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A novel hydrophilic PAMPS/PAAm brushes pattern is
fabricated to selectively capture blood cells from whole blood.
PAMPS brushes provide antifouling surfaces to resist
proteins and cells adhesion while PAAm brushes effectively
entrap targeted proteins for site-specific and cell-type
dependent capture of blood cells.

Cell capture is a basic step to evaluate functions of living
cells and detect infected and malignant cells in bodily fluids.'
This is particularly true for dysfunctional platelet detection,
immune cell analysis and cancer diagnosis.”> Constructing a
platform that allows site-specific and cell-type dependent capture
and organization on localized areas is therefore highly desirable
for isolating cells from whole blood, accessing cellular
mechanism and developing diagnostic assays.’

Current strategies based on soft lithographic techniques,
biochips and microfluidic devices offer multiple advantages for
capture and analysis of cells." However, most techniques are
limited by potential harm to the captured cells because
immobilization of targeted proteins mainly depends on
hydrophobic interactions.'**** The hydrophobic substrate is
likely to form nonspecific linkages with cells even these cells are
initially captured on immuno-affinity substrates via specific
antibody-antigen binding, resulting in damage to cell viability
and populations during living cell release or analysis.'** In
addition, the hydrophobic substrate encounters the fouling
issue.?® This situation can be circumvented by robustly anchoring
targeted proteins on hydrophilic substrate.’ However, the
anchoring of proteins can be lengthy and inefficient and the
application of platform is significantly constrained to capture
only one specific cell.® Thus, there is an urgent need to develop a
new platform that is not only hydrophilic to reduce the damage to
cells but also capable of immobilizing varied targeted proteins to
capture cells flexibly.

Patterned surface with two-component polymer brushes
entitles a structured surface with more abundant functions, such
as biochips, biosensors and cell-growth regulation.” Recent
advances in top-down and bottom-up techniques make a rapid
progress in creation of two-component polymer-brush patterns.®
The hydrophilic polymer brushes, one of which exhibits excellent
antifouling behavior and the other has a capability to entrap
targeted proteins, are expected to harvest varied cells from whole
blood. Poly(N-isopropylacrylamid) brushes have been reported to
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have the ability to entrap proteins with hydrophobic interactions.’
Recently, a novel hydrophilic polyacrylamide (PAAm) brushes is
found to be able to entrap varied plasma proteins.'® Therefore, the
two-component polymer-brush pattern composed of this novel
PAAm brushes and another hydrophilic polymer brushes with
excellent antifouling property will offer a new avenue to
specifically capture varied cells in the blood with reduced
damage to the captured cells.

Here, we fabricate a novel two-component polymer-brush
pattern for capturing blood cells on the surface of a thermoplastic
elastomer, styrene-b-(ethylene-co-butylene)-b-styrene elastomer
(SEBS), with poly(2-acryl-amido-2-methylpropane sulfonic acid)
(PAMPS) and polyacrylamide brushes. SEBS is used for
substrate due to its unique nanostructures, good biocompatibility
and outstanding stability under physiological conditions.'' In
spite of importance of blood cells in analysis and diagnosis,
capture of blood cells, such as erythrocytes, remains challenging
due to non-adherent property of blood cells.'™* Our strategy is
based on construction of PAAm/PAMPS polymer-brush pattern
combining surface-initiated photo-polymerization (SIPP) with
surface-initiated atom transfer radical polymerization (SI-ATRP).
The PAMPS brushes provide the antifouling surface to resist
proteins and cells adhesion while polyacrylamide brushes entrap
targeted proteins to capture the blood cells specifically. We
demonstrate that the robust and well-defined two-component
polymer-brush patterns are fabricated by top-down/bottom-up
strategy; the PAMPS brushes exhibit superhydrophilic property
with high resistance to proteins and cells adhesion while
polyacrylamide brushes possess high capability to entrap varied
targeted proteins. The ligand-cell interactions facilitate the
capture of blood cells in a site-specific manner with reduced
harmless. This two-component polymer-brush pattern is versatile
and effective to entrap targeted proteins, offering a potential new
approach for selective cell capture from whole blood.

A well-defined PAMPS/PAAm pattern on the SEBS substrate
is generated with “top-down/bottom-up” strategy (Fig. 1). First, a
homogeneous layer of hydrophilic PAMPS brushes is formed on
the surface of SEBS substrate by SIPP. Compared with other
typical hydrophilic polymer brushes, such as poly (ethylene
glycol), poly (2-hydroxyethyl methacrylate) and poly
(sulfobetaine methacrylate), PAMPS brushes are
superhydrophilic (Video S1, ESI{) and maintain hydrophilic after
subsequent treatments (Fig. S1, ESIt). Thus, PAMPS is selected

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



ChemComm

o

Polymer substrate

Fibronectin

Patterned PAMPS/PAAm

Fibronectin
entrapment

UV/Ozone
i R P o ’
% AAm
SI-ATRP
Photolithography
-
Platelet
Platelet
capture

=
_
Erythrocyte tgg

brushes
Phytohemagglutinin Erythrocyte
entrapment capture
\)OL CHS Q JOK/
HaCo w CH SIPP
N%ﬁ—OH HzN Zaals (surface—initiated photo—polymerization)
(o]
AMPS SI-ATRP

o

A
Ifonic acid) (acrylamide) (surface—initi

d atom transfer radical polymerization)

(2—acryl-amido—2-methylpropane

Fig. 1 Schematic diagram illustrating the patterning process of two-component polymer brushes for site-specific capture of blood cells

via targeted proteins.

to form the initial hydrophilic layer. Then, a transmission electron
microscopy (TEM) grid is used as a photomask to firmly cover
on the surface of SEBS-g-PAMPS, and the PAMPS layer is
exposed to UV/Ozone radiation through the photomask to create
patterned hydroxyl groups, followed by immobilization of ATRP
initiators using the aqueous-based method (Fig. S2, ESIT)."” Next,
PAAm brushes are grafted from patterned initiators (UV/Ozone-
exposed areas) with SI-ATRP, and the second hydrophilic PAAm
brushes are expected to entrap various targeted proteins to
capture blood cells. After removal of the photomask, a two-
component PAMPS/PAAm brushes pattern is created. Finally,
targeted  proteins  including  fibronectin  (FN)  and
phytohemagglutinin (PHA) are entrapped by PAAm brushes to
further capture blood cells specifically.

The formation of two-component polymer brushes on the
model surface is confirmed by ATR-FTIR and XPS spectra (Fig.
S2, S3, ESIT). New peaks at 1743 cm™ (C=0 stretching vibration
of PAMPS) and 1659 cm™ (C=O stretching vibration of PAAm)
appear after grafting the initial PAMPS and the second PAAm
brushes, respectively. Similarly, two new peaks at binding
energies of 399.7 (C-N groups) and 401.8 eV (N-C=O groups) in
the Ny spectra of SEBS-g-PAMPS are observed. But only a
binding energy of 399.3 eV (N-C=O groups) appears after
formation of PAAm brushes. The changes are due to the etching
of PAMPS brushes by UV/Ozone radiation and generation of
PAAm brushes. The thickness of PAMPS layers and PAAm
layers is determined to be ~300 nm and 700 nm with atomic force
microscopy, respectively (Fig. S4, ESIT). The formation of two-
component polymer-brush pattern is further supported by the
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change of chemical composition, static water contact angle and

35 nitrogen contents of the functionalized SEBS surfaces (Table S1,

ESIf). The two-component PAMPS/PAAm brushes pattern
exhibits hydrophilic with WCA of 27°. As SIPP and SI-ATRP are
versatile and effective, the strategy presented here facilitates
fabrication of large-scale, high-throughput patterned surfaces.

Fig. 2 shows optical images of patterned surfaces. The
patterned PAMPS/PAAm brushes show a very clean and well-
defined pattern, demonstrating the excellent retention of the size
and shape of the photomask (Fig. 1a). Furthermore, the size of
PAAm domains can be tunable by manipulation of hole size of
the photomask (Fig. S5, ESIt). The uniform of patterned surface
with high resolution facilities the detection and analysis of
protein adsorption and cell capture. Fibronectin and
phytohemagglutinin are then selected to be entrapped by PAAm
brushes for capturing platelets and erythrocytes, respectively (Fig.
S6, ESIt). FN is a multifunctional protein present in plasma and
extracellular matrix to mediate platelet-matrix and platelet-
platelet interactions, which can bind glycoproteins on the surface
of platelet membrane.'> PHA is a glycoprotein that can
agglutinate all human erythrocytes by ligand-cell reactions.* Fig.
2 b-c show fluorescence images of protein entrapment on the
patterned surface. The PAAm regions exhibit strong and
homogeneous green and red fluorescence, confirming fluorescein
isothiocyanate-labeled FN (FITC-FN) (Fig. 2 b-1, b-2) and
rhodamine-labeled PHA (RBITC-PHA) (Fig. 2 c-1, c-2) are
selectively entrapped on the PAAm regions. In contrast, the
PAMPS regions are almost dark, indicating that there is nearly no
nonspecific adsorption of labeled proteins due to the inherent
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antifouling nature of PAMPS brushes."* Further examination of
the uniform protein patterning by fluorescence intensity profile
shows the similar signal intensity on the different patterned
surfaces (Fig. S7, ESIf), showing the sizes of micropatterned

s polymer brushes have slight effects on the amount of protein
entrapment.

Fig.2 Optical images (a-1, a-2) of two-component PAMPS/PAAmM

brush patterns and fluorescence images of FITC-FN (b-1, b-2)
0 and RBITC-PHA (c-1, c-2) entrapment on PAMPS/PAAm

patterned surfaces. The scale bar is 200 um in all images.

The high capacity of PAAm brushes to entrap proteins is
believed to be the hydrogen bonds formation between PAAm
brushes and proteins.'® Tt is well known that PAAm behaves as

15 both hydrogen bond donors and acceptors.” In addition, the
peptide bonds of the protein can form multiple-point hydrogen
bonds with AAm, which results in the strong interaction force
between the protein and AAm.'™ Furthermore, a hierarchical
architecture is formed on the surface of SEBS driven by physical

2 crosslinking in polymer brushes (Fig. S8, ESI{). And this
hierarchical architecture will offer more contact sites for the
formation of multiple-point hydrogen bonds between the proteins
and PAAm brushes. Thus, a combination of hydrogen-bond
interactions and surface topography is considered to jointly entrap

»s the proteins in the PAAm brushes. "’

The patterned surfaces are used to capture blood cells with the
aid of pre-absorbed targeted proteins. Capture of platelets in a
harmless way is important because there are big differences
between normal platelets and activated platelets in the process of

30 thrombosis and hemostasis.'® Fig. 3a-1, a-2 show fluorescence
microscopy images of platelets capture from the platelet-rich
plasma on the patterned surface with pre-adsorbed FN. Most
platelets are captured on PAAm domains with the round
morphology (Fig. 3a-3). Similarly, most erythrocytes are

35 specifically captured from the concentrated erythrocytes on the
patterned PAAm domains with the entrapped PHA (Fig. 3b). The
unique biconcave discoidal morphology of erythrocytes is clearly
observed in magnified images of CLSM (Fig. 3b-1) and SEM
(Fig. 3b-3), confirming the erythrocytes maintain their normal

40 morphology and functionality, which is significant in erythrocyte-
based detection, diagnosis of diseases and target drug delivery.!”

The harvest of blood cells from whole blood on the model
surfaces shows the selectivity of cell capture. After incubation
with whole blood, some platelets and erythrocytes adhere

4s randomly on the surface of virgin SEBS due to the hydrophobic

surface of SEBS (Fig. 3c). In contrast, a large number of platelets
are captured on the SEBS-g-PAMPS-g-PAAm surface pre-
adsorbed with FN, and no other blood cells are observed (Fig. 3d).
Similarly, a large amount of erythrocytes are captured on the

so surface of SEBS-g-PAMPS-g-PAAm with the aid of PHA and
almost no other blood cells appear (Fig. 3e). The patterned
surface thus shows a binding specificity and an ability to
selectively capture cells from whole blood. As PAAm brushes
can entrap varied plasma proteins,' and hydrophilic

ss PAMPS/PAAm brushes reduce the damage to captured cells, the
two-component polymer-brush pattern constructed here offers
new way to specifically capture varied cells in the blood for
disease diagnosis and therapy.

100pm

100pm
—_—

50pm 200pm
— —

o Fig.3 CLSM (left and middle) and SEM

(right) images of
captured purified platelets (al-a3) and erythrocytes (b1-b3) on the
patterned surface of SEBS-g-PAMPS-g-PAAm pre-adsorbed
with FN and PHA, respectively. SEM images of blood cell
capture from whole blood on the surface of virgin SEBS (c), non-

s patterned surface of SEBS-g-PAMPS-g-PAAm pre-adsorbed
with FN (d) and PHA (e), respectively.

Fig. 4a and 4b display the statistical results of captured
platelets and erythrocytes on different model surfaces based on
the SEM images (Fig. S9, ESIf). Compared with virgin SEBS,

70 the number of captured platelets and erythrocytes is drastically
reduced on the hydrophilic surfaces. In contrast, after FN and
PHA entrapment, the numbers of platelets and erythrocytes
increase about 22% and 28%, respectively, on the surfaces of
SEBS-g-PAMPS-g-PAAm in comparison with that on the surface

75 of virgin SEBS, demonstrating the high capture ability of the
patterned surfaces. In addition, 81% of adhered platelets on virgin
SEBS surface are highly activated (Fig. 4c), as evidenced by their
spread-dendritic shape and presence of pseudopodia (Fig. S9a,
ESIf). In contrast, only ~7% of platelets become activated on

so PAAm brushes, confirming the advantage of PAAm brushes in
maintaining the normal morphology and function of captured
platelets (Fig. S9e, ESIT). For the virgin SEBS sample, 63% of
erythrocytes are transformed into echinocytes and lost their

This journal is © The Royal Society of Chemistry [year]
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normal shape (Fig. 4d, Fig. S9a’, ESIf), whereas just ~4% of
erythrocytes lost their normal discoid shapes on PAAm brushes
(Fig. S9¢’, ESIT). These results confirm site-specific blood-cell
capture is achieved with substantially reduced damage.
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Fig.4 Statistical number of adhered platelets (a) and erythrocytes

(b) on different model surfaces. Analysis of dendritic and round

platelets (c), and normal and abnormal erythrocytes (d) on the

surfaces of different samples. Error bars represent a standard
10 deviation for n=5.

In summary, we constructed a two-component polymer-brush
pattern on the surface of SEBS with PAMPS and PAAm brushes.
The PAMPS brushes provided the antifouling surface to resist
proteins and cells adhesion while PAAm brushes could entrap

15 targeted proteins to capture the blood cells specifically. We
demonstrated that the robust and well-defined two-component
polymer-brush pattern were fabricated by top-down/bottom-up
strategy; the PAMPS brushes exhibited superhydrophilic property
with high resistance to proteins and cells adhesion while PAAm

20 brushes possessed high capability to entrap varied targeted
proteins. The ligand-cell interactions facilitated the capture of
blood cells in a site-specific and harmless manner. This novel
two-component polymer-brush pattern was versatile and
effective, which offered a potential approach in in diagnosis and

»s therapy for generation of multiple-binding sites with different
specificity on one support and selective cell capture from whole
blood.

This work was supported by the National Natural Science
30 Foundation of China (51273199, 21274150 and 51103030).

Notes and references

“State Key Laboratory of Polymer Physics and Chemistry, Changchun

Institute of Applied Chemistry, Chinese Academy of Sciences,
35 Changchun 130022, P. R. China.

E-mail: shigiang@ciac.ac.cn; yinjh@ciac.ac.cn
» University of Chinese Academy of Sciences, Beijing 100049, P. R.

China.

“ Polymer Materials Research Center, College of Materials Science
40 and Chemical Engineering, Harbin Engineering University, Harbin

150001, P. R. China.

¢ Department of Mechanical Engineering, University of Akron, Akron,

Ohio 44325-3903, USA.

Electronic Supplementary Information (ESI) available: [details of any
45 supplementary information available should be included here]. See

DOI: 10.1039/c000000x/

1 (a) M. A. West, R. P. Wallin, S. P. Matthews, H. G. Svensson, R. Zaru,

H.-G. Ljunggren, A. R. Prescott and C. Watts, Science, 2004, 305,

so  1153; (b) J. O. Fierer, G. Veggiani and M. Howarth, Proc. Natl. Acad.

Sci. U. S. 4., 2014, 111, E1176; (c) H. J. Yoon, T. H. Kim, Z. Zhang,

E. Azizi, T. M. Pham, C. Paoletti, J. Lin, N. Ramnath, M. S. Wicha and

D. F. Hayes, Nat. Nanotechnol., 2013, 8, 735; (d) H. Liu, X. Liu, J.

Meng, P. Zhang, G. Yang, B. Su, K. Sun, L. Chen, D. Han and S.

ss  Wang, Adv. Mater., 2013, 25, 922; (e) Y. Roupioz, N. Berthet -

Duroure, T. Leichlé, J. B. Pourciel, P. Mailley, S. Cortes, M. B.
Villiers, P. N. Marche, T. Livache and L. Nicu, Small, 2009, 5, 1493.

2 (a) T. Ekblad, L. Faxdlv, O. Andersson, N. Wallmark, A. Larsson, T. L.

Lindahl and B. Liedberg, Adv. Funct. Mater., 2010, 20, 2396; (b) W.
6 Ye, Q. Shi, S. C. Wong, J. Hou, H. Shi and J. Yin, Macromol. Biosci.,

2013, 13, 676; (c) S. Mittal, . Y. Wong, A. A. Yanik, W. M. Deen and

M. Toner, Small, 2013, 9, 4207; (d) D. S. Shin, J. You, A. Rahimian, T.

Vu, C. Siltanen, A. Ehsanipour, G. Stybayeva, J. Sutcliffe and A.

Revzin, Angew. Chem., Int. Ed., 2014, 53, 8221; (e) J. Zhang, W.
6s  Sheng and Z. H. Fan, Chem. Commun., 2014, 50, 6722.

3 (a) D.-S. Shin, J. H. Seo, J. L. Sutcliffe and A. Revzin, Chem.
Commun., 2011, 47, 11942. (b) J. Hou, Q. Shi, W. Ye, Q. Fan, H. Shi,
S.-C. Wong, X. Xu and J. Yin, ACS Appl. Mater. Interfaces, 2014,
DOI: 10.1021/am506983q.

70 4 (a) S. Wang, K. Liu, J. Liu, Z. T. F. Yu, X. Xu, L. Zhao, T. Lee, E. K.

Page 4 of 4

Lee, J. Reiss and Y. K. Lee, Angew. Chem., Int. Ed., 2011, 50, 3084; (b)

P. G. Schiro, M. Zhao, J. S. Kuo, K. M. Koehler, D. E. Sabath and D. T.
Chiu, Angew. Chem., Int. Ed., 2012, 51, 4618; (c) A. M. Shah, M. Yu,
Z. Nakamura, J. Ciciliano, M. Ulman, K. Kotz, S. L. Stott, S.

75 Maheswaran, D. A. Haber and M. Toner, Anal. Chem., 2012, 84, 3682.

5 (a) A. S. Hoffman and P. S. Stayton, Prog. Polym. Sci., 2007, 32, 922;

(b) C. Zhu, L. Liu, Q. Yang, F. Lv and S. Wang, Chem. Rev., 2012, 112,
4687.

6 (a) C. M. Kolodziej, S. H. Kim, R. M. Broyer, S. S. Saxer, C. G. Decker

so and H. D. Maynard, J. Am. Chem. Soc., 2011, 134, 247; (b) K.
Amschler, L. Erpenbeck, S. Kruss and M. P. Schon, ACS Nano, 2014,
8,9113.

7 Y. Liu, V. Klep and . Luzinov, J. Am. Chem. Soc., 2006, 128, 8106.
(a) S. Chatterjee and S. Ramakrishnan, Chem. Commun., 2013, 49,
ss 11041; (b) T. Chen, I. Amin and R. Jordan, Chem. Soc. Rev., 2012, 41,

3280; (c) W. Liu, H. Zhong, R. Wang and N. C. Seeman, Angew.
Chem., Int. Ed., 2011, 123, 278; (d) T. Y. Jeon, H. C. Jeon, S. Y. Lee,
T. S. Shim, J. D. Kwon, S. G. Park and S. M. Yang, Adv. Mater., 2014,
26, 1422.

9 9 (a) D. L. Huber, R. P. Manginell, M. A. Samara, B.-I. Kim and B. C.
Bunker, Science, 2003, 301, 352; (b) C. Xue, B. C. Choi, S. Choi, P. V.
Braun and D. E. Leckband, Adv. Funct. Mater., 2012, 22, 2394.

10 J. Hou, Q. Shi, W. Ye, P. Stagnaro and J. Yin, Chem. Commun., 2014,
50, 14975.

95 11 (a) J. Hou, Q. Shi, P. Stagnaro, W. Ye, J. Jin, L. Conzatti and J. Yin,

Colloids Surf., B, 2013, 111, 333; (b) W. Ye, Q. Shi, S.-C. Wong, J.
Hou, X. Xu and J. Yin, Biomater. Sci., 2014, 2, 1186; (c) Q. Shi, Q.
Fan, W. Ye, J. Hou, S.-C. Wong, X. Xu and J. Yin, ACS Appl. Mater.
Interfaces, 2014, 6, 9808.

100 12 J. Cho and D. F. Mosher, Blood, 2006, 107, 3555.

13 H.J. Gabius, Angew. Chem., Int. Ed. Engl., 1988, 27, 1267.

14 H. Yin, T. Akasaki, T. L. Sun, T. Nakajima, T. Kurokawa, T.
Nonoyama, T. Taira, Y. Saruwatari and J. P. Gong, J. Mater. Chem.
B,2013,1, 3685.

10s 15 (a) S. Y. Yang and M. F. Rubner, J. 4m. Chem. Soc., 2002, 124, 2100.;

(b) X. Pang, G. Cheng, R. Li, S. Lu and Y. Zhang, Anal. Chim. Acta,

2005, 550, 13; (c) P. Roach, D. Farrar and C. C. Perry, J. Am. Chem.

Soc., 2006, 128, 3939.

16 (a) J. W. Semple, J. E. Italiano and J. Freedman, Nat. Rev. Immunol.,

2011, 11, 264; (b) M. Leslie, Science, 2010, 328, 562.

17 C. Ribaut, K. Reybier, O. Reynes, J. Launay, A. Valentin, P. L. Fabre
and F. Nepveu, Biosens. Bioelectron., 2009, 24, 2721.

o]

110

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



