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Herein we report an abnormal adsorption and desorption behavior where a stronger adsorption interaction
between polystyrene particles and pharmaceutical drugs results in preferable desorption behavior. This
behavior is contrary to the conventional view, in which a weaker adsorption interaction would lead to
a more favorable desorption behavior of target molecules at solid surfaces. Different from other
materials, numerous experimental results from a combination of mass spectrometry and infrared
spectroscopy indicated quantitatively that the adsorption and desorption behavior of pharmaceutical
drugs on polystyrene were independent of drug structure and solvent, while the intermolecular
hydrogen bond interaction between polystyrene and the drug played a critical role in determining the
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Adsorption and desorption are fundamentally related to the
practical applications of chromatographic and spectrometric
analyses,"™ catalysis,* coating,® suspension,® flocculation” and
dispersion.® It is generally accepted that a weaker adsorption
interaction (lower interaction energy of the adsorbate on
a surface) would lead to a more favorable desorption behavior
(faster desorption from a surface) based on numerous theoret-
ical and experimental studies.’” By contrast, herein we present
one instance of abnormal adsorption and desorption behavior:
the stronger the adsorption interactions between polystyrene
and pharmaceutical drugs, the more favorable the desorption of
those drugs from polystyrene.

Polystyrene (PS) is a synthetic aromatic polymer made from
the monomer, styrene. For many years, micro-scale PS particles
have found a wide variety of applications in many advanced
materials and optical devices because of their homogeneous
size, large surface area, negligible solubility in water, and
invariant surface characteristics.’*>" PS has also been exten-
sively used as an adsorbent in the treatment of wastewater,**>¢
chromatographic separations,”** solid-phase extraction,
and adsorption of proteins/peptides.’*?»**° Although PS
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represents a powerful substrate that allows high efficiency
treatment of various compounds in complex matrices,
a complete analysis of its surface interactions is essential to
further understand its performance and to develop improved
materials. The characterization of molecular interactions at PS
surfaces has involved X-ray photoelectron spectroscopy (XPS),*
Fourier transform infrared spectroscopy (FTIR),* reflection
fluorescence (RF),'® solid-state NMR,*” electrophoresis,** chro-
matography,* laser Doppler velocimetry (LDV),*' enzyme-linked
immunosorbent assay (ELISA),*® dynamic light scattering
(DLS),* second harmonic generation (SHG),”* and titration
calorimetry.”> However, these techniques are essentially limited
to exploring the molecular interaction modes at PS surfaces
such as electrostatic interactions** and hydrophobic interac-
tions,* and study the desorption behaviors of analytes on PS
substrates.?*3*3349545% For the purpose of fully understanding
the interactions between PS and adsorbed molecules, the
adsorption and desorption of various compounds to the
surfaces of PS particles have been widely analyzed,**** but
attention has been focused mainly on the reversible and
irreversible adsorption mechanisms®* or the effect of ex-
perimental parameters on adsorption interaction or perfor-
mance.®>* There is little available quantitative experimental
data on the correlation between adsorption and desorption
behaviors of various analytes on PS substrates from different
sources, which restricts greatly the understanding and inter-
pretation of different molecular interactions on PS supports
even composed of the same matrix.*® In view of this fact, in the
current study, we illustrated the adsorption and desorption
behaviors of several pharmaceutical drugs due to their
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significance in clinic applications,*>* on the surfaces of a series
of PS microspheres prepared via dispersion polymerization of
styrene®”*® in ethanol/water system. The effects of experimental
conditions on the adsorption and desorption capacities of the
resulting PS particles have been explored quantitatively using
paper spray mass spectrometry owing to its highly simplified
procedures and high specificity, sensitivity and precision.®® For
example, the desorption experiments were carried out by first
depositing 2 pL of sample solution containing studied drugs on
a small PS coated paper triangle. After drying, 25 pL methanol
and 3.5 kv DC voltage were subsequently applied on the paper
substrate for paper spray. The desorption behaviors of studied
drugs on PS particles were quantitatively evaluated by the cor-
responding peak intensity in the obtained mass spectra. The
results revealed for the first time that a stronger adsorption
interaction between studied drugs and PS surfaces led to a more
favorable desorption behavior.

A series of PS microspheres was first prepared according to
the reported dispersion polymerization of styrene®*® in
ethanol/water using benzoyl peroxide (BPO) as the initiator and
poly(N-vinylpyrrolidone) (PVP) as a steric stabilizer. With vari-
ation in the reaction parameters such as the concentrations of
styrene, BPO or PVP, PS particles with adjustable diameters
ranging from 1.0 to 16 um can be synthesized. Only our effort on
PS prepared from varying the concentration of styrene is re-
ported in detail here, however. Fig. 1a and b demonstrates the
typical scanning electron microscope (SEM) images of PS ach-
ieved by reaction of 5 mL styrene and 1.0 g BPO in the presence
of 1.0 g PVP using 80 mL ethanol as solvent, and uniform
microspheres with diameters of around 2.0 pm were obtained.
The FT-IR spectrum (Fig. S11) shows that the sample is a typical
PS with characteristics of C-H stretching modes for mono-
substituted phenyl rings (bands at 3060 and 3026 cm '), C-H
stretching modes for the CH and CH, groups on the alkyl chain
of the polymer (bands at 2924 and 2849 cm™ '), C-C stretching
modes for phenyl rings (bands at 1601, 1493 and 1452
cm™').”*”* To enable on-line desorption experiments of studied
drugs at PS surfaces, we coated as-synthesized PS particles onto
filter paper (Fig. 1c and d) through a vacuum filtration approach
developed in our lab.”>”® Note that the nearly monodisperse PS
particles form a dense layer on the filter paper. This paper-
based substrate is easy to fabricate, and can then be used for
paper spray mass spectrometry (MS)® experiments to probe the
adsorption/desorption behavior. The experimental workflow
consists of three steps: (i) fabrication of paper substrate; (ii)
deposition of sample solution on PS coated paper; (iii) MS
analysis. For example, to evaluate the desorption performance
of verapamil from PS coated paper, 2 uL of methanol solution
containing 1 ug mL ™" verapamil was spotted on the PS coated
paper triangle with around 11 mm height and 9.5 mm base
width, and the diameter of the wetted spot was about 7.0 mm
(Fig. S2at). After drying in air for around 4 h, 25 pL of a meth-
anol solution spiked with 10 ng mL™" Dg-verapamil (internal
standard) was applied at the paper surface followed immedi-
ately by application of the high voltage needed for paper spray.
The Dg-verapamil did not have enough time to adsorb thor-
oughly to the PS prior to paper spray analysis due to the floating
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Fig.1 (a) and (b) SEM images of spherical PS obtained by reaction of 5
mL styrene and 1.0 g BPO in the presence of 1.0 g PVP by using 80 mL
ethanol as solvent: (a) panoramic morphologies and (b) individual
sphere; (c) and (d) SEM images of the surface structure of PS coated
paper substrate; (c) as-prepared PS coated paper and (d) close-up
image of typical surface structure; (e) desorption behavior of verapamil
from PS coated paper substrates and (f) adsorption behavior of
verapamil onto PS particles in methanol solution, in which PS was
prepared in the presence of various volumes of styrene (5-40 mL) by
fixing the amounts of BPO (1.0 g) and PVP (1.0 g) in 80 mL ethanol
solution [note: the quantitative analysis was performed with paper
spray mass spectrometry, and the desorption and adsorption perfor-
mance of various PS particles were evaluated by the normalized peak
intensity ratios between the characteristic fragment ion m/z 303 from
protonated verapamil (m/z 455) and the characteristic fragment ion m/
z 309 from the internal standard, protonated verapamil (m/z 461)
spiked in the samples; spray solvent or sample, 25 puL methanol or
adsorption solution; applied voltage, 3.5 kVI.

of applied solvent at the surface of PS coated paper substrate
(Fig. S2bt) and immediate spray after applying high voltage.
Quantitation of verapamil was achieved using the ratio of the
fragment ion (m/z 303) abundance from verapamil to that of the
corresponding fragment ion (m/z 309) generated from De-
verapamil (Fig. S31). Fig. 1e shows the normalized concentra-
tion of detected verapamil from PS coated paper substrates, in
which PS was prepared in the presence of differing volumes of
styrene (5-40 mL) by fixing the amounts of BPO (1.0 g) and PVP
(1.0 g) in 80 mL ethanol solution. Notably, the desorption
behavior of verapamil demonstrates first an increasing trend
followed by a decrease as the styrene volume in PS preparation

This journal is © The Royal Society of Chemistry 2017
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increases. When the percentage of styrene was 23.4%, namely
25 mL in volume, verapamil illustrated the most favorable
desorption performance from PS particles. It should be pointed
out that the on-line desorption experiment of verapamil from PS
coated paper involved high voltage, paper substrate and an
adhesive agent (soluble starch), but extensive investigation, in
which the adsorption/desorption experiments were performed
by eliminating these factors, demonstrated that they had little
impact on the desorption performance (Fig. S41). These results
demonstrate that the on-line desorption experiments are not
a result of the paper spray methodology.

The adsorption performance of these PS particles was
carried out by mixing 0.2 g PS particles and 10 mL of methanol
solution containing 1.0 pg mL ™" verapamil followed by stirring
for 30 min. Afterwards, the upper clear solution was collected,
separated and diluted with Dg-verapamil solution. Fig. 1f
exhibits the remaining content of verapamil in the adsorption
solution as measured using paper spray mass spectrometry with
uncoated filter paper. The error bars represent standard devia-
tions from four replicate experiments. It is notable that with
variation of styrene in the PS preparation, the detected amount
of verapamil shows the opposite trend as that from the
desorption experiments (Fig. 1e). When the volume of styrene
was 25 mL in PS preparation, the generated product had the
strongest adsorption capacity to verapamil. By comparing the
desorption (Fig. 1le) and adsorption (Fig. 1f) behaviors of
verapamil on the PS particles from various volumes of styrene, it
is interesting that a stronger adsorption performance would
lead to a more favorable desorption, which is contrary to the
general view.

To demonstrate the generalization of the above phenom-
enon, a series of experiments with different parameters was
carried out, which included various structures of molecules
(e.g., amitriptyline, clozapine, quetiapine, risperidone and ari-
piprazole as shown in Fig. S51), solvent systems (e.g., ethanol as
Fig. S6, propanol as Fig. S7 and isopropanol as Fig. S8%), PS
particles prepared through varying the amounts of PVP (Fig. S9a
and bt), BPO (Fig. S9c and df), H,O (Fig. S9e and ff) and
styrene/BPO (Fig. S9g and ht) and from commercial sources
with different particle sizes (Fig. S10t). The same results were
observed for these experiments, indicating that the unique
desorption and adsorption behaviors at PS surfaces were inde-
pendent of molecular structure, solvent system and PS sources,
and were a general phenomenon on PS surfaces. In contrast,
when other materials, including different metal oxides (e.g.,
TiO,, Al,03, ZnO, MgO and ZrO, as Fig. S111) and metal-
organic frameworks [MOFs, e.g., MIL-53(Al), ZIP-8, and UiO-
66(Zr) as Fig. S12t], were employed, the opposite result was
obtained. Specifically, a weaker adsorption would lead to a more
favorable desorption behavior, in good agreement with the
general adsorption-desorption view. These results suggest that
the adsorption-desorption behavior of molecules on the PS
surfaces is different from that on other materials, which might
be attributable to the unique physicochemical properties of PS
particles.

To gain an insight into the unique adsorption and desorp-
tion behaviors of PS particles, verapamil was used as a model

This journal is © The Royal Society of Chemistry 2017
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compound and the adsorption kinetic processes were explored.
As shown in Tables S1 and S2 and Fig. S13,f the adsorption
process of verapamil on PS particles followed a pseudo-second-
order kinetic model and the Langmuir monolayer adsorption
model. As shown in Fig. 2a, the initial adsorption of verapamil
in the PS particles is quite fast followed by continued adsorp-
tion at a slower rate. Careful observation found that the
adsorption rate exhibited a first increasing followed by
decreasing with increase in the volume of styrene in PS prepa-
ration, and the PS from 25 mL styrene demonstrated the fastest
adsorption rate to verapamil. As the prepared PS particles were
coated on paper substrates for on-line desorption experiments,
with increase in the elution number for the same paper
substrate bearing a single sample spot,”* the desorption
behavior of verapamil demonstrated a tendency (Fig. 2b) that is
opposite that in the adsorption process (Fig. 2a), and the PS
from 25 mL styrene gave the most favorable desorption
behavior, in agreement with the desorption behavior of verap-
amil in conventional solution system (Fig. S14f). However,
when the PS coated papers were used as substrates for thin layer
chromatography of methylene blue, a reverse pattern was
observed. Desorption from particulate surfaces (e.g., thin-layer
chromatography experiments as Fig. S15,1 and the on-line as
Fig. 1a and 2b and the off-line desorption experiments as
Fig. S4bt) takes place as adsorbate molecules overcome inter-
action energy with the surface (minus solvation energy) and are
transferred from surface to solvent. Diffusion through the
solvent limits the rate of desorption among particle surfaces.
Taken these factors into account, it can be concluded that the
former is realized through the transfer of solute molecules
among PS particles, and the adsorption interactions between
solutes and PS particles play a crucial role in determining the
elution or desorption efficiency. For the latter, the desorption
performance depends on not only the adsorption interactions
between PS particles and solutes, but also the diffusion rate of
solutes from solid surfaces to the bulk solution.

With variation in the preparation parameters, the surface
structures (e.g., particle size and texture properties) and degree
of polymerization of the PS particles generally have a great
effect on their properties.®”*® However, no direct correla-
tion was found between performance of the PS particles in
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Fig. 2 (a) Time profiles of verapamil adsorption on PS particles in

methanol solution containing 1.0 pg MmL™* verapamil and (b) elution
curves of verapamil from PS coated paper substrates, in which PS was
prepared by the reaction between various volumes of styrene (10-40
mL) and 1.0 g BPO and 1.0 g PVP in 80 mL ethanol.
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desorption and adsorption of pharmaceutical drugs and
their particle sizes, texture properties and molecular weights
(Tables S3 and S4t). Infrared spectrometry, as a powerful
technique to characterize the surface properties of organic
compounds, was also employed to study the surface properties
of as-prepared PS particles. Fig. S16at shows the typical FT-IR
spectra of PS particles obtained by reaction of various volumes
of styrene (10-40 mL) and 1.0 g BPO in the presence of 1.0 g
PVP. Some absorption bands such as 1601 cm ™ * and 1028
cm ' (Fig. S16b7), demonstrated first a decreasing trend fol-
lowed by increasing as the volume of styrene in preparation of
PS particles increased. This trend mirrors the adsorption and
desorption performance of the PS particles as discussed above
(Fig. 1 and 2). Although the observed change is very small,
these results provide a clue as to what causes the variation
in desorption/adsorption capabilities of PS particles obtai-
ned from different preparation conditions. To confirm these
changes, the PS particles, prepared by reaction of 25 mL
styrene and 1.0 g BPO in the presence of 1.0 g PVP, were used
as a model to adsorb different concentrations of verapamil
(1.0-1000 pg mL~") in methanol solutions for 3 h, respectively.
As shown in Fig. S17,7 the above IR adsorption bands pre-
sented a gradually decreasing trend, suggesting that with
increase in the adsorption amount of verapamil at the PS
surfaces, it would have a more significant impact on the IR
spectra of PS particles. Based on this fact, the IR spectra of the
above PS particles obtained from different volumes of styrene
(10-40 mL) were examined further after adsorption of verap-
amil in methanol solution containing 1000 ug mL " for 3 h.
Compared to the non-adsorbed PS particles (Fig. S16at), the IR
spectra of adsorbed PS samples kept almost constant (Fig. 3a),
and no obvious characteristic absorption bands of verapamil
were observed (Fig. S18at) probably due to the small amount
of verapamil adsorbed on PS particles (Fig. S18b+t). The major
difference between those spectra is the intensity of the
adsorption bands at 1720, 1601, 1400, 1271, 1028, 906, 756 and
540 cm~'. To demonstrate clearly their differences, trans-
mittance difference (A7, Fig. 3b) was used to characterize the
effect of styrene amount on the resulting PS particles. As
shown in Fig. 3c, with varying the volume of styrene in PS
preparation, the AT values present first a decreasing trend
followed by increasing, in which the PS from 25 mL of styrene
in preparation illustrates the lowest value for each case, in
good agreement with the adsorption and desorption perfor-
mances of the particles (Fig. 1 and 2). It should be mentioned
here that when the volume of styrene is above than 25 mL in
preparation, the surface properties of the obtained PS are also
altered rather than maintaining constant. Detailed reasons are
not clear and further investigation is still needed. For other PS
samples, a similar phenomenon was also observed (Fig. S19-
227%). According to density functional theory (DFT) calcula-
tions, two types of intermolecular interactions (Fig. S$237),
namely the H atom on the phenyl ring of PS and the N atom
at the cyano group of verapamil (H-N hydrogen bond) and
the H atoms on the phenyl ring of PS and the O atoms at the
ether group of verapamil (H-O hydrogen bond), are mainly
responsible for the adsorption of verapamil at PS surfaces.
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Fig. 3 (a) FT-IR spectra of PS particles after adsorption of verapamil in
methanol solution containing 1000 ug mL~! verapamil for 3 h, in which
the PS samples were prepared by reaction of various volumes of
styrene (10—40 mL) and 1.0 g BPO in the presence of 1.0 g PVP in 80
mL ethanol solution; (b) definition of transmittance difference (AT)
using the characteristic absorption band at 1720 cm™* as an example;
(c) plots of the transmittance differences of different characteristic
absorption bands with varying the volume of styrene in PS preparation.

As discussed above such as the bands at 1720 cm ™" (C-C
stretching vibration for phenyl ring), 1271 e¢m ' (C-C
stretching vibration for the CH and CH, groups directly
attached to phenyl ring) and 540 cm™* (C-C skeleton stretch-
ing vibration for phenyl ring), the H atoms on the phenyl ring
of PS particles played a crucial role in determining the
adsorption interactions of verapamil via hydrogen bond
interactions and therefore, the characteristic IR bands of C-C
skeleton stretching vibration either for phenyl ring or directly
attached to phenyl ring in PS samples were greatly affected.
With increase in the adsorption interaction of PS particles to
verapamil, the IR bands changed significantly. As a result, the
pattern of adsorption interaction for the PS particles, obtained
by reaction of various volumes of styrene (10-40 mL) and 1.0 g
BPO in the presence of 1.0 g PVP in 80 mL ethanol solution
(Fig. 1 and 2), was proportional to the change in the band
intensity of the above characteristic IR absorption (Fig. 3).

In conclusion, the combination of mass spectrometry
with infrared spectrometry has demonstrated that a stronger
adsorption interaction between PS particles and pharmaceu-
tical drugs would lead to a more favorable desorption behavior.
This observed phenomenon was independent of the source of
PS particles, drug structure and used solvent, which was unique
to PS in contrast to other materials such as metal oxides and
MOFs. FT-IR results illustrated that the adsorption interaction
of PS particles was related closely to the hydrogen bond inter-
action between studied drug and PS, and a weaker IR absorp-
tion band would result in a stronger adsorption interaction
at PS surfaces. These results are expected to help us better
understand the adsorption and desorption interaction between
PS particles and target molecules.

This journal is © The Royal Society of Chemistry 2017
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