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ABSTRACT: Alhough cowalent organic frameworks (COFs)
have samed significant interest in separation applications, the use
of COF: in bhiomolsonls separation remains ared We
emmmined the ionic O0OF PrBPf"'—ﬂ-ﬂF:l:ninn::dunF
material for biomoleonle == After characterizing the
Fmpﬂ.iﬂ of the synthesized COF with a variety of techniques,

binding experiments with both large and small biomolecoles were
Pﬂ:ﬁrmnﬂ.H‘;h h:[lhnn:q_:n:i:ﬂnf:mm:ﬂ&uih
different hydrophobicity and charge, ax well as proteins of different
imoeleciric points and mol soular weights, were determmined in batch
equilibrinm epperiments. Desorption experiments with mixtores of
modd proteins demonstrated an ability to smccesfully separate
nn:[lmt:ininm:mﬂ:ﬂ:uilhl:lu lchi:lilil.]rhnmlhei:mﬂlnb:a
combination of the kodectric point, icity, and ability to
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thnjﬂhmauiﬂ.ﬂunl,hmhﬂm.mﬂ&ﬂ?rﬁ?f*—mth::Phida:mhlnrhlﬁ

anion exchangs biomolsoule s=jaration material

EEYWORDS: covalend organic framéwork, bisggparation, ion éochange chromatography, proféing, amine acids

1. INTRODUCTION

Bioseparation of proteins and enzymes is of high practical and
Eﬂ,mﬂpﬂﬁ:mﬁmin!#nﬁnmuﬂm}fﬁnhhm
been devoted to different conventional I:-nl:l:nii]u.u such as
tion, and more recently, membrane-based methods have been

for purification and separation of binmolecules”
Desired traits of adsorption-hased media include high capadity
[m",:m bound per milligram sorbent], selectivity EI:II-‘FIII
target bownd/total milligram bound), and reuse potential
Hﬂ:-::[n:i]" 5 & methods sach ax ion -:u:lnn!:e
cl:lum:t-u,:gh}r ﬂ_}:uul:iqu.i-u-uﬁrﬂu:ﬁu‘mnﬁnnuﬂ
reasons in addition to the high swrioe arm per onit voluome
ﬁm*"IE{:ilnnm::pnmﬁlmcﬂm-ﬂﬁrﬂurﬁabh
sepanation of proteins and enzymes of interest and is based on
the conrdinafion reaction betwesn accessible amino adds on
the surbce of a biomol=cule and exes bound to

universality, and applcability for khrge-scale industrial
purification "~ However, the deadend porous structume,
comphicated pretreatment, and long seperafion tme due to
the amorphous structure can restrict its biomolecule
pusification efficiencies'” To minimize some of these draw

0 3N Amwricen Chemical Sock iy

?mis Publications

35009

hi:k::nﬂuﬂﬂn:edﬁ:ﬂu‘phnnnp:i}rnf:ﬁnrhnu,
miform materals with inoeased srface

areas are hi diesired.

materials with E!: mical lhl:il:_r Thes= [propeer-

ties have made them mitable candidates for a wide variety of

by changing the precumoms, substitnents, and post-synthesis
treatment, COFs with different properties and functionalities
can be constrocted. hm:inrcunliﬂu:imwﬂ l]'nlben'::i:!;:
E[}Fllﬂi:nmh:lu’h}ﬂnfhubi::ldihdnmnﬂnﬂﬂ]tﬁ
build the material, layer by bhyer, through pi stacking Too
much h}ﬁ'ﬂphhd}r wiuld limit the strength of non-covalent
imteractions with wgeted moleculex 1y Altermately, COFs
that incorporate jonic building blods would permit charge-
based interactions for the devel of functional COF
binl-:[r:lﬂtinn media. Ionic C0Fs have been Prlnim:ll}" e
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Scheme 1.
acids) and [b) adsorption of birger biomolecules (proteins)
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However, to the best of oar knowledge, the
mnfluu:mﬁalmﬂdnn!emm*fnrhumnkmk
separation has not been extensively studied
Recently, frameworks with metak as part of ther

architecture have besn rl:[l-ult-nﬂ for le:un l-:[ﬂnlinn.rl_zﬂ
stahility and the posibility of metal leaching have made metal-
free organic frameworks preferable for adsorption purposes. In
addition, traditional ion exchange media have adsorptive
Eroups bound to the hctﬂ'vu!m:m material such as
Sepharose, which & a cos-nked polymccharide disphying
different binding properties duz to polydispersity and
distribution of fncional on the stocture. The high
aystallinity and sthility of COFs will provide well -patiemed
ﬂm‘phnnntﬂm:mﬁn:ﬂihnmhrpnpﬂtﬂ Herein,
we 5 imed @ mentral 1,1 dased COF and
through chemical modificotion buik a positively charged
COF to emmine ax an [BC medinm. Two different strategies
were envisioned for adewption. As shown in Scheme 1a,
dumcllwihnlh: COF permits adsorption of low-mol ecolar-
materiak within the porow netwody while hrge-
biomolecule adsorption was hypothesized to be primarily a
swrfce event with the caveat that maolemules conld '-li[r"
into or partially penetrate the material (Scheme 1b).
The cationic bipyridine-hased COF was characterined, and
set of six amino adds as well as three different proteins

2. EXPERIMENTAL SECTIOMN

2.1. Synthesis of Py-EPy™—COF. A method adapied fomm Mi et
gl wa followed fr caionic COF (Py-BRY" —COF) smbsi™
Briefly, the 2.2 BPy-DCA monomer {04 mmol, &5 mg) and Py-TA
Enker {002 mmal, 113 mg) were mired in mesitylene/diomne’s M
HOAc (55571 by wol: 1.1 mL) inside a 10 mL Pyrex tohe After five
cpdes of feeze—pomp—thaw tratment, the readion procesded at
120 °C for & days inan oven The neotral Py BPy—O0F was ob tained
after filtration, D] water friple wash, and vacoum-drying ovenight a
&1 °C. The neomal PpBEPy—{C0F was then mived wih 13-
dibramoethane (194 molr rafio of PpRPy—COF 1 2dibromao.
ethane] in niroberzene and reflored ovemight. Consequently, the
cationic Py-BPy* —COF was obiined afer Stration, acetone wash,
n.i':nmmdrjl:gnmwuﬂ °C in the form of an arange
F 22, Biemelecule Adsorption. A grogp of six amino adds and
three profeins were selected as made] biomaol ecoales for captore and
redeane tx To evduate the bathemal adsorption e
ance of PyRP™*—O0F, biomaleonle agquoeons sobotiors in 20 mb
sadiam ph h.tthﬁl'l.ﬂfﬂmtnmunﬂm: g fram QL0
l:n3.l]mgmL' were ol trasonicaly mived with —COF (0Ll
n'l.s:ln.trnm'l.ltmpﬂ'm for & min. The concentrations of aminag

adds (st 210 rem) and pmtens (ot 280 rm) were andyzed osing
'[.J"u"—'ruqt:lm:nq:j' after Py- —EQF:qnmlnnrhmﬂf:gna
tion. Based om the following eqouation, the adsorpfion capacity at each
interval was detenmined

{c,— v
m (1)

where (g mgm") & the adsorption apacity, C; (ug mL™") & the
initidl protein concentrasion, C (g mL™") & the residual proten
concentraion in ghe sopernatant, ¥ {mL) & the wibome of the initial
sabation, and m (mg) & &ie amoant of — 0P,

23, m;mmmmwmdm’*—m
To churacterine protein desarption, Py.BPy""—COF was fimt treated
with different proteins at 20 mg mL™' concentration After solid
recovery throogh centrifogation, ghe treated Py-BPy™ —COF samples
were incohated with 300y of 2 M Mall solotion for 5 min. The
mirigres were HLMrpmnndﬂthmmm“t
sabjected to trichloroacetic add (TCA) facetone predpitation. Briedly,
3 uL of the TCA solotion was added to 300 uL of the treated
soperrafans ad vorexed for 10 5 The solotions were cenirifoged for
3 min, and 300 yl of dcecnld acetone was added to #he decanted
supermatnis The precipimtes were then air<dded for 3 min and
dissolved in 10 uL of § M area. The solotions were mived with 15y
nfprﬂﬂ:hﬂqd}tnnﬂhﬂ:ﬂi:rthlﬂ“l:mm&
profein. The presence of protein in the mivhores was visnalized osing
15% polmorplamide SDE—PAGE Afier kading the solotion o the
gel, the samples were resolved for 40 min ot 180 V. Tlimasely, the
g&m“dhyﬂmnﬂﬂthhﬁprﬂnfnlﬂﬂmd destained
owernd

The biamalecal e quansification was performed osng high- perform-
ance Bqoid chromatography (HPLC) osng a 1380 Infinity HFLC
instrament [Agilent Technologies, Santa Chim, CA) operated in the
rmphutmnﬂt.ﬁlmnﬂlﬂnﬁmnfrmhm&m
size 250 x 486 mm (Tarrance, CA), was employed & fhe shthmary
phase For the mobdephase, I water and acetoninile at o fow rate of
1 ml/min, with A# bnear gradient warping from 15 to 70%
aoetonitsle were used A diode ooy detector for UV absorbanoe
was used for detedtion tﬂn&prﬁhﬁ&ﬂaﬂnnluﬂlﬂ:ﬂh
of 280 and 210 nm for proten and amino add, respectively.

24, Characterization. A frarsmisson electron microscpe,
JEOL-1011 (JEQL-USA, Peabody, MA), was applied for stnoctare
and marphology analysis of synthesized COFs Powder Xemy
diffraction (PXED) patterns were determined wsing a Broker DA
ADVAMCE ECD pn'u'dn' diffractameter i:|:|u'i.l:nd at #0 kY and X5
mA Foode transform infrasd (FTIR) arabysis of O0OFs was
perfarmed and FT-IR spectra were recorded on o Micols 8700
{Thermafisher, USA) FT-IR spectrometer Xeray phomeledron
spectrascopy (APS) measarements were analyzed usdng & VersaPmbe
stution |Physical Fledvonics, Chanhassen, MM with a monachra.
matic Al K beam. The bienalecale adsorption measmrement was
carrded oat using a Peechman Coalter DL 800 TV -Yis q:u:qu:l:na
tameter | Bedoman Colter, Bea, CA).
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Scheme 2. Schematic illustration of Py-BPy™ —COF synthesis: (a) synthesis of Py-BPy—COF and (b) tmndformation of Py
BPy—COF to the cationic Py-BPy**—COF
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Iﬁ-t 1. {n.]l FT-IR spectra of O0OF:. The apperance of meghylene {—1:1-[1—} indicated the soocessfol trestment of Py-BPy—COF wth 12-
ditwormnaethane fo obtain Py.BPy"—C0F. (b) PXRD pattems of OO

1]

Figure 2. TEM claractesimtion of {a) Py-BPy—COF and (b) PyBPy™—COF.

3. RESULTS AND DISCUSSION forms ax well ax the bromide anion The PthPf"—mF
3.1. Preparation and Characterization of Py-BPy®—  Ditrogen Is peak was deconvoluted into two peaks appearing at
} 397 and 399 £V, ass to the imine and diquat forms of

CI:F._ Py-BFy—COF was I'Fﬂ‘llllil:ﬂ] by Il:u: sl vothermal ; " I'.l" - 51:}.E.ﬁ.l the ni
I.'ﬂ:_l:I:lI:l l:l‘:: PrrT.It amd I,I-BPr_rtlﬂzh in diomane uﬂ' ﬂEPr’BPr‘—mF“&I ted - in the of
mﬂl]htlnﬂtpﬂmnfﬂtt_aﬂ{‘_&dﬁmh}. hhcl:nﬂprﬁnqlﬁ:hﬂdiﬂnnfnim!matm:v“
The yellow Py-BPy—COF was then mived with 1, 2dibomo- yyribuged to the highyidd transfrmation of pyridines to
ethane and refluxed in nitobenzene Micooystalline Py

diquats in PpBPy™—COF after treatment with 1, 2-dibaomo-
BFy*—COF was obtined in a 75% yield in the form of an ethane, in which no signal comesponding to pyridine nitrogen
was detected = Moreover, the Br 3d XPS showed a
peak at the binding energy of around 6.4 £V, attributed to the
formation of the bromide anion and cydic alkylated diquats in

nnnl;:lniﬂ{&hm:ﬂ:}.u
To validate the mccess of synthesis, COFs were primarly
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Figure 3. Adsorpsion capadiy of Pp-BPy™—COF toward (a) difierent amina acids and (b) diferent proteins.

the Py-BPy* "~ COF stcture. The detected peak at 2 binding
m:rmfnf:l’mnﬂﬁ?_'le\'m to bromoalkens dus to
llu}i:rnnhnn of the lnear alkyhted diguat species (Figure
51b).

The stretches of imine (C=N) bonds were detectad at 1620
on™ for both neutral and charged samples in FTIR spectra.
Meanwhile, the peaks corresponding to the stretching vibration
-nfmdh}'lm: [—ﬂ-lr} were detected at 2923 and 2R50 am !
i :E‘}""—{:I}F, whil= Ihe:,rm ahze=nt i the P}bﬂ'}-—
COF spectum. These signals indicated the & of the

goups attached to PyBPy* —COF after treatment
with 1,2-dibromoethane (Figure 1).

To confirm the oystlinity of stroctures, PXRD i was
carried ont (Figure 1b). The PXRD patterns of Pp-BPy—COF
exhibited main diffraction peaks at 116, 4.59, 5,38, 9.68, 1294,
and 23.78°, which are assigned to the (100), (020), (220),
(330), (440), and (001) facets, respectively, confirming the
aystalline structure of the prepared PPBP}-—'[:I}F.'T" Compar-
'l:!; the PXRD patiems, PPE'}J"—{:I}F = as u]:l:‘nc with
the -ul:ﬁpmﬂ condmmation as P}bBP}H—ﬂ}F, 'nlinl:in!;ﬂnl:l:lu
framewndk Cornpw it o remained lu.ndnnFﬂ afber the attach-
ment of the = group.

PXRD analyis was wellsupported by cormesponding
transmission electron microscopy (TEM) images. As shown
in Figure % periodic porous fameworks were formed, and the
existence of lattice & confirmed the high degree of
u]ﬂnﬁfﬁrh&ﬂﬂFLThndm:Fﬂ:F:tﬂu
distinct channel siwes of 257 and 2.15 nm for Pp-BPy—COF
amad P}bﬂ'f"—ﬂﬂﬁ respectively. The formation channels
wiith the smaller sze in P}"-BP]""—'[:I}F werne attriboted to the
cpclic and Enear allylited diquats after treatment with 1,2
dibromoethane [:[-:Em 53). These observations were con-
sistent with diameter size distilution messur=ments
ahtane=d simulated COF structures =

3.2. Adsorption of Biomolecules Using Py-BPy™—
COF. For the adsorption capacity evaluation of PpBRy*—
COF, the binding cpadties of different amine adds
I:I:]T-hflnn, kucine, alanine, hidtidine, aspartic acid, and
!nhnic:u:iﬂ}:l well ax three model proteins [qtn-:l:l'nmcc,

e, and bovine serum albumin (BSA)] were inwves-
tigated. The binding abibity of Py-BFy*—COF was primarily
explored for aming adds of different hydmophobicties in o pH
78 buffer We smed that the adsrption of low
molecular hiomolecules takes place within the porous
network [Scheme la). Morsover, P]P-BP]P—{:(}F represents

an anion exchange material, and since it s positively charged,
the PH of = 3 experiments  was than the
isnelectric point (pI) (Tale 51). As shown in Figure Ja, the
binding murves demonstrate mtunation (type I) curves
imdicative of Langmmir-style adsorption. Different saturation
capacities ranging from 046 to 41.1 gg mg~" for the amino
acids were olwerved ]",Ib:ln'u:imu.m :-li-nr[ﬂinn
l]fmnbhnnﬂﬁrm:u&ﬂihlmplﬂml,
bhydrophobicty scales, and steric hindrance where the
saturation ufnr:upnlhc:uﬂmﬂ*.hmt:uﬂ“m
ﬂﬂuﬁnﬂﬂmhm“ﬂillﬁm! ¢ nespectively. On the
lkeucine than that of alanine and histidine, their ads 3
capacities wene kwer. This mized-mode bshavior indicated
that mturation can be atiributed to hydrophobicity, steric
siructure of Py-BPy*—C0F. It i important to note that the
neutral Py F showed very bow amino acd adsorpts
EHE‘LLT\E 54). o summarnize, the adsorption capacity
Hr:i::mhnaﬁ&imﬂr:b'g;hﬂmﬂr:hmtm*hmi:
add > aspartic acd > histidine > alanine > leodne >

tryptophan.

The adsorption capadity JPPH'}P—CI}F wax forther
characterimed with proteins of different sipes and molecolar
weights in pH 10y 12, and 7.8 buffes for cytochrome o
hsozyme, and BSA, respectively. Similar to the amino acd
studies, there was minimal interaction between the negatively
charged proteins and newtral Pp-BPy—COF [ Figwe 54). The
EﬂmP}bBPf"—ﬂﬂlF acts a5 an anion exchangs material
with the unique caveat that protsing may di |nl:nnrp-|:n|:h=l:e
ﬂr:mmﬂ:p-:ni:!:mdulm: Ehdiﬂuc 1k). The
ﬂw@m-n&mhmnﬁcﬂaw
Tmﬂ_ﬂmﬂl.ﬂm!;
ml ~ ,mlp-u:h\d}'[[-:;gmt.]h}.ﬂhduﬂhu'hnﬂ,ﬂu
binding abilty for BSA wes mather poor. The satumnation
npn-l:il]'ﬁrqtnd:umccﬂ ﬂmumf",ﬂikfw
ll-m:nﬂlﬁp‘u! IEI[I-EI:I:I'!'EI}'

ﬂb‘l‘lml}" P}"BP}'I"—E[}F showed l‘hﬂ' ﬂm‘[ﬂlm
capadty for cytochrome © than that for the other two proteins.
ﬂ}tﬂdﬂmet::ﬂiﬂnpﬂmhﬂlﬂimmm&wﬁ

h}inﬂ}rmmcninufljnm. As the pore dismeter of
P}bﬂ'f"’—ﬂﬂFﬂﬂm it is reasonable to asmume that
cytochrome ¢ was adsorbed both on the surface and within the
memmd"ﬂzﬂﬂFujﬂﬂ.Th:hwﬂmPﬁnn
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Figure 4. SDE-PAGE amalysis of (2] optochrome ¢, (b) Iysoeyme, and {c) BSA promein desorption using TCA protein predpitation. For
chrame © and Iysozyme, lane | represents the Mw markes, lane 1 represents protein prior to the teatment, and lane 3 shows
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Figure & Selectme protein separation using Py-BPy" —~COF. (1) Schematic ostration of selectvity, (b) HPLC cames, and (c) SDS-PAGE

analysis of profein sclectivity assay.

charge since the protein i shghtly larger, viz, a 143 kDa
protein having 129 amino acds with a hydmodynamic adin of
1.9 nm. Finally, despite the brge difference between the pl and
binding buffer in the case of BSA,; this last modd protein was
not effidently cptured ¥ PpBPy*—COF acted ke a
common B material withouwt sxdmion cﬁdr, ithe h'F
Hmhdump]mﬂpﬂnfﬂuﬂpuinduudﬂ,n
prindple, promote binding because Regroups would be
negatively charged. Significant binding was not observed and
therefore conld ke attributed to exdhsion sSnce BSA is 2 S84
kDa protein with 607 amino adids and a hydrodynamic radius
nfﬂm_ma.ﬁnrnhqﬁmu—'[rnwrnlmﬁmﬂui

and h=nce exhibited a hurmhrnfbnmﬂpm&in
nn-:l{nmﬂl:n i:mﬂ'r.u,u.r.hnlh:runnﬁ,l:lu

ion charactsristics could be ﬂlﬂ-'uﬂi:llnmlnfl"n:
and charge It & worth noting that PpBRy**—COF
demonstrates high stability in the operation range of pH
(Figare 55).

3.3. Biomolecule Desorption and Selectivity of Py-
BPy**—COF toward Target Proteins. After treatment with
biomaolscnles, aming acds and 1 m:ﬁiﬂﬂi‘m?r
BRy*—COF to evaluate the desorption alility. To study the
amino acd desorption of Py-BPy* *—COF, ghitamic acd was
_ﬂ-nmnﬂ?rlh’*—ﬂﬂ?{ﬂ.l q}“ﬁpmﬂhn
pH 78 buffer solution containing 3 mg mL™' ghtamic acd
wﬁﬂzni:nndﬂn‘:ﬁnnluﬁmlxi:‘ﬂrn-ﬂh
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PPE'}P—{:[}F, ithe :T-:rnnhntaﬁﬂ'P}u-BPf"—ﬂﬂF tr=ait-
m-ml,:nﬂlheehtcmqn:nﬁhﬁml}'md}'rdningmlﬂ-
Dnhnnnﬁmdlhﬂtl.}ﬁnf!mi::dﬂmahhﬂh}'P}b
BPy*—COF (Figure 56).

As shown by SDE—PAGE analyses, major bands assigned to
cytochrome , lysoayme, and BSA were detected prior to the
treatment (Figure 4). However, only a hand assigned to
desorbed cptochrome © was detected after the treatment,
demonstrating the selectivity of PpBPy*—COF toward
cytochrome ¢ (Figure 4a, lane 3).

The rensability of Py-BPy*—(C0OF was examined for the
:Tunﬁnnnfqm:hlmtxamﬂdput&iinwﬁchﬂu
adsorhbent remained intact and fonctional after at least five muns
(Figure 57).

The Pml:&i mlﬂ:li'lil.]f:ln}" JPPBP}J*—{:[}F wax carrisd
out using a protsin mivure contiining cytochrome o
sozyme, and BSA Afer dipending and incobating the

in mizre in a 10 buffer solution containing Py
BRFy*—COF, the mirture of proteins, supematant, and the
elute were quantitatively analyzed using HPLC. As shown in
Figure 5h, the presence of the three inx i the mixtone
(blue line) was confirmed After adsorption, 87% of
cytochrome © remained in the supematant, while the amount
of other proteins ementially remmined unchanged (red line).
Importantly; only a single peak pertaining to cytochrome c was
detected in the lut= [bh:kin:},lbnﬂi:g!hﬂtllﬁufﬂu
ﬁﬂhﬁﬂﬁqﬂ&l’mctmwwp}bmf—mﬁ
Ths HPLL qn:nﬂﬂlinn was further confirmed b}f D5—
PAGE Ax shown in Figure 5S¢ only a band indicafing the
selective isolation of cytochrome © was detected (lne 3), while
Ihepmmnf[rmtcin:mluunﬁrmuﬂhﬂupmtehnim
(hne 2). The excellent selactive separation of cptochrome ©
w::th'huﬂmﬂu[mﬁﬁﬂl}rchﬂrﬂmufP}bﬂPf*—
ﬂ[}F:tﬂurmlin!:PHawdlaﬂuujﬂzlhpmm
stmucture which provided different affmity interactions. Also,
the band intensity should not be construsd with sel=clivity or
capacity becamme of the difference in dilntion betwesn each
experiment. The result confimmed the practicability and
selectivity of P}n-BP}'!"'—'[:[}F toward protein adsorption in

4, CONCLUSIONS

Tl:cm-ufP}f-BPf"—ﬂ}Finﬂu separation of biomolecules
with different h}&nfbu-l:i:il}r scales, sives, and molecubr
weights was explored. Due to its orystalline porous strocture,
P}bﬂ'f’"—ﬂﬂF demonstrated the desred Pru[l-u'liu of a
binmpnﬂlinn medimm  that mduoded |:'1;|: capa ity amad
:*cﬁti]tlhlhumxﬂlxih metal-res natwe makes
itx nni-lhq'::nIEﬂ medmm waorth the continued

development.
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