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Abstract

Four different conjugated polymer nanoparticles (CPNs) were used to differentiate structurally
similar glycosaminoglycans (GAGS) in a urine simulant. Unique emission response patterns of
CPNs were analyzed by linear discriminant analysis (LDA), confirming that structurally diverse
CPNs are sensitive and effective at differentiating GAGs in a complex biological medium.

Changes in urinary glycosaminoglycan (GAG) levels can signify proliferation of several
diseases including kidney and bladder disorders, polysaccharide storage diseases, and
certain cancers.1~4 However, detection or differentiation of GAGs in a biological medium
has been challenged by the structural similarity of GAGs and interferences of the
concomitant biomolecules commonly present in biological fluids. Conventional GAG
detection methods require sample preparation steps followed by complicated instrumental
analysis or biochemical assays.>=9 Recently, several researchers have developed
conceptually important detection methods on the basis of pattern recognition using
nanoparticles, conjugated polyelectrolytes, and liposomes.10-14 In those examples,
differentiation of GAGs was demonstrated by using multivariate statistical methods
including linear discriminant analysis (LDA). While current sensory systems perform well
in a simplified solution (i.e., highly diluted media with buffers), few sensory systems have
been reported for sensitive detection of GAGs in complicated biological fluids.
Development of simple and sensitive sensory systems of GAGs in biological media is highly
important and practical for future disease diagnostics.

Owing to their excellent photophysical properties, conjugated polymers (CPs) have attracted
much attention for optical detection of chemicals, metal ions, and biological
substances.1®-18 Many synthetic and fabrication methods have been developed to increase
aqueous compatibility of CPs to achieve necessary sensitivity for specific analytes in
aqueous environments.19 Depending on the aqueous solubility of CPs and the nature of
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interaction between CPs and analytes, structural changes can occur in individual CP chains
or multiple chain aggregates, which correspond to changes in CP optical properties.20:21

Previously, we have fabricated positively charged conjugated polymer nanoparticles (CPNs)
by treating a non-aqueous soluble, primary amine-containing CP [i.e., poly(p-
phenyleneethynylene) (PPE)] with organic acids followed by dialysis.22 The aggregation
structures and sizes of CPNs were dependent on the nature of organic acid treatment.
Furthermore, we found that CPNs fabricated with a semi-flexible CP [i.e., a flexible linker
containing poly(p-phenylenebutadiynylene) (PPB)] exhibited backbone reorganization to
maximize hydrophobic chain interaction when treated with an anionic linear polysaccharide,
hyaluronic acid (HA).23:24 The structural reorganization of CPNs was evident by
photophysical changes including a new sharp absorption peak at longer wavelength and
decreased fluorescence intensity. The physical change was observed as an elongated particle
shape shown in atomic force microscopic images.

From these observations, we hypothesized that the aggregation status of cationic CPNs will
be different upon interaction with GAGs due to the differences in ionic strength of the
GAGs exhibiting different degrees of acetylation and sulfonation in the repeating
disaccharide units [see Electronic Supporting Information (ESI) for chemical structures of
GAGs]. While the hydrophobic interaction among non-aqueous soluble CPs provides the
structural integrity of CPNs in a biological medium, the loosely aggregated CPNs will
undergo backbone reorganization under polyelectrolyte interactions with GAGs. Depending
on the strength of ionic interactions, the aggregation properties of CPNs will change
accordingly, resulting in measurable spectral changes.

In this report, we use four different CPNs that act as both an analyte receptor and a signal
transducer, and analyze their differential responses to each GAG in a urine simulant. A
systematic investigation of the aggregation properties of CPNs that vary by side chain amine
density, backbone flexibility, and type of backbone structure in response to GAGs was
conducted by monitoring changes in absorption/emission profiles and size/size distributions.
Finally, entire spectral responses of the structurally diverse CPNs were analyzed by LDA to
differentiate structurally similar GAGs at a physiologically relevant concentration in a
urine simulant. We found that side chain and backbone flexibility strongly affects both the
physical and photophysical properties of CPN/GAG complexes. A clear differentiation of
recognition patterns was observed in a LDA plot, supporting that structurally diverse CPNs
are effective at differentiating GAGs in a complex biological medium.

We used four CPs having different side chain and backbone structures (Fig. 1) to obtain an
array of CPNs with different aggregation natures. Compared to P1, which contains a short
ethylene oxide (EO) and protonated primary amine after removal of N-tert-butoxycarbonyl
(Boc) group per repeating unit, the side chains of P2 have a higher amine density by
replacing the EO side chain with a guanidinium group. P3 was designed to increase
backbone flexibility by introducing a non-conjugated, flexible moiety in the conjugated
phenyleneethynylene (PE) backbone, while maintaining the fluorescent nature and the side
chain functionality of P1. Lastly, P4 was used because the flexible phenylenebutadiynylene
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(PB) backbone induces higher backbone aggregation than the structurally similar PE
analogues.

The cationic CPNs were fabricated using our previously published method,23 in which the
corresponding P1-P4 were treated with trifluoroacetic and acetic acid followed by dialysis.
The resulting nanoparticles in water were homogeneous yellow solutions, and the key
characteristic properties are summarized in Table 1.

The hydrodynamic diameters of CPNs were measured using nanoparticle tracking analysis
(NTA), which tracks the Brownian motion of each particle to accurately calculate the
hydrodynamic diameter of particles with size distributions.2® The hydrodynamic diameters
of CPNs ranged from ~120 to ~180 nm in water. The relatively larger diameter of CPN-2
can be attributed to the hydrophilic nature of side chains, which form aggregates of more
solvated chains. Upon complexation, diameters of CPNs changed as aggregation properties
of CPNs were affected by GAGs with different ionic strengths. As shown in Fig. 2, CPN-2
showed decreased sizes upon complexation, while the rest of the CPNs exhibited increased
sizes. The loosely aggregated, more solvated P2 chains are believed to form compact and
smaller complexes with GAGs (see ESI for detailed NTA data). Increased sizes observed
from the rest of the CPNs were likely due to the formation of hydrophilic GAG shells on
CPNs. Among them, CPN-4 showed the largest diameter increase, confirming that the ionic
interaction induces further CP chain aggregation due to the nature of PPB backbone with
flexibility.

The absorption and fluorescent profiles support the NTA data. GAGs induce changes in the
aggregation structures as evidenced by red shifts in absorption and decreased fluorescent
intensity in emission spectra for all CPNs (Fig. 3). As expected, CPN-4 displayed dramatic
changes in both absorption and emission profiles due to extensive chain reorganization.
CPN-3, which also has flexible linkers along the PPE backbone, displayed relatively small
changes in the absorption, implying that the chemical backbone structure of the CP is an
important contributor for chain reorganization. The structurally similar GAGs also interact
differently with CPNs with structural diversity. The carboxylated HA induced higher
absorption shifts compared to the sulfonated GAGs, although the effects were somewhat
minimal, with the exception of CPN-4. Due to the relatively weak ionic strength of
carboxylic acid, compared to sulfonic acid, HA is believed to form outer shell layers by
contributing to increase w-w interaction among CPs. Meanwhile, GAGs with sulfonic acids
interact strongly with CPs, especially with CP chains of low molecular weights, resulting in
more solvated random complexes. As expected, the emission profiles of all CPNs were
unique and different upon complexation with GAGs; These spectral changes can then be
used for differentiation of GAGs. Hierarchical cluster analysis (HCA) of emission profiles
show that the sulfonated GAGs cluster together, indicating that there is differentiation based
on functional group (ESI). The most structurally similar chondroitin sulfate (CS) and
dermatan sulfate (DS) form the closest cluster, and the most structurally different hyaluronic
acid (HA) and heparin sulfate (HS) form the furthest cluster.

The differentiation ability of CPNs in a complex agqueous medium was verified using LDA
of fluorescence spectral responses of CPNs to GAGs. This method can be used to establish a
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pattern for a “chemical nose” type array sensor,2” which relies on a differential response of
the receptor (i.e., CPN) to the analyte (i.e., GAG). After adding CPNs to the GAG solution
(100 nM) in a commercially available urine simulant, emission spectra (ESI) of complexes
were recorded and used for LDA. The ratios of fluorescent intensity were analysed using the
statistical software JMP® (version 11). The LDA plot depicting the first two canonicals is
shown in Fig. 4. A summary of canonical scores can be found in the ESI. There is a clear
separation among the GAGs, with no overlap of groups with a 95% confidence limit. Three
canonical correlations account for 71.1, 16.7, and 12.2% of the variation, occupying 100%
of the total variation between the groups, indicating that GAG differentiation is maximized.
Traditional discriminant functions correctly predict 100% of group classification, based on
their squared distances to each group centroid (ESI). These results confirm that loosely
aggregated CPNs can undergo structural reorganization in the presence of strong
polyelectrolytes in a complex biological medium. Owing to the structural integrity of the
hydrophobic CP backbone and the ratiometric measurements before and after
polyelectrolytes complexation in a complex medium, potential environmental interferences
minimally influenced the differentiation of GAGs.

Conclusions

In summary, we report a systematic investigation on the aggregation properties of CPNs that
vary by side chain and backbone structures in response to GAGs by observing changes in
absorption/emission profiles and complex size/size distributions. This investigation
demonstrated that side chain and backbone flexibility strongly affect the photophysical and
physical properties of CPN/GAG complex. We analyzed the four CPNs and their differential
responses to each GAG using the LDA method to demonstrate that structurally diverse
CPNs differentiate GAGs in a complex biological medium. The structure-function
relationships obtained from this work will lead to further improvements in designing
functional polymers for sensing biological and biomedical substances.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.

Chemical structures of CPs with different side chains (P1 and P2), PPE with flexible
backbone (P3), and PPB with flexible backbone (P4).
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FIG. 2.
Average hydrodynamic diameters of CPN-1 (black square), CPN-2 (red circle), CPN-3 (blue

triangle point up), and CPN-4 (green triangle point down) upon complexation with
hyaluronic acid (HA), chondroitin sulfate (CS), dermatan sulfate (DS), and heparin sulfate
(HS), respectively, measured by NTA in triplicate.
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FIG. 3.
Effect of GAG complexation on absorption (left column) and emission (right column) for

CPN-1 (first row), CPN-2 (second row), CPN-3 (third row), and CPN-4 (fourth row) in
water. Optical density of CPNs was fixed at 0.1.
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FIG. 4.

An LDA plot between two largest canonical correlations of emission intensity ratios of
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CPNs with and without GAGs (100 nM) in a urine simulant. HA in black, HS in red, CS in

blue, and DS in green, with (+) marking the centroid of each group.

Chem Commun (Camb). Author manuscript; available in PMC 2015 February 27.



Page 10

Twomey et al.

"UOIIRIASD PJepuels F anfeA Ueay */ Hd 1e Ja1em Ul Juswainses o_ueocgo:oo_m_m

"UOITRIASP pJepuels F SanjeA UBS|A "Jatem ul DGz 1e sisAfeue Bunjoen ajonued ajBuis Aq painsesiy

p

‘wu ooy ¥ umu_oxm_o

“13]eM Ul painses|n

q

‘plepuels aualA1sAjod 03 anne|al (4H.1) ueinjolpAyesnsy ul AydesBorewolyd uoneswlad 36 Ag nm:_Ethom

LTF0E+ T8+ VeI 99y 1444 L06'GE vd 14
6CF8Y+ TOT+.1T 14 (444 687'vT €d €
TEFVS+ €9F6.T 6.y 1144 6L0'7T ¢d 4
ETFOV+ 6'0F 0VT 8y LTV LSY'LT Td T
(Aw) glenueloderpz  (wu) plepuwelp OIWRUAPOIPAH  (wu) 5" Wy (wu) nw% Uy eai) !N 4D NdD

NIH-PA Author Manuscript

"SNdD Jo saiuadoud eaisAyd pue [eaisAydoroyd Aady

T31avi

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Chem Commun (Camb). Author manuscript; available in PMC 2015 February 27.



