (99.8%) from
the spiked human serum to the polymer-rich top phase (Figure 4). Accordingly, PTX-3
is more soluble in the PEG 1000-rich phase and is not expected to precipitate at the
interphase as significantly as IgG and HSA [67]. All remaining systems resulted in
PTX-3 losses ranging from 46% to 94% to the interphase through the concomitant
precipitation of PTX-3 and high abundance serum proteins. PPG 400, PEG 2000,
UCON and Pluronic L35 rank higher on the ABS formation ability trend when
compared to PEG 1000, indicating increased hydrophobicity. Like in the depletion of

IgG and HSA, the higher hydrophobicity of the polymer, the lower the solubility of
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PTX-3 in the polymer-rich phase, leading to precipitation at the interphase. The
dependency of PTX-3 precipitation with the polymer molecular weight/hydrophobicity
follows the general trends observed in the precipitation of proteins using polymers as
precipitating agents [68]. Overall, the polymer's hydrophobic nature is the dominant
factor behind the extraction/precipitation trends observed for PTX-3.

To further establish structure-properties-performance relationships, the
capacity of all polymers to form ABS, depletion efficiencies of both HSA and IgG and
recovery yields of PTX-3 to the polymer-rich top phase can be interlinked. If depletion
of high abundance proteins is promoted by polymers ~f lrigher to intermediate
hydrophobicity, a much narrower range of polymers < icLres/properties is suitable
for the simultaneous depletion of HSA and IgG (>9-%) and total extraction of PTX-3
(100%) to the polymer-rich top phase, as shown v ith F EG 1000.

Finally, the values of PTX-3 quantifi~ra by ELISA in the polymer-rich top
phase following human serum pretreatme=t weire compared with those quantified in a
non-pretreated sample considering .~ei’ percentage relative errors (RE, %). These
results are shown in Table 1. Bencmarking the accuracy of PTX-3 analysis in serum
by ELISA assisted by PEG .0J0-pased ABS-TPP against non-pretreated serum
(spiked with PTX-3 at 5 ng-1..' ™), a lower RE, i.e., 0.8 % versus 14.6%, in the PTX-3
guantification is accompncheu following pretreatment with PEG 1000-based ABS-
TPP. These results coi.firm the reduction of the interference of high abundance
proteins within PTA 3 quantification, leading to more accurate results. Under the
conditions used in this work, a polymer of intermediate molecular weight and
hydrophobicity — PEG 1000 — was the only suitable option to develop efficient sample

pretreatment strategies, while improving the accuracy of PTX-3 analysis by ELISA.

Table 1. Mass of PTX-3 quantified in an ABS-TPP-pretreated spiked sample and in a non-pretreated

spiked sample, and their percentage relative errors (RE, %).

Human serum Wprx-3 (PQ) RE (%)
ABS-TPP-pretreated sample 2521 +4.7 0.8
Non-pretreated sample 287 £5 14.6
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Based on the overall results, ABS are potential alternatives to the most used serum
pretreatment techniques such as solid-phase extraction and protein precipitation, which fail to
cumulatively provide high selectivity, high biomarker yield, enhanced practicality, and cost-
efficiency [69-72]. In addition to the successful one-step depletion of high abundance serum
proteins and biomarker extraction, our method provides simple and fast execution (serum
samples are processed in =10 min in a single step), while using cheap and biocompatible
constituents (PEG, water and K3CsHs0/C¢HgOy) instead of high-cost protein ligand affinity
or immunoaffinity resins as in some solid-phase extraction kite |, 2 ,74] or volatile organic
solvents as adopted in some protein precipitation protocols [7Z1.

We have recently shown that ionic liquids can be us-d tu wilor the depletion of HSA and
IgG from human serum using ABS [20]. By a prope: “esn,n of the ionic liquid, such systems
can improve the detection of a prostate cancer -iuvmarker within microfluidic devices for
point-of-care applications [76]. The current "~ork enlarges the inventory of ABS-TPP to be
used as serum pretreatment strategios oy manipulating the homopolymer/copolymer
molecular weight, arrangement, struc. 're, and percentage of different monomers despite the
narrow range of conditions enalliig the simultaneous HSA/IgG depletion and PTX-3
extraction. It also demonstraws new opportunities for application, namely in clinical

laboratory settings.

4. Conclusica

Herein we have proposed an accurate method to assess the levels of PTX-3 in human
serum, while fostering its meaningfulness as a disease biomarker. The proposed method relies
on ABS-TPP formed by PEG 1000 and K3CgHs07/CsHgO; (pH = 7) to assist quantification by
ELISA. Our approach allows to simultaneously deplete high abundance serum proteins
(depletion efficiencies >93% for HSA and 1gG) and completely extract PTX-3 in the
polymer-rich top phase, while improving the accuracy of analysis by ELISA. Overall, ABS-

TPP may inspire the development of alternative pretreatment techniques for human samples
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and can be extended to other human samples as well as biomarkers of interest, bringing new

prospects in clinical care to achieve more accurate diagnosis and prognosis.
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Highlights

ABS are used to deplete HSA and IgG and extract PTX-3 prior to analysis
by ELISA.

ABS are  formed by  combining  citrate  buffer  with
homopolymers/copolymers.

Both HSA/IgG depletion and PTX-3 extraction depend on the polymers’
properties.

PEG 1000 enables 93+% depletion of HSA/IgG .nd 100% extraction of
PTX-3 from serum.

Higher accuracy in serum PTX-3 quantificaiza is enabled after the ABS

pretreatment.
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