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Abstract: The clean production and washing resistance of
nano-coating have always been common issues in nano-
functional polyester textiles because of the dense struc-
ture and chemically inert surface. Here, we developed a
clean treatment strategy for preparing washable silver
nanoparticle (AgNP)-coated polyester fibers through high-
temperature, high-pressure hydrothermal self-assembly of
AgNPs in polyester fibers. AgNPs with high affinity to poly-
ester were prepared through the hydrothermal reduction of
AgNO3 by hyperbranched poly(amide-amine)s. The as-pre-
pared spherical AgNPs possessed a uniform particle size
(∼7.52 nm), a positive charge (zeta potential of +54.52mV),
and good dispersibility and chemical stability at 110–130°C.
The optimal clean treatment conditions had Ag concentra-
tions of 1–50mg/L, impregnation time of 2 h, and impreg-
nation temperature of 110°C. Therefore, the Ag content of
polyester fibers in the range 0–2,500mg/kg could be pre-
cisely controlled. The as-prepared polyester fibers exhibited
excellent antibacterial activities andwashing resistance and
low Ag release (0.00024% for 24 h). Even when the Ag
content was as low as ∼50mg/kg, the corresponding bac-
tericidal rates increased to 99.99% for Escherichia coli and
99.93% for Staphylococcus aureus. The sample containing

∼200mg/kg of Ag could achieve up to a 99.99% bactericidal
rate for E. coli and 99.9% for S. aureus even after 50 stan-
dard washes.
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1 Introduction

With the growing demand for human health, antibac-
terial textiles have become increasingly important in
clothing and home textiles because they combat micro-
organism transmission and microorganism-related dis-
eases. Among numerous antibacterial materials, silver
nanoparticles (AgNPs) are promising antibacterial agents
because of their incomparable antibacterial properties
including robust and broad-spectrum antimicrobial activ-
ities, low bacterial resistance, good physical and chemical
stability, and good biosafety [1]. However, current top-
down functionalization strategies for AgNP-coated fibers,
especially polyester fibers, face multiple risks such as ser-
ious nano-wastewater pollution, low oxidation resistance,
and weak bonding fastness to fabrics, resulting in poor
functional durability, uncontrollable Ag content, and/or
incompatibility with the existing textile finishing process
because of the lack of high chemical stability and sufficient
affinity to polyester [2–4]. Therefore, the development of a
clean and Ag content-controllable bottom-up preparation
approach for washable antibacterial AgNP-coated fibers
based on traditional textile finishing equipment is the
key for meeting industrial production and environmental
protection requirements.

At present, only a few processes can realize clean pro-
duction or a washable function, let alone both. Several
researchers have developed a clean vacuum evaporation
or sputtering process to coat fibers [5]. However, naked Ag
coating easily oxidizes and peels off from fiber surfaces
under washing action. Nevertheless, the dyeing process
of polyester with disperse dyes provides a feasible solution
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to this issue. Disperse dyes containing polar groups, such as
amino groups, can completely self-assemble in the interior
of polyester fibers under a high-temperature, high-pressure
hydrothermal environment, thereby achieving clean pro-
duction and good washability. Dye molecules can penetrate
into the amorphous region of the fibers through the micro-
cracks generated by strong fiber swelling when the dyeing
temperature exceeds the glass transition temperature of
polyester fibers [6]. However, the following important
properties are required for the self-assembly of AgNPs to
polyester: good water solubility to endow NPs with a high
degree of freedom, excellent oxidation resistance, and
high-temperature resistance to adapt to the high-tempera-
ture finishing process of polyester fibers, and strong chemical
affinity to the fabric to ensure high assembly efficiency and
washing resistance. Integrating these properties requires the
modification of NP surfaces with a reactive capping macro-
molecule with high affinity to polyester. Such a macromole-
cule can introduce self-reduction and electrosteric repulsion
among NPs, thereby providing high oxidation resistance
and solution stability [7,8]. Considering that polyester has
a certain negative charge, positively charged amino-func-
tionalized AgNPs with self-reducibility and the capability
to form electrostatic and hydrogen bonding interactions
with polyester macromolecules are ideal candidates [9–14].

However, traditional linear cationic polymers have
the defect of intermolecular and intramolecular entangle-
ment in water, which greatly reduces the density of sur-
face-active groups and weakens the degree of freedom of
NPs [15]. By contrast, amino-terminated hyperbranched
poly(amide-amine)s (HBPAAs) possess numerous vital
advantages, including strong intermolecular repulsion,
a three-dimensional cavity structure with an excellent
volume restriction effect, strong reduction with a positive
correlation with temperature that prevents NPs from oxi-
dation in a high-temperature hydrothermal environment,
a positive surface charge, abundant amino surface groups
to impart NPs with high physico-chemical affinities to
polyester fibers, and goodmicrobial adsorption and killing
performance [16,17]. With the assistance of high tempera-
ture and pressure, water-soluble HBPAA-capped AgNPs
can self-assemble on the surface and the inside of polye-
ster fibers when the intra-fiber micro-cracks are opened
and enlarged. After treatment, the fiber interstitial
space is reclosed, thereby encapsulating AgNPs inside
the fibers. To summarize, due to the intermolecular
forces between HBPAA and polyester and hydrothermal
osmotic pressure, HBPAA-capped AgNPs can efficiently
self-assemble on polyester fibers. A low Ag content
can achieve ultra-high antibacterial properties because
AgNPs and HBPAA have good antibacterial properties,

thereby making the clean self-assembly of AgNPs
possible.

On the basis of the above analysis, to solve the pro-
blems in the clean preparation and washing resistance of
AgNP-coated polyester fibers, we used hydrothermal self-
assembly technology to completely self-assemble AgNPs
on the surface and in the inner amorphous area of fibers
under strong electrostatic and hydrogen bonding inter-
actions and high osmosis pressure. To achieve these objec-
tives, we designed HBPAA-capped AgNPs with a good
self-reducing capability against oxidation resistance under
100–130°C, high solution stability, low NP entanglement,
and high fiber affinity to endow NPs with a spontaneous
adsorption capability for polyester fibers. HBPAA-capped
AgNPs were synthesized through the hydrothermal reduc-
tion of Ag+ by HBPAA without any additional reductants
or protectants. The physical properties, high-temperature
resistance, and self-reduction of as-prepared AgNPs were
studied. In addition, the self-assembly behavior of HBPAA-
capped AgNPs on polyester fibers in nano-Ag solution was
investigated to determine the complete adsorption condi-
tions. Then, the antibacterial activities, washing fastness,
and Ag release property of AgNP-coated polyester fibers
in simulated sweat were evaluated.

2 Experiment

2.1 Materials

Polyester fibers were obtained from the Zhangjiagang
Nellnano Technology Co., Ltd (Suzhou, China). HBPAAs
were synthesized through the use of our previous reported
method [18]. AgNO3 (>99.8%), HNO3 (65–68%), and HCl
(36–38%) were received from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Gram-negative Escherichia coli
(ATCC 25922) and Gram-positive Staphylococcus aureus
(CMCC 26003)were obtained from the Shanghai Luwei Tech-
nology Co., Ltd (Shanghai, China). Nutrient agar and broth
were purchased from the Shanghai Zhongke Insect Bio-
technology Development Co., Ltd (Shanghai, China).
Phosphorus-free Economic Commission for Europe (ECE)
detergent was ordered from the Xiangda Instrument Co.,
Ltd (Dongguan, China).

2.2 Synthesis of HBPAA-capped AgNPs

HBPAA-capped AgNPs were synthesized by using our
previously reported method with certain modifications.
AgNO3 (20mg, 0.078mmol)was dissolved in water under
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vigorous stirring. Then, HBPAA (19.7 mg, 0.050mmol)
was added, and the solution turned from a colorless
transparent solution to a yellowish liquid. The above
solution was then heated to 98°C under infrared light
irradiation in a programmable infrared dyeing machine
and was kept at this temperature for 1 h. The resultant
black-colored solution was stored in a brown bottle.

To verify the inoxidizability of AgNPs at ultra-high
temperatures (110–130°C), the aqueous solution of AgNO3

and HBPAA (Ag element concentration: 10 mg/L) was
treated at 110, 120, and 130°C for 2 h to prove the reduci-
bility of HBPAA. In addition, 10mg/L of HBPAA-capped
AgNPs were heated to 110, 120, and 130°C and then held
for 2 h. The changes in the color and ultraviolet-visible
(UV-Vis) spectra of AgNPs were analyzed.

2.3 Hydrothermal self-assembly of AgNPs to
polyester fibers

A single factor analysis experiment was used to explore
the influence of Ag concentration, time, and temperature
on the self-assembly of AgNPs on polyester fibers. Polyester
fibers (1 g)were immersed in 50mL of the nano-Ag solution
at concentrations ranging from 1 to 50mg/L and then trans-
ferred to an infrared dyeing machine. The temperature was
increased stepwise through the temperature control system
to a set temperature (90–130°C) and thenwasmaintained at
that level for 1–3 h. The volume of polyester fibers expanded
dramatically under high-temperature and high-pressure
hydrothermal conditions, which created many pores and
passages where the AgNPs could enter. Finally, AgNP-
coated polyester fibers were collected, dried at 60°C, and
then stored in the sample bags. The remaining Ag concen-
tration in the solution was measured by an inductively
coupled plasma source mass spectrometer (ICP-MS). The
Ag content of the treated polyester fibers was then calcu-
lated by our previous reported method [19].

2.4 Characterization

The morphological structure and distribution of the AgNPs
were observed using a transmission electron microscope
(TEM; JEOL 2100F, Japan) at an acceleration voltage of
120 kV. The absorbance and concentration of the nano-
Ag solution were measured by a UV spectrophotometer
(UV-vis; TU-1901, Beijing Puxi General Instrument Co., Ltd,
China). The zeta potential and particle size of the AgNPs

were measured by a Zetasizer (90 plus Zeta, Brookhaven
instruments corporation, USA). Fourier transform infrared
(FTIR; Thermo Nicolet iS50, USA) spectroscopy was used
to determine the chemical construction of polyester fibers.
The surface morphologies of the polyester fibers were
observed using a field emission scanning electronmicroscope
(SEM; Gemini SEM 300, Carl Zeiss, Germany). The chemical
composition of the polyester fibers was analyzed by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+,
USA). The thermal property of the polyester fibers was
investigated by thermogravimetric analysis (TG; TG209F3,
NETZSCH, Germany), in which the fibers were heated from
30 to 800°C under a nitrogen atmosphere at a heating rate
of 40°C/min. The Ag concentration in the aqueous solution
was detected by ICP-MS (PerkinElmer NexION 350, USA).

2.5 Antimicrobial test

The modified oscillation method (GB/T 20922.3-2008,
China) was used to test the antibacterial properties of
polyester fibers. Gram-negative E. coli (ATCC 25922) and
Gram-positive S. aureus (CMCC 26003) were selected
as the test strains. Before each assay, the glassware,
nutrient broth, and nutrient agar used in the experiment
were sterilized at 121°C for 20min in a sterilization pot.
Bacteria were cultured in the nutrient broth with shaking
at 130 rpm for 18–20 h and then diluted to 3–5 × 104

colony forming units (CFU)/mL in 0.03 M of phosphate-
buffered saline. The fiber samples were pre-sterilized
with UV light for 30min and then placed in a sterile
Erlenmeyer flask containing 70mL of 0.03 M phosphate
buffer and 5mL of diluted bacterial solution. Then, they
were shaken at 130 rpm at 37°C for 15 h. The nutrient agar
(∼15 mL)was poured into the Petri dish. After cooling and
solidification, 1 mL of the diluted bacterial solution was
evenly smeared on the culture medium and cultured in a
biochemical incubator at 37°C for 24 h. Finally, 100 μL of
the bacterial suspension was obtained, serially diluted
with saline (×101, ×102, and ×103), transferred onto LB
agar, and then incubated at 37°C for 24 h. The percentage
reduction (cfu, %) was calculated as follows:

( ) =

−

×

C A
C

cfu % 100

where C and A are the bacterial colonies of the blank and
treated fibers. All antibacterial experiments were per-
formed in triplicate with three substrates, andmean values
were calculated. Differences among the groups were ana-
lyzed with one-way analysis of variance followed by the
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least-significant difference test using SPSS 20.0; p < 0.05
was considered significant.

2.6 Washability test

The washing fastness of the polyester fibers was mea-
sured according to the GB/T 12490-2014 standard test
method No. AS1 (China).

3 Results and discussion

The HBPAA-capped AgNPswere prepared by the improved
method previously reported by our group. AgNO3 was

reduced by HBPAA without any additives in water through
a hydrothermal reaction by infrared thermal radiation
heating instead of electrical resistance trace heating to
restrain the uneven particle size caused by excessive local
temperature. All HBPAA-capped AgNPs possessed spher-
oidal morphology with a uniform diameter in the range of
3–14 nm (Figure 1a). As shown in Figure 1b, AgNPs showed
linear edges and clear lattice fringes inside and on the
edge, indicating a relatively complete crystal structure.
The lattice spacing of AgNPs shown in Figure 1b was
0.24 nm, which was consistent with the (111) crystal plane
spacing of metallic Ag. The good chemical stability came
from the encapsulation effect and high reducibility of
HBPAA, which inhibited the oxidation of AgNPs. Figure
1a shows the size distribution of AgNPs. The proportion of
AgNPs with diameters of 3–5, 5–8, 9–14, and 15–100 nm
accounted for about 9.4, 63, 26.1, and 1.4%, respectively.

Figure 1: (a and b) TEM images, (c) particle size distribution, (d) UV-vis spectra, and (e) zeta potential of AgNPs. (f) Linear fitting curve of Ag
concentration and the corresponding UV-vis absorbance (407 nm). (g) Photos and (h) UV-vis spectra of nano-Ag solution (10 mg/L) after
treatment at different temperatures for 2 h. (i) Photos of the mixture of AgNO3 and HBPAA after treatment at different temperatures for 2 h.
The corresponding Ag content was 10mg/L, and the mass ratio of Ag to HBPAA was the same as the as-prepared nano-Ag solution.
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Themean average diameter was about 7.52 nm, and AgNPs
with diameters of 3–14 nm accounted for 98.5% of the
total. These suggested that the particle size was around
10 nm, consistent with the observed morphology distribu-
tion from TEM images. The zeta potential of the nano-Ag
solution is shown in Figure 1b. AgNPs were encapsulated
inside the amino-terminated nano-cavity structured HBPPAA.
Thus, the surface physical and chemical properties of AgNPs,
such as surface potential and chemical stability, were deter-
mined by the huge number of surface amino groups. As
shown in Figure 1d, the surface potential of AgNPs was
approximately +54.52mV. The positively charged nature
came from amino cationization on the surface of HBPAA.
The HBPAA on the surface of AgNPs endowed the NP sur-
face with two other advantages, namely, excellent che-
mical stability of AgNPs, which was derived from the
high reducibility of HBPAA, and high chemical affinity
toward negatively charged fiber materials. The AgNPs
were prepared by the reduction of AgNO3 by HBPAA in
water in the absence of additional reducing agents. The
reduction rate increased with increasing temperature. This
finding indicated that the oxidation of AgNP and Ag ion
release can be inhibited by reductive HBPAA, especially at
high temperature. The generation of metallic AgNPs was
evidenced by UV-Vis spectra. As shown in Figure 1e,
AgNPs had a typical characteristic absorption peak at
407 nm in the UV-vis light range (350–480 nm). In addi-
tion, the intensity of the absorption peak of AgNPs at
407 nm had a linear positive correlation with the con-
centration of AgNPs when the concentration range was
10–20mg/L. This law can be applied to calculate the con-
centration of AgNPs by UV-Vis spectrophotometry.

The reducibility of HBPAA was important for main-
taining the good chemical stability of AgNPs. AgNO3 was
quickly reduced by HBPAA in water at nearly 100°C
without any additional reducing agents because HBPAA
shows strong reducibility at high temperatures. In addi-
tion, when the temperature was raised to 110, 120, and
130°C, the color and absorbance intensity of the UV-vis
spectra of the AgNPs remained unchanged. The AgNO3 in
the mixture of AgNO3 and HBPPA was reduced to AgNPs
due to the reducibility of HBPAA (Figure 1g–i). This result
indicates that the AgNPs possessed high chemical stabi-
lity at high temperatures probably because the oxidized
AgNPs, that is, Ag+, were prone to be re-reduced to
AgNPs by HBPAA (Figure 1i). In addition, AgNO3 was
only partially reduced to AgNPs at room temperature,
suggesting that HBPAA was more reductive at high tem-
peratures (110–130°C) than at low temperatures. Com-
pared to conventional AgNPs, which were prone to oxidize
at high temperatures, the as-prepared AgNPs exhibited
excellent oxidation resistance at high temperatures, thus
providing a performance guarantee for subsequent hydro-
thermal treatment.

Polyester fibers contain a benzene ring and an ali-
phatic chain in the main chain and two carbonyl side
groups. Thus, they are highly chemically inert, and addi-
tional strong binding forces should be used to overcome
the thermal entropy of AgNPs except electrostatic adsorp-
tion and hydrogen bonding. A high-temperature and
high-pressure hydrothermal treatment was developed.
This process could significantly expand the fiber and
open the channel in the amorphous region, thereby
allowing NPs to penetrate into the interior through high

Figure 2: Schematic representation of the self-assembly of HBPAA-capped AgNPs on polyester fiber surfaces in a high-temperature and
high-pressure hydrothermal environment.

1744  Jundan Feng et al.



osmotic pressure (Figure 2). The hydrothermal self-assembly
behavior of NPs was very similar to polyester dyeing, which
was determined by the concentration of AgNPs, solution
temperature, and treatment time. Figure 3a shows the Ag
concentration-dependent self-assembly capacity and effi-
ciency of AgNPs on fiber surface. When the concentration
was below 5mg/L, the adsorption efficiency of AgNPs in
polyester fibers was approximately 96.6%. This value further
increased to approximately 99.3 and 99.7%by increasing the
concentration of AgNPs from 5 to 50mg/L. Figure 3b shows
that the solution temperature had a significant influence on
the assembly of AgNPs on polyester especially when the
temperature increased to a level above the boiling point.
With increasing heating temperature from 30 to 110°C, the
assembly efficiency of the polyester increased from approxi-
mately 77.43% to approximately 99.7% because of strong
fiber swelling. Further, the increase in temperature from
110 to 130°C led to a light decrease in assembly efficiency,
probably because AgNPs gradually became unstable at very
high temperature. The time-dependent assembly efficiency

of AgNPs in fibers showed that the adsorption reached equi-
librium after 2 h of impregnation. Electrostatic adsorption
and hydrogen bond interaction among amino groups on

Figure 3: Adsorption of AgNPs by polyester fibers as a function of (a) impregnation concentration (impregnation temperature: 110°C;
impregnation time: 2 h), (b) impregnation temperature (impregnation concentration: 10 mg/L; impregnation time: 2 h), and (c) impregna-
tion time (impregnation concentration: 10mg/L; impregnation temperature: 110°C). (d) Photos of the residual solution of AgNPs after AgNPs
were adsorbed by polyester fibers.

Figure 4: FTIR spectra of (black) pure and (red) treated polyester
fibers and (blue) HBPAA.
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Figure 5: SEM images of (a and b) pure polyester fibers, the (c and d) longitudinal and (e and f) cross sections of AgNP-coated polyester
fibers, and the (g) EDS spectra of coated polyester fibers. To observe the cross-section of fibers, polyester fibers were combed into bundles,
cut by a slicer, and pasted on the vertical sample table by the conductive tape.
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the surface of the AgNPs and polyester dominate the self-
assembly behavior, whereas osmotic pressure overwhelm
intermolecular forces when the temperature exceeded the
boiling point of water. Notably, AgNPs showed high tem-
perature resistance and good dispensability in water during
the treatment because of the high reducibility of HBPAA. To
save energy, the optimal clean treatment condition was set
at a solution temperature of 110°C, treatment time of 2 h, and
Ag concentration of 50mg/L.

Figure 4 shows the FTIR spectra of polyester fibers.
Pure polyester showed characteristic peaks at 3328.3 (com-
bined water absorption peak), 2854.7 (C–H stretching
vibrations), 1,704 (C]O stretching vibrations), 1548.4
(the stretching vibration of C]C in the benzene ring),
and 1237.3 cm−1 (the C–O stretching vibration of the ester
group) [20]. Only HBPAA has infrared absorption activity
in AgNPs. Thus, the mass only accounts for 0.5–2.5%
of the total, and the functional finishing showed little
changes in characteristic FTIR absorption peaks in polye-
ster. Nevertheless, the HBPPA attachment can be directly

observed in SEM. As shown in Figure 5a and b, the pure
polyester fiber surface was smooth in micrometer scale
and showed clear fibrous veins in nanoscale. However,
after the treatment, the surface of AgNP-coated polyester
fibers became very rough in the micrometer scale (Figure
5c). The adherent substance was composed of NPs and
polymer films according to further amplification, thereby
suggesting the attachment of HBPAA and AgNPs. The key
evidence for the penetration of AgNPs into the fiber is
shown in Figure 5e–g. FESEM images of the cross-section
of the coated polyester fiber indicated that numerous NPs
were found inside the fiber, and these were proven to be
HBPAA-capped AgNPs by energy dispersive X-ray spectro-
metry (EDS) analysis.

The chemical compositions of pure and coated polye-
ster fibers were further assessed by XPS. Typical wide-
scan spectra of pure and coated polyester fibers are
shown in Figure 6a. The characteristic peaks of C1s and
O1s for pure and coated polyester fibers were found at
approximately 284 and 399 eV [21]. However, in Ag 3d

Figure 6: (a) Wide-scan, (b) Ag 3d, (c) C1s, and (d) N1s XPS spectra of pure and/or treated polyester fibers.

Clean preparation of washable antibacterial polyester fibers  1747



XPS spectra, two metallic split Ag 3d signals were detected
at approximately 373.8 and 367.8 eV in coated polyester
fibers, whose distance was 6.0 eV in line with bulkmetallic
Ag [22]. In the C1s XPS signal, the relative content of C]O
had slightly increased, and that of O–C]O had decreased
compared to pure polyester, which could be due to the
hydrogen bonding interaction between amide-rich HBPAA
and polyester. Polyester is an N-free polymer. Thus, N1s
XPS signals could directly reflect the molecular structure
of HBPAA. As shown in Figure 6d, the deconvolution of
N1s peak indicated that the N-containing groups in HBPAA
composed amino and acylamide groups, which was in line
with the molecular structure.

The thermal stability of metallic AgNPs was much
higher than polyester in an oxygen-free environment.
Thus, the thermal decomposition behavior of AgNP-coated
polyester fibers was different from that of pure polyester.
As shown in Figure 7, pure and coated polyester fibers

underwent three weight-loss processes in the nitrogen
atmosphere [23,24]. In the first stage, pure fibers, when
the temperature increased from 30 to 378°C, and treated
polyester fibers, when the temperature increased from
30 to 391°C, underwent small mass losses due to the loss
of water. When temperature increased from 378 to 485°C,
the pure polyester fibers started to degrade rapidly and
released large amounts of gas, thereby resulting in rapid
mass reduction, that is, 73.61% mass loss, and only 24%
residue remained in this step. The corresponding epitaxial
starting and termination temperatures were 378 and 485°C,
respectively. In comparison, the corresponding tempera-
ture of coated polyester fibers increased to 391 and 497°C,
respectively, indicating higher thermal stability. After pas-
sing through the high-speed decomposition stage, poly-
ethylene terephthalate was almost converted to relatively
stable solid carbides. The final mass loss of pure polyester
fibers accounted for approximately 80%, and that of coated
fibers accounted for approximately 79%. The mass discre-
pancy was due to the AgNPs.

Notably, after treatment with HBPAA-capped AgNPs,
only a slight decrease in fiber strength was observed.
The tensile stress of the polyester fibers declined from
9.37 cN/dtex to 8.87 cN/dtex (5.3% loss), and that of the
control sample treated by water declined to 6.52 cN/dtex
(30.4% loss). This result indicates that the adsorption
of HBPAA-capped AgNPs in the fibers could reduce the
fiber damage by water probably because of the hydrogen
bonding formed between the amino group in HBPAA and
the terminal hydroxyl and carboxyl groups. Moreover,
the carbonyl side group in polyester increased the struc-
tural integrity of the fiber when the HBPAA-capped AgNPs
were adsorbed in the amorphous region. The tensile stress
of the AgNP-coated polyester fibers washed for 50 times
further decreased to 7.48 cN/dtex (i.e., 15.7% loss) when
compared with the unwashed fibers, but it was still higher
than that of the water-treated sample, suggesting that the
loss of AgNPs led to mechanical degradation.

Considering the huge number of surface amino groups,
the cationic HBPAA possessed excellent microbial adsorp-
tion and killing properties [25]. The synergistic effect of
antibacterial HBPAA and AgNPs endowed the polyester

Figure 7: (a) The TG curves of raw polyester fibers and treated
polyester fibers. (b) The tensile stress of pure and AgNP-coated
polyester fibers after 0 and 50 times of washing and that of the
control sample treated by water under the same treatment
conditions.

Table 1: Antibacterial rates of the treated polyester fibers

Ag content (mg/kg) Antibacterial rates (%)

Escherichia coli Staphylococcus aureus

∼50 99.99 99.93
∼100 99.99 99.99
∼200 99.99 99.99
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fibers with excellent antibacterial activities. As shown in
Table 1 and Figure 8, even when the Ag content was as
low as ∼50mg/kg, the CPU of the polyester fibers declined
by more than six orders of magnitude for E. coli and by two
orders of magnitude for S. aureus, with bactericidal rates of
up to 99.99 and 99.93%, respectively. The corresponding
inhibition rates were 99.999 and 99.93%, respectively. In
addition, the antibacterial rates exhibited a positive correla-
tion with the Ag content on fibers. When the Ag content was
higher than 100mg/kg, all samples reached 99.99% bacter-
icidal rates for both E. coli and S. aureus. Antibacterial activ-
ities were possibly due to the presence of HBPAA at very low
Ag content, whereas they were due to the dominant pre-
sence of AgNPs at high Ag content.

A portion of the HBPAA-capped AgNPs was encapsu-
lated inside the polyester fibers due to the hydrothermal
osmosis process, which resulted in good washing resis-
tance. As shown in Figure 9, all fiber samples faded in
color after washing for 50 times. Polyester fibers with
an Ag content of 50–200mg/kg were almost washed to

white. Nevertheless, polyester fibers with an Ag content
of 200mg/kg reached up to 99.99% bactericidal rates for
E. coli and 99.99% for S. aureus even though the fibers
lost the bactericidal action at 50 and 100mg/kg (Table 2
and Figure 10). This finding indicated that a considerable
proportion of AgNPs was probably hidden in the fiber
amorphous region. In addition, HBPAA contributed to

Figure 8: The antibacterial activity of AgNP-coated polyester fibers against (a) Escherichia coli and (b) Staphylococcus aureus.

Figure 9: (a) Original and (b) washed polyester fibers and (c) photos of the process of impregnation of 1 g of AgNP-coated polyesters fibers
in 50mL of simulated sweat. The detected Ag content by the ICP-MS method in the final impregnation solution was 0.048mg/L.

Table 2: Antibacterial rate of treated polyester fibers after laun-
dering for 50 cycles

Ag content (mg/kg) Antibacterial rates (%)

Escherichia coli Staphylococcus aureus

∼50 — 96.90
∼100 — 97.59
∼200 99.99 99.99
∼500 99.99 99.99
∼1,000 99.99 99.99
∼1,500 99.99 99.99
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good washing durability. Given that HBPAA has a positive
charge and abundant amino terminate groups, whenHBPAA-
capped AgNPs were adsorbed on the polyester fibers, HBPAA
could stick AgNPs on the fibers under intermolecular
hydrogen bonding and electrostatic forces. Meanwhile,
reductive HBPAA can prevent AgNPs from oxidizing, thus
reducing the chemical dissolution of AgNPs. As shown in
Figure 9, the polyester fibers treated with 500, 1,000, and
1,500mg/kg of AgNPs had a faded yellow color, indicating a
certain proportion of AgNPs loaded on the surface of the
fiber. Similarly, the antibacterial activities of AgNP-coated
polyester fibers exhibited positive correlation with the Ag
content. Coated polyester fibers possessed much better anti-
bacterial activities against E. coli than S. aureus. In consid-
eration of wash fastness, the optimal Ag content of polyester
fibers was set as ∼500mg/kg. The above hydrothermal
treatment study showed that fibers with Ag contents up to
∼2,500mg/kg could be fabricated by a nearly complete
adsorption process, which was far beyond the require-
ments for washing resistance. To assess the amount
of Ag released from the AgNP-coated fibers in a sweat
environment, AgNP-coated fibers were impregnated in
simulated sweat for 24 h, and the released Ag content
was tested (Figure 9). The detected Ag content in the
impregnation solution was only 0.048 mg/L, that is,
0.0024mg (0.00024% of the total Ag) of Ag released from
fibers. Such a negligible Ag release suggests good biosafety.
This negligible release is probably due to the good chemi-
physical stability and strong adhesion of HBPPA-capped
AgNPs to polyester. To summarize, although some AgNPs
were washed off after 50 times of washing, the released
amount of Ag in sweat was lower than the upper limit of
Ag in tap water (Figure 9).

4 Conclusion

Positively charged HBPAA-capped AgNPs with an average
grain size of 7.52 nm were successfully prepared through
an improved infrared light irradiation-driven hydro-
thermal reduction. The as-prepared AgNPs maintained
good chemi-physical stability even in a 110–130°C hydro-
thermal environment. Depending on the affinity of poly-
mers to fibers and high osmosis pressure, up to 50mg/L
of AgNPs could be completely assembled on polyester
fibers at 110°C after 2 h of impregnation, which corre-
sponded to 2,500mg/kg of Ag content. The AgNP-coated
polyester fibers showed good mechanical properties
(maintained 94.7% of the original tensile stress, which is
much higher than that treated by water), excellent anti-
bacterial property (99.9% bactericidal rates for E. coli and
S. aureus with a Ag content of as low as 50mg/kg), excel-
lent washing resistance (99.99% bactericidal rates for
E. coli and S. aureus under 50 times of washing with a
Ag content of as low as 500mg/kg), nearly negligible Ag
release (0.00024% of the total Ag for 24 h), and control-
lable Ag content (0–2,500mg/kg). Such a preparation
strategy is compatible with the existing dyeing process
and can achieve clean production of washable AgNP-
coated polyester fibers. Hence, it could provide a new
route for clean, mass production of durable antibacterial
polyester fibers.
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