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Abstract   In this study, an amine-reactive poly(pentafluorophenyl acrylate) (PPFPA) platform was developed for advanced surface engineering

of  next-generation  sequencing  (NGS)  chips.  Through  post-polymerization  modification, PPFPA was  functionalized  with  dual  moieties:  azide

groups for covalent immobilization of DBCO-modified DNA primers via click chemistry and tunable hydrophilic side chains to optimize biocom-

patibility and surface properties. Systematic screening revealed that hydrophobic azide carriers combined with neutral hydroxyl groups maxi-

mized the DNA immobilization efficacy, approaching the performance of commercial polyacrylamide-based polymers. The negatively charged

carboxyl groups severely impede DNA primer attachment. Higher molecular weight derivatives further enhance the efficacy of DNA immobiliza-

tion. In NGS validation, optimized surface modification polymers achieved robust surface density of clustered DNA and high sequencing accura-

cy, surpassing quality benchmarks and comparable to those of conventional analogs. This platform demonstrates significant potential for tailor-

ing high-sensitivity surfaces for genomic applications, advancing clinical diagnostics, and personalized medicine.
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INTRODUCTION

Gene  sequencing  is  a  cornerstone  of  modern  biotechnology,
playing a pivotal  role in applications such as detecting genetic
diseases in newborns,[1,2] diagnosing infectious diseases,[3,4] and
guiding  personalized  medicine.[5,6] With  the  ability  to  provide
critical  insights into genetic  information,  gene sequencing em-
powers individuals and healthcare providers to make informed
decisions, ultimately leading to improved health outcomes and
quality of life.[7] Since the 1970s,[8] gene sequencing techniques
have  undergone  explosive  development  and  have  become  an
indispensable  tool  in  modern  biological  and  medical  research.
To date, significant cost reduction [9] and substantial increase in
throughput[10] have  enabled  large-scale  genome  projects  and
precision  medicine  research.  In  the  field  of  clinical  diagnostics,
gene sequencing has become a powerful tool for early disease
detection[11] and risk  assessment,[12] enabling the identification
of genetic predispositions to various conditions,  including can-
cer[13] and hereditary disorders.[14]

Early developed DNA sequencing methods, such as Sanger
sequencing,[7,15] have  long  been  regarded  as  the  "gold  stan-
dard"  due  to  their  high  accuracy  and  reliability.  However,
these  methods  are  limited by  their  low throughput[16,17] and
labor-intensive[18] processes.  Next-generation  sequencing
(NGS) techniques have revolutionized the field by simultane-
ously  enabling  high-throughput  sequencing  of  a  large  num-
ber  of  DNA  fragments.[19,20] Despite  these  advancements,
challenges  remain  in  achieving  sufficient  detection
sensitivity[21] and efficiency[22] particularly for the immobiliza-
tion  of  DNA  probes  on  sequencing  chips.[23,24] Briefly,  the
main procedures of NGS techniques include fragmented gene
library preparation, sequencing by synthesis (SBS),[25] and da-
ta  analysis,  among  which  bridge  polymerase  chain  reaction
(PCR)[26] during SBS is one of the most crucial steps. In bridge
PCR,  the  surface  modification  polymer  must  be  both  highly
reactive  and  selective  to  immobilize  DNA  primers  on  se-
quencing  chips  and  possess  good  biocompatibility.[27−29] In
current  commercial  NGS  solutions,  DNA  primers  decorated
with dibenzocyclooctyne (DBCO) are grafted onto the surface
of  sequencing  chips  coated  with  azide-carrying
polymers,[30,31] which  must  be  hydrophilic,  biocompatible,
and compatible with bridge PCR. To fulfil these requirements,
the surfaces  of  slides  or  specialized structures  are  often sub-
jected  to  chemical  treatment  with  silanes,  polyethylene  gly-
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col,  pluoronics,  proteins,  or  other  surface  modifying  agents.
These  surface  modification[32−34] chemistries  typically  lack
precise  stoichiometric  controls.  In  Sanger  sequencing,  poly-
acrylamide (PAAm)[35] was used in capillary electrophoresis to
separate  DNA fragments  of  varying lengths,  exhibiting good
biocompatibility. Consequently, when attempting to develop
NGS  techniques,  PAAm  was  naturally  chosen  for  the  surface
modification of sequencing chips.[36] Therefore, there is a lack
of  systematic  research  on  other  biocompatible  hydrophilic
polymers as sequencing chip surface modification agents and
their performance in gene sequencing. Existing surface modi-
fication strategies for NGS chips have limitations such as com-
plex  procedures  and  imprecise  stoichiometric  control,[32−34]

creating an urgent need for more efficient and adaptable so-
lutions.  Many  current  methods  involve  multiple  steps  and
harsh  conditions,  which  not  only  increase  the  risk  of  opera-
tional  errors  but  also  lead  to  higher  production  costs  and
longer  processing  time.[32] Furthermore,  some  methods  lack
sufficient  customization  flexibility,  restricting  their  applica-
tion across different sequencing platforms and in various sce-
narios.[33]

In this study, we attempted to develop a universal polymer
platform,[37] poly(pentafluorophenyl acrylate) (PPFPA), which
can effectively graft azide[38] and hydrophilic side groups[39] in
a  post-polymerization  manner  (see Fig.  1a).[40] The  PPFPA
platform[37] addresses these challenges by providing a simpli-
fied,  efficient,  and  cost-effective  surface  modification  ap-
proach.  Its  design  allows  for  precise  control  over  the  stoi-
chiometry  of  functional  groups  on  the  chip  surface,  enhanc-
ing  the  DNA  probe  immobilization  efficiency  and  accuracy.
The  platform's  high  reactivity  and  selectivity  ensured  robust

and stable surface modifications, guaranteeing consistent se-
quencing  performance.  In  addition,  its  exceptional  flexibility
enables  customization  to  meet  the  specific  requirements  of
various  sequencing  platforms  and  applications.  As  a  great
merit  of PPFPA,[41] the  active  pentafluorophenyl  (PFP)
ester[42−44] group  can  selectively  react  with  amine  species,
which makes it possible for post-polymerization[45] treatment
by the desired amine species. Here, we designed two types of
azide-bearing amine species, NH2-C5-N3 and NH2-EG3-N3 (de-
noted  as  monomer 1,  see Fig.  1a),  to  react  with  a  small  por-
tion  of  PFP  active  esters  to  immobilize  the DBCO-P7LG and
DBCO-P5LU primers.[46,47] Consequently,  four  different  kinds
of  amine  species  (denoted  as  monomer 2,  see Fig.  1a):  iso-
propanolamine  (IPA),  glycine  (Gly),  3-aminopropanamide
(APA), and ammonia solution (AS), were applied to consume
the  rest  PFF  ester  groups,  introducing  versatile  hydrophilic
functionalities and charge states. The resulting polymers with
different combinations of monomers 1 and 2 were applied to
the surface modification of the NGS chips. DNA primer immo-
bilization efficacy and gene sequencing performance were al-
so investigated.  Through systematic comparison of  function-
al  groups,  molecular  weight,  and modification conditions on
the basis of the PPFPA platform, we obtained optimized sur-
face modification polymers that demonstrated superior  DNA
primer immobilization efficacy, preserved probe functionality,
and  sensitivity  comparable  to  commercial  PAAm-based
copolymers.  These  results  highlight  the PPFPA platform's
great  potential  of  the  PPFPA  platform  for  designing  and
screening high-performance surface-graft  polymers for  more
advanced  NGS  applications,  offering  significant  promise  for
clinical diagnostics, personalized medicine, and advanced ge-
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Fig.  1    Schematic  diagram showing (a)  the post-polymerization transformation of  the PPFPA platform by amine species,
and (b) the covalent anchoring of the surface modification polymers.
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nomic  research.  Furthermore,  the  versatility  of  the PPFPA
platform suggests  that  it  could be adapted for  use in a  wide
range  of  detection  systems  and  assay  formats,  potentially
broadening  the  scope  of  genetic  testing  and  enabling  more
precise and efficient genetic analyses in diverse research and
clinical settings.

MATERIALS AND METHODS

Materials
2,2-Azobis(2-methylpropionitrile)  (AIBN)  was  purchased  from
Sigma Aldrich. Pentafluorophenol, prop-2-yn-1-yl(3-(triethoxysi-
lyl)propyl)carbamate, N-(3-dimethylaminopropyl)-N'-ethylcar-
bodiimide hydrochloride (EDC·HCl), ethyl azidacetate, tert-butyl
(5-aminopentyl)carbamate,  were  purchased  from  Bide  Phar-
matech Co., Ltd. 3× Saline sodium citrate buffer (SSC) were pur-
chased  from  Beyotime  Co.,  Ltd.  Acrylic  acid  and  2-azidoacetic
acid were purchased from Aladdin Biochemical Technology Co.
Ltd.  Dichloromethane  (DCM),  petroleum  ether  (PE),  ethyl  ac-
etate  (EA),  diethyl  ether,  1,4-dioxane,  tetrahydrofuran  (THF),
methanol,  ethanol,  isopropanol,  hydrochloric  acid  (HCl),  1-hy-
droxybenzotriazole  (HOBt),  triethylamine  (TEA),  isopropanol
(IPA), glycine (Gly), 3-aminopropanamide (APA), ammonia solu-
tion  (AS),  and N,N-diisopropylethylamine  (DIPEA)  were  pur-
chased from Shanghai Titan Scientific Co., Ltd.

Synthesis of PFPA
In a round-bottom flask equipped with a magnetic stirrer, 7.11 g
(98.0 mmol) of acrylic acid and 20.0 g (108 mmol) of pentafluo-
rophenol were dissolved in 140 mL of DCM. 22.7 g (119 mmol)
of EDC·HCl dissolved in 140 mL of DCM was added dropwise to
the  flask.  The  reaction  was  performed  for  12  h  with  vigorous
stirring at room temperature. The product was washed 3 times
with saturated saltwater and dried over MgSO4. After removing
the solvent,  the product was purified by column chromatogra-
phy  using  petroleum  ether  (PE).  The  product  was  isolated  by
solvent evaporation and further dried in a vacuum oven at room
temperature to yield a light brown liquid. Yield 17.0 g (72.0%).

Synthesis of PPFPA
PFPA and AIBN were added in a Schlenk flask at a certain ratio.
Then,  2.00 mL of  1,4-dioxane was  added to  the flask.  The flask
was  then  purged  with  nitrogen  for  30  min  to  remove  oxygen.
The flask was sealed and placed in an oil bath at 70 °C for 24 h.
The product was precipitated twice using cold methanol. Final-
ly, the resulting white product was dried overnight in a vacuum
oven.

Synthesis of N-(5-aminopentyl)-2-azidoacetamide
(NH2-C5-N3)
428  mg  (4.23  mmol)  of  2-azidoacetic  acid  and  714  mg  (3.53
mmol)  of  tert-butyl  (5-aminopentyl)  carbamate  (714  mg,  3
mmol)  were added to a  round-bottom flask,  followed by addi-
tion of 10 mL of dichloromethane. Subsequently, 572 mg (4.23
mmol)  of  HOBt and EDC·HCl (812 mg (4.23 mmol)  were added
to the mixture. The reaction was carried out overnight in an ice-
water bath at 0 °C. After completion of the reaction, the mixture
was washed with saturated brine. The solvent was removed by
rotary  evaporation,  and  the  tert-butyl  (5-(2-azidoacetamido)
pentyl)  carbamate  residue  was  dried  in  a  vacuum  oven
overnight.  An appropriate  amount  of  dried  sample  was  added

to an ethyl acetate solution of HCl. The mixture was then stirred
overnight at room temperature. After the reaction, the solution
was concentrated via rotary evaporation to obtain NH2-C5-N3 as
a white solid, which was then dried overnight in a vacuum oven.

Synthesis of P(N3-PFPA)
250  mg  of PPFPA was  added  into  small  glass  vials  and  dis-
solved  using  50.0  mL  of  THF.  Subsequently,  38.8  mg  (0.0170
mmol) NH2-C5-N3 was  added,  followed  by  the  addition  of  100
µL  TEA.  The  reaction  proceeded  for  2  h  at  room  temperature.
The product  was  precipitated,  washed twice in  cold methanol,
and filtered for  collection.  Finally,  it  was  dried overnight  under
vacuum to obtain P(N3-PPFPA).

Synthesis of P1(N3-OH)
50.0 mg (0.210 mmol)  of P(N3-PPFPA) with molecular  weights
of  7×104 and  2.3×105 g/mol,  respectively,  was  added  to  small
glass vials. The polymer was completely dissolved using 1 mL of
THF.  Subsequently,  13.1  mg (0.175 mmol) IPA was  added.  The
reaction  was  allowed  to  proceed  overnight  at  RT.  The  product
was  precipitated,  washed  twice  with  diethyl  ether,  and  cen-
trifuged  at  1×104 r/min  for  10  min  to  collect  the  product.  The
collected product was dissolved in water and freeze-dried to ob-
tain P1(N3-OH).

Synthesis of P2(N3-COOH)
50.0 mg (0.210 mmol) of P(N3-PPFPA) with a molecular weight
of  2.3×105 g/mol  were added to small  glass  vials.  The polymer
was  then  completely  dissolved  using  500  µL).  Subsequently,
13.1 mg (0.175 mmol) of Gly was added, followed by 500 µL of
H2O and 10 µL of  DIPEA.  The reaction was allowed to proceed
overnight  at  RT.  The  product  was  precipitated,  washed  twice
with isopropanol, and centrifuged at 1×104 r/min for 10 min to
collect the product. The collected product was dissolved in wa-
ter and freeze-dried to obtain P2(N3-COOH).

Synthesis of P3(N3-CONH2)
50.0 mg (0.210 mmol) of P(N3-PPFPA) with a molecular weight
of 2.3×105 g/mol was added to small glass vials and completely
dissolved  using  500  µL  of  THF.  Subsequently,  15.4  mg  (0.175
mmol) of APA was added, followed by 500 µL of DMSO and 20.0
µL of DIPEA. The reaction was allowed to proceed overnight at
RT.  The  product  was  precipitated,  washed  twice  with  ethanol,
and centrifuged at  1×104 r/min for  10 min to collect  the prod-
uct. The collected products were dissolved in water and freeze-
dried to obtain P3(N3-CONH2).

Synthesis of P4(N3-CONH2)
50.0 mg (0.210 mmol) of P(N3-PPFPA) with a molecular weight
of 2.3×105 g/mol was added to small glass vials and completely
dissolved using 500 µL of THF. After allowing the mixture to re-
act for 2 h, 6.13 mg (0.175 mmol) of AS was added, and the re-
action  was  continued  overnight  at  room  temperature.  The
product  was precipitated,  washed twice in cold methanol,  and
centrifuged at 1×104 r/min for 10 min to collect the product. The
collected product was dissolved in water and freeze-dried to ob-
tain P4(N3-CONH2).

Preparation of the Sequencing Chip
The  sequencing  chip  was  prepared  using  the  method  de-
scribed by Salus BioMed Co. Ltd. The sequencing chip adopted a
sandwich-like  structure  composed  of  a  thin  glass  layer  (about
0.150  mm),  a  double-sided  polymethyl  methacrylate  (PMMA)
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tape with four channels (about 0.150 mm), and a thick glass lay-
er (about 1.00 mm). The thin and thick glass slides were cleaned
in  piranha solution (a  3:1  mixture  of  concentrated sulfuric  acid
and  hydrogen  peroxide,  highly  corrosive,  and  handled  with
care) for 1 h to expose more silanol groups on the glass surface,
followed by three rinses with deionized water. The cleaned thin
glass  was  then  modified  with  propargylsilane via a  simplified
chemical vapor deposition (CVD) method. The glass and prop-2-
yn-1-yl(3-(triethoxysilyl)propyl)carbamate were placed in  a  vac-
uum oven and heated at  130 °C for  8 h.  Finally,  the thick glass
and  modified  thin  glass  were  bonded  together  using  double-
sided  PMMA  tape  and  a  specialized  mold.  Next,  the  surface-
modified polymer solution was injected into the lanes of the se-
quencing chip. The sequencing chip was sealed in vacuum at 60
°C for 1.5 h. Afterwards, the microfluidic lanes of the sequencing
chip  were  washed  with  3×  SSC  buffer  using  a  dedicated  mi-
crochannel  cleaner  from  Salus  BioMed  Co.,  Ltd.,  yielding  a  se-
quencing chip available for subsequent use.

Fluorescence Intensity Test of Sequencing Chip
The four lanes of the prepared sequencing chip were filled with
3× SSC buffer, and then 30.0 μL of DBCO-P7LG (10.0 μmol) and
30.0 μL of DBCO-P5LU (10.0 μmol) were injected into the lanes,
and heated in an oven at 38 °C overnight. The lanes were rinsed
with 3× SSC buffer, followed by the injection of P5-CY3 and P7-
CY3,  after  which  they  were  heated  in  an  oven  at  60  °C  for  10
min. Then, the lanes were flushed with 3× SSC buffer twice and
kept for standby. Fluorescent images were captured from left to
right across the chip, and 240 images were captured to create a
composite  image  of  each  lane.  Fluorescence  intensity  values
were  calculated  using  ImageJ  software.  Lanes  1‒3  were  modi-
fied  with  the  surface-modified  polymer,  whereas  lane  4  was
modified with the commercial control polymer.

SBS Reaction on the Sequencing Chip Utilizing Four
Chemically Cleavable Fluorescent Nucleotides
Four lanes of the chip were washed with 3×SSC buffer.  The in-
strument settings were configured by selecting the appropriate
sequencing kit and chip type, with a typical "read length" of 150
base pairs. DNA sequencing was conducted over approximately
24  h.  NGS  technology,  specifically  the  SBS  method,  was  em-
ployed  to  determine  the  DNA  sequence  and  generate  a  se-
quencing  quality  report.  In  the  SBS  process,  four  fluorescently
labeled  nucleotides  with  blocked  3'-OH  ends  were  added.[48]

Owing  to  blocking,  each  nucleotide  could  only  pair  with  one
complementary nucleotide at a time. The fluorescence was ex-
cited  and  identified  using  a  laser.  Finally,  the  fluorescent  and
blocking groups  were  removed to  begin  the  next  cycle.  Based
on this report, the sequencing performance of the experimental
polymer-modified  sequencing  chips  was  evaluated.  The  se-
quences of the oligonucleotides used in this study were as fol-
lows: DBCO-P7LG bears DBCO-/iSp18//-iSp18/-TTTTTTTTTTCAA/
i8oxodG/-CAGAAGACGGCATACGAGAT  (5'→3'),  and DBCO-
P5LU has  the  sequence  DBCO-/iSp18//-iSp18/-TTTTTTTTTTTT-
AATGATACGGCGACCACCGAGA/ideoxyU/-CTACAC (5'→3'). P5C-
CY3  and  P7C-CY3  were  labeled  with  Cy3  dye  at  their  5'  ends,
with sequences of TCGGTGGTCGCCGTATCATT and TCGTATGC-
CGTCTTCTGCTTG (5'→3'), respectively. The four fluorescence-la-
beled  nucleotides  used  for  sequencing  were  A-atto532,  T-
atto640, G-atto680, and C-if700. Their specific structures are pro-
prietary  information  that  cannot  be  disclosed.  All  other  se-

quencing-related materials  were supplied by Salus  BioMed Co.
Ltd.

Characterization
A  400  MHz  nuclear  magnetic  resonance  (NMR)  spectrometer
(Bruker Co., Ltd.) was used for this test. To ensure the complete
dissolution of the sample, the test sample was dissolved in CD-
Cl3 or D2O and prepared into a solution with a concentration of
10.0 mg/mL. The chemical shift of the residual chloroform pro-
ton  peak  in  CDCl3 was  accurately  calibrated  to  7.26  ppm,  and
similarly,  the  chemical  shift  of  the  residual  acetonitrile  proton
peak  in  D2O  was  calibrated  to  4.80  ppm.  Fourier-transform  in-
frared  (FTIR)  spectroscopy  (Bruker  Co.,  Ltd.)  was  employed  to
analyze the functional groups of the polymers, with attenuated
total reflection (ATR) as the sampling technique. After drying the
sample, the powder (10.0 mg) was placed on the diamond crys-
tal  surface  of  the  ATR  accessory.  Spectral  acquisition  was  per-
formed  over  a  wavenumber  range  of  4000−400  cm−1 with  64
scans.  The  resulting  infrared  absorption  spectrum  underwent
post-acquisition  processing,  including  baseline  correction,
smoothing, and normalization, using the OMNIC software to en-
hance the quality and comparability of the data.

Size  exclusion  chromatography  (SEC)  was  used  to  deter-
mine the molecular weight and the corresponding molecular
weight  dispersity  (Đ = Mw/Mn)  of PPFPA and  the  surface-
modified  polymers.  The  chromatographic  apparatus  used  in
this study consisted of an LC-100 high-pressure constant flow
pump (Shanghai Wufeng Co., Ltd.), a Shodex RI201-II differen-
tial  refractive  index  detector  (Shimadzu  Co.,  Ltd.),  and  a  gel
permeation  column  formed  by  the  series  connection  of  a
Mono-GPC1000  column  and  KD-803  column.  In  the  experi-
ment, DMF containing tetrabutylammonium bromide (TBABr)
at  a  concentration  of  0.80  mg/mL  was  used  as  the  mobile
phase  to  prevent  adsorption  between  the  sample  and  col-
umn,  and  the  sample  concentration  was  set  at  5.00  mg/mL.
The  flow  rate  of  the  high-pressure  constant-flow  pump  was
maintained at 1.00 mL/min, while the test temperature of the
chromatographic  column  was  maintained  at  40  °C.  A  go-
niometer  (Dataphysics  Co.,  Ltd.)  was  used  to  detect  the
changes in the contact angle of the sequencing chip.  Deion-
ized water was used for water contact angle measurements. A
water  droplet  of  approximately  10.0  µL  was  dispensed  each
time and controlled automatically by a computer. After equili-
bration in air  for approximately 5.00 s,  a manual photograph
was taken.

A  gene  sequencer  from  Salus  Pro  (Salus  BioMed  Co.,  Ltd.)
was used to test  the fluorescence intensity and performance
of  the  sequencing  chips.  The  lanes  of  the  chip  were  washed
with  3×  SSC  buffer.  Fluorescent  images  were  captured,  with
240 images taken per lane to create a composite image of the
entire lane. The ImageJ software was used to calculate the flu-
orescence intensity values from the captured images. The op-
tical  signals  were  converted  into  sequences  of  the  target
bases  using  the  Basecall  software.  During  sequencing,  the
control  software automatically  invoked the Basecall  software
for analysis  and output the sequencing data to a designated
location  for  secondary  analysis.  The  typical  sequencing  read
length was 150, corresponding to 150 cycles of single-end se-
quencing with a sequencing duration of approximately 24.0 h.
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RESULTS AND DISCUSSION

Synthesis of the PPFPA Platforms and Surface
Modification Polymers
Commercial  PAAm-based  surface-modification  polymers  were
prepared by the copolymerization of acrylamide and N-(5-(2-azi-
doacetamido)pentyl)acrylamide in a molar ratio of 5:1. The syn-
thesis  of  azide-containing  acrylamide  monomers  and  the
copolymerization  of  different  acrylamide  monomers  are  often
complex  and  difficult  to  control  in  terms  of  molecular  weight
and  monomer  ratio.  Thus,  a  systematic  comparison  between
different  surface-modified  polymers  with  identical  degrees  of
polymerization  and  monomer  ratios  would  be  difficult.  To  ad-
dress  this  issue,  we  employed  a  post-polymerization  approach
to prepare a library of surface-modified polymers composed of
two  monomers  in  a  molar  ratio  of  5:1  (Fig.  1a).  In  particular,  a
polymer  platform  of PPFPA was  first  synthesized  with  the  de-
sired molecular  weight,  followed by the transforming of  1/6 of
the PFP units into azide-containing side groups (monomer-1 in
Fig.  1a).  Finally,  all  the remaining PFP units  were consumed by
other  amine  species  (monomer-2 in Fig.  1a)  to  afford  the  final
surface-modified polymers.  In this  manner,  the degree of  poly-
merization  and  monomer  ratio  of  the  surface-modified  poly-
mers could be well controlled.

The PFPA monomer was synthesized from pentafluorophe-
nol  and  acrylic  acid  according  to  previously  reported  proce-
dures with slight modifications[15]. The successful syntheses of
PFPA and PPFPA were confirmed by NMR, FTIR, and SEC (see
electronic  supplementary  information,  ESI  and Fig.  2).  In  the
1H-NMR  spectrum  of  PFPA,  characteristic  peaks  at  6.72,  6.37
and  6.18  ppm  correspond  to  the  three  protons  on  the  acry-
late group (see Fig. S1 in ESI). The 19F-NMR spectrum of PFPA
showed  three  distinct  peaks  at ‒153, ‒158,  and ‒162  ppm,
confirming  the  presence  of  fluorine  atoms  at  different  posi-
tions  in  the PFP group (see Fig.  S1 in  ESI).  Subsequently,  the
normal radical polymerization of PFPA was conducted to pre-
pare PPFPA with  different  molecular  weights,  which  were
controlled  by  tuning  the  monomer-to-initiator  ratios.  As
shown in Figs. 2(A) and 2(B), the 1H-NMR spectrum of PPFPA
presents  several  broad  peaks  at  3.10,  2.48  and  2.10  ppm,
while  the 19F-NMR  spectrum  of PPFPA exhibits  three  main
peaks at the same positions as PFPA but with broader shapes,
which confirms the successful synthesis of PPFPA.  FTIR char-
acterization  of PPFPA was  also  performed,  as  shown  in Fig.
2(C). The peaks at 1780, 1250, and 1500 cm−1 are attributed to
the PFP groups in the polymer. The successful synthesis is al-
so  confirmed  by  SEC  analysis,  as  shown  in Fig.  2(D),  with  a
clear  trend  of  increasing  molecular  weight  indicated  by  de-
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Fig. 2    Chemical characterization of the synthesized PPFPA platforms: (A) 1H-NMR spectrum, (B)19F-NMR spectrum, (C) FTIR
spectrum and (D) SEC traces.
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creasing  retention  time  from  8.51  min  to  7.03  min,  corre-
sponding  to PPFPA molecular  weights  from  2×104 g/mol  to
2.3×105 g/mol,  respectively.  The  SEC  curves  exhibited  sym-
metric, monodisperse peaks, reflecting a moderate molecular
weight dispersity (Đ)  and uniform molecular weight distribu-
tion, which is critical for consistent material properties and re-
producibility.  The  molecular  information  of  all  the  synthe-
sized polymers is summarized in Table 1.

A  two-step  post-polymerization  treatment  was  then  per-
formed  to  transform  the PPFPA platform  polymers  into  the
desired  surface  modification  polymers  for  sequencing  chips.
One  component  provides  azide  groups  (monomer-1)  to
specifically  and  efficiently  immobilize DBCO-P7LG and DB-
CO-P5LU primers  onto  the  surface.  The  other  provides  hy-
drophilic groups (monomer-2) to enhance the biocompatibil-
ity  and hydrophilicity  of  the chip surface,  preventing bubble
formation  when  liquids  are  injected  into  the  channels.  Ac-
cording to previous studies and the commercial utilization of
PAAm-based copolymers, a 1:5 ratio of azide to acrylamide is
optimal  for  sequencing  performance.[49] Thus,  this  study
adopts  a  1:5  ratio  of  monomer-1 to  monomer-2 to  prepare
the  surface-modified  polymers.  In  the  first  step  of  the  post-
polymerization  treatment,  1/6  of  the  PFP  units  on PPFPA
were transformed into azide-containing side groups by either
of  two  amine  species: NH2-C5-N3 and NH2-EG3-N3. The  for-
mer  possesses  five  carbon  atoms  and  one  amide  bond  be-
tween  the  amino  and  azide  groups,  whereas  the  latter  has
three repeating ethylene glycol  (EG) units in the middle.  The
FTIR spectra, shown in Fig. 3(a), provide clear evidence of the
successful  modification  of PPFPA with  various  functional
groups via amidation.  The  introduction  of  the  N3 group  is
confirmed  by  the  characteristic  absorption  peak  at  approxi-
mately  2100  cm–1,  attributed  to  the  N3 stretching  vibration.
Moreover,  the 1H-NMR spectrum Fig. 2(B) confirmed the suc-
cessful  amidation  of  monomer-1,  showing  a  peak  at  3.99
ppm.

In the second step, another four amine species with differ-
ent charge states, IPA, Gly, APA and AS, were applied to re-
act with the remaining PFP groups, affording the ultimate sur-

face  modification  polymers. P1(N3-OH) and P2(N3-COOH)
possess  hydroxyl  and  carboxyl  groups  in  monomer-2,  which
show neutral and negative charge states in aqueous solution.

 

Table 1    Chemical parameter summary of PPFPA platform polymers and surface modification polymers.
 

No. Sample Mw
 a (g/mol) Đ b Monmer-1 Monmer-2 c Charge state d

1 PPFPA 0.70×105 2.0 / / 0
2 PPFPA 2.30×105 2.1 / / 0
3 P(N3-PFPA)-C5 0.70×105 2.0 NH2-C5-N3 / 0
4 P(N3-PFPA)-C5 2.30×105 2.1 NH2-C5-N3 / 0
5 P(N3-PFPA)-EG3 2.36×105 2.1 NH2-EG3-N3 / 0
6 P1(N3-OH)-C5 0.43×105 / NH2-C5-N3 IPA 0
7 P1(N3-OH)-C5 1.42×105 / NH2-C5-N3 IPA 0
8 P2(N3-COOH)-C5 1.42×105 / NH2-C5-N3 Gly ‒
9 P3(N3-CONH2)-C5 1.53×105 / NH2-C5-N3 APA +

10 P4(N3-CONH2)-C5 0.96×105 / NH2-C5-N3 AS +
11 P1(N3-OH)-EG3 1.47×105 / NH2-EG3-N3 IPA 0
12 P2(N3-COOH)-EG3 1.48×105 / NH2-EG3-N3 Gly ‒
13 P3(N3-CONH2)-EG3 1.58×105 / NH2-EG3-N3 APA +
14 P4(N3-CONH2)-EG3 1.01×105 / NH2-EG3-N3 AS +

a The weight-average molecular weights were predicted based on the theoretical molecular weight of 2.3×105 g/mol of PPFPA modified with a 1:5 ratio of N3
to hydrophilic molecules. b Molecular weight dispersity is represented by Đ. c Surface modification polymers were modified with isopropanolamine, glycine,
3-aminopropanamide, and ammonia solution, designated as IPA, Gly, APA, and AS, respectively. d The dPositive, negative, and neutral states are represented
by +, ‒ and 0, respectively.
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The chemical difference lies in the fact that P3(N3-CONH2) has
one more amide group than P4(N3-CONH2). Notably, the com-
mercial  PAAm-based  surface-modification  polymer  had  the
same chemical composition as P4(N3-CONH2). As shown in Fig.
3(a),  the  disappearance  of  the  peak  at  1780  cm–1 in  the  FTIR
spectra  of  all  surface-modified polymers  indicates  that  the PFP
group  was  completely  removed  and  transformed  into
monomer-2.  The  introduction  of IPA, Gly,  and APA was  con-
firmed  by  the  characteristic  peaks  in  the 1H-NMR  spectrum  at
approximately  3.88,  3.55,  and  3.44  ppm,  respectively.  By  inte-
grating the corresponding 1H-NMR peaks,  the ratios of anchor-
ing  sites  to  hydrophilic  sites  were  determined  to  be  approxi-
mately 1:5 for all surface-modified polymers.

DNA Primer Immobilization Efficacy Evaluation of
Surface Modification Polymers
The  synthesized  polymers  with  versatile  monomer-1 and
monomer-2 combinations  were  used  to  modify  the  surface  of
the sequencing chips (see details in the experimental sections).
Briefly, a pair of thin and thick glass slides was cleaned with pi-
ranha solution and then subjected to a CVD process using prop-
2-yn-1-yl(3-(triethoxysilyl)propyl)carbamate  to  introduce  an
alkyne  group  on  the  surface.  As  shown  in  Fig.  S2  (in  ESI),  the
contact angles of the original thin and thick glass slides are 80.5°
and 35.4°, respectively. After piranha cleaning, both contact an-
gles  were  reduced  to  below  10°,  confirming  the  effective  re-
moval  of  organic  contaminants  and  the  exposure  of  reactive
silanol  groups.  The  contact  angle  of  the  thin  glass  slide  in-
creased  to  54.3°,  indicating  successful  alkyne  layer  deposition.
Then, the thin glass and thick glass were sealed into a four-lane
microfluidic chip using PMMA double-sided adhesive tape.

A  microfluidic  control  system was  used to  modify  the  sur-
faces  of  the  synthesized  polymers.  The  process  began  with
the  injection  of  surface-modified  polymer  solutions  into  the
individual  lanes  of  the  sequencing  chip.  The  chip  was  then
heated to 60 °C for a duration of 1.5 h, allowing for the “click

reaction” between the azide groups on the surface modifica-
tion  polymers  and  the  alkyne  groups  on  the  chip  surfaces.
Following this,  the microfluidic  lanes  of  the sequencing chip
were  thoroughly  flushed  with  3×  SSC  buffer  solution  to  re-
move unreacted polymers.

To  compare  the  immobilization  efficacy  of  the  DNA
primers,  aqueous  solutions  of  two  common  single  stranded
DNA (ssDNA) segments, DBCO-P7LG and DBCO-P5LU,  were
fluxed into the microfluidic lanes of the chip. As shown in Fig.
4,  their  immobilization  on  the  chip  surfaces  was  realized  by
the “click  reaction” between  the  azide  groups  of  the  surface
modification  polymers  and  DBCO  groups  of  the  ssDNA  seg-
ments.  Then,  solutions  of  the  fluorophore-bearing  comple-
mentary  ssDNA, P7-CY3 and P5-CY3,  were  fluxed  into  the
chip lanes, which could be specifically paired with the readily
immobilized P7LG and P5LU, respectively. CY3 is  a  cyanine
fluorescent  dye  that  emits  orange-red  light  (570  nm)  when
excited by a green light laser of 550 nm. Thus, the immobiliza-
tion efficacy of the surface-modified polymers can be charac-
terized  by  detecting  the  fluorescence  intensity  from  paired
P5-CY3 and P7-CY3.  Fluorescence  intensity  must  reach  a
minimum  limit  for  application  in  subsequent  gene  sequenc-
ing tests.  Otherwise, the sequencing process was terminated
if the fluorescence intensity was insufficient.

The results of the fluorescence intensity tests are shown in
Fig  5.  All  the  surface-modified  polymers  tested  in Fig.  5(a)
were prepared from the same batch of PPFPA with a molecu-
lar  weight  of  2.3×105 g/mol.  Obviously,  for  polymer  samples
with  the same type of  monomer-2,  those with NH2-C5-N3 as
monomer-1 showed higher fluorescence intensity than those
with NH2-EG3-N3 as  monomer-1. P1(N3-OH)-C5 showed  the
largest  difference  in  fluorescence  intensity,  which  was  2.5
times higher than that of P1(N3-OH)-EG3.  To explain this ob-
servation,  it  should  be  noted  that  the  three  ethylene  glycol
groups in NH2-EG3-N3 are hydrophilic, whereas the five ethy-
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Fig. 4    Schematic representative showing the mechanism of evaluating the ssDNA primer immobilization efficacy by
the fluorescence intensity tests.
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lene groups in NH2-C5-N3 are hydrophobic.  Considering that
monomer-2 is  hydrophilic,  the  chain  conformation  of  poly-
mers  with  both  hydrophilic  monomers  would  be  similar  to
that  of  random  coils,  and  the  azide  groups  may  not  be  effi-
ciently  exposed  to  react  with  the  chip  surface.  However,  if
monomer-1 is  hydrophobic,  the  hydrophobic  segments  of
the polymer chains tend to aggregate locally. Thus, the num-
ber  density  of  azide  groups  is  locally  increased,  leading  to  a
high probability of reaction with the alkyne group on the chip
surface. Once more polymers are attached, more ssDNA seg-
ments can be immobilized on the chip surface.

In addition, the polymer samples P2(N3-COOH) with Gly as
monomer-2,  regardless  of  monomer-1,  displayed  the  lowest
fluorescence intensity, indicating the worst immobilization ef-
ficacy  for  the  ssDNA  segments. P1(N3-OH)-C5 achieved  the
highest fluorescence intensity, reaching 90% of the commer-
cial  polymer  control  value,  whereas P3(N3-CONH2) and
P4(N3-CONH2),  regardless of monomer-1, both attained 50%
of the control  value.  This finding aligns with prior studies re-
porting  that  surface  charge  significantly  influences  interac-
tions  between  biomolecules  and  cells,  as  evidenced  by  fun-
gal  detection[50] and extensive research on circulating tumor
cells  (CTCs).[51−54] In  aqueous  solutions,  the  negatively
charged  carboxyl  groups  induce  strong  electrostatic  repul-
sion,  impeding  the  approach  of  similarly  negatively  charged
ssDNA  segments. P3(N3-CONH2) and P4(N3-CONH2) both
contain amide groups that are partially positive in water. This
may  cause  electrostatic  attraction  of  ssDNA  to  the  surface,
hindering the formation of covalent bonds between the azide
and  DBCO  groups.  Only P1(N3-OH) has  neutral  hydroxyl
groups, which can eliminate electrostatic effects and provide
both  hydrophilicity  and  biocompatibility  for  ssDNA  immobi-
lization.

It should be noted that P4(N3-CONH2) has the same chem-
ical composition as the current commercial surface modifica-
tion polymers, although it showed only half the fluorescence
intensity of the commercial one. The molecular weight of the
commercial  polymer  was  much  greater  than  that  of P4(N3-
CONH2).  To  investigate  the  impact  of  molecular  weight  on
immobilization efficacy, we synthesized low molecular weight

P1(N3-OH)-C5-70k  and  compared  its  immobilization  efficacy
with P1(N3-OH)-C5-230k.  As  shown  in Fig.  5(b),  the  high-
molecular-weight  polymer  generally  exhibited  a  higher  fluo-
rescence  intensity  than  the  low-molecular-weight  polymer.
This  finding  aligns  with  the  results  obtained  for P4(N3-
CONH2) and  the  commercial  polymer.  These  elongated
chains  provided  greater  extension  space  and  increased  seg-
ment  density,  enabling  enhanced  surface  spreading  and  the
formation of additional contact points. Consequently, the flu-
orescence performance was improved. Based on the immobi-
lization  efficacy  testing  results,  we  eliminated P2(N3-COOH)
and P3(N3-CONH2) from the subsequent  sequencing perfor-
mance tests and only focused on the remaining two.

Real-time Gene Sequencing Performance Evaluation
of P1(N3-OH) and P4(N3-CONH2)
After  sufficient  ssDNA  primers  were  immobilized  onto  the  mi-
crofluidic chip surface, the aqueous solutions of the fragmented
DNA library  were fluxed through the flow cell,  and bridge PCR
was applied to amplify the DNA fragment library, as illustrated in
Fig. 6(a). This process was aimed at large-scale DNA duplication
on  the  chip  lane  surfaces,  where  many  ssDNA  primers  had  al-
ready  been  immobilized  in  the  last  procedure.  Bridge  PCR  can
generate  dense  clusters  of  duplicated  DNA  within  a  confined
area, thereby providing abundant templates for subsequent se-
quencing-by-synthesis  (Fig.  6b).  During  SBS,  fluorescently  la-
beled reversible terminator nucleotides were incorporated step-
wise, with each cycle detecting the emitted fluorescence before
cleaving  the  terminator  for  subsequent  base  additions.  High-
throughput  SBS  was  achieved  by  the  parallel  sequencing  of
clustered DNA templates. As a result, the immobilization effica-
cy  of  ssDNA  primers  determined  by  the  surface  modification
polymers  would  eventually  affect  the  number  density  of  clus-
tered DNA templates on chip surfaces and make an impact on
the sequencing performance.

In the last session, we screened all the surface modification
polymers by fluorescence intensity testing and chose P1(N3-
OH)-C5 and P4(N3-CONH2)-C5 for  the  sequencing  perfor-
mance  evaluation.  These  were  synthesized  from  the  same
batch of PPFPA-230k. A real image of the four-lane sequenc-
ing  chip  is  shown  in Fig.  7(a). P2(N3-COOH)-C5, P4(N3-
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Fig. 5    Results of fluorescence intensity tests on sequencing chip lanes modified by polymers (a) derived from the same batch of
PPFPA-230k but transformed with different combinations of  monomer-1 and monomer-2,  and (b)  of  different molecular  weights
but  the  same  composition  of NH2-C5-N3 and  Gly  as  monomer-1 and  monomer-2.  P  values  were  determined  by  one  sample
unpaired t-test. * p < 0.05, **p < 0.01, ***p < 0.001
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CONH2)-C5, P1(N3-OH)-C5 and  commercial  polymers  were
utilized  for  the  surface  modification  of  lanes  1  to  4,  respec-
tively.  Notably, P2(N3-COOH)-C5 in  lane  1  and  the  commer-
cial polymer in lane 4 were used as negative and positive con-
trols, respectively. Prior to bridge PCR, a fluorescence intensi-

ty  test  was  performed to  validate  the immobilization of  ssD-
NA  primers.  As  shown  in Fig.  7(a),  lane  1  exhibited  an  ex-
tremely  weak  fluorescence  intensity  of  203  cps,  while  lane  3
demonstrated  a  significantly  higher  intensity  of  12,239  cps,
which  was  very  close  to  that  of  the  positive  control  lane  4.
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Fig. 6    Schematic representatives showing (a) the bridge PCR process and (b) the SBS process.
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Bridge PCR of the fragmented DNA library was carried out in
lanes 2, 3,  and 4. Subsequently,  the sequencing kit solutions,
including  polymerase  and  four  fluorophore-modified  nu-
cleotides,  were  programmatically  fluxed  in  lanes  2,  3,  and  4
for the SBS process.

The sequencing performances of P1(N3-OH)-C5 and P4(N3-
CONH2)-C5 are summarized in Figs. 7(b) and 7(c), respectively.
Here, RawQ30 was defined as the percentage of bases in raw
sequencing  reads  that  have  a  sequencing  quality  value  ex-
ceeding  30,  which  corresponds  to  an  error  rate  of  less  than
0.1%.[55] This  metric  is  crucial  for  assessing  the  accuracy  and
reliability  of  sequencing  data.  Thus,  a  higher  RawQ30  value
indicates more accurate and reliable raw sequencing data. Se-
quencing results, as shown in Fig. 7(b), confirmed superior se-
quencing performance of P1(N3-OH)-C5, with RawQ30 values
reaching  87.8%,  exceeding  the  80.0%  quality  control  (QC)
threshold.  Moreover,  the  RawQ30  value  of P1(N3-OH)-C5 in
lane  1  slightly  exceeded  that  of  the  commercial  polymer  in
lane  4,  whereas  that  of P4(N3-CONH2)-C5 in  lane  2  did  not
pass  the  QC  line.  Although P4(N3-CONH2)-C5 has  the  same
chemical  composition  as  the  commercial  polymer,  their  dif-
ferences in SBS performance were mainly due to the molecu-
lar  weight  impact,  which  was  in  accordance  with  the  above
fluorescence intensity tests.

Another  crucial  metric  is  the DNA cluster  density.  It  repre-
sents  the  number  of  DNA clusters  generated during SBS per
unit area on the chip surface. Its value must not be lower than
the 0.3 μm–2 QC threshold. Otherwise, insufficient density can
cause low fluorescence intensity, making it difficult for the de-
tector to recognize signals and leading to sequencing errors.
As shown in Fig.  7(c),  the DNA cluster  density  of P1(N3-OH)-
C5 group reached 0.540 μm–2,  surpassing the QC standard of
0.300  μm–2 the P4(N3-CONH2)-C5 group.  These  findings
demonstrate that P1(N3-OH)-C5 meets or exceeds key perfor-
mance indices  for  sequencing applications.  Sequencing data
demonstrated that PPFPA serves as a versatile polymer plat-
form compatible with NGS techniques.

CONCLUSIONS

In conclusion, this study successfully established an amine-reac-
tive PPFPA platform  for  the  high-performance  surface  modifi-
cation of sequencing chips.  Through post-polymerization func-
tionalization,  the  platform  was  tailored  with  specific  azide
groups for  efficient  covalent  immobilization of  DBCO-modified
DNA primers via click chemistry, along with diverse hydrophilic
moieties  to  enhance surface biocompatibility  and hydrophilici-
ty.  Systematic  optimization  revealed  that  hydrophobic  azide
carriers (NH2-C5-N3) coupled with neutral hydroxyl groups (IPA)
yielded  the  highest  DNA  immobilization  efficacy.  Furthermore,
higher-molecular-weight  polymers  demonstrated  significantly
improved  performance.  The  optimized PPFPA-based  polymer
P1(N3-OH)-C5 achieved  exceptional  sequencing  metrics:  a
RawQ30 value of 87.8%, exceeding the quality control standard
of 80%, and a high polymer surface density of 0.540 μm–2,  sur-
passing the QC threshold of 0.300 μm–2.  These results not only
meet the QC standards, but are also comparable to the perfor-
mance  of  current  commercial  polyacrylamide-based  polymers
that have been optimized for decades, highlighting the PPFPA
platform's  superior  capability  of  the PPFPA platform  in  en-

abling sensitive and reliable NGS applications.
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