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Here we present a process of producing AuNPs on a large scale
upon further development of the bench scale experiment. We
produce an AuNP-based medical dressing by using dyeing and
finishing machines. The AuNPs and related products are very
promising in medical applications.

Gold nanoparticles (AuNPs) are regarded as a kind of biocom-
patible material, which is chemically stable, easily modifiable
with certain chemicals, and non-toxic to mammalian cells.’
Some drugs containing AuNPs have been approved by the US
FDA to treat cancer.” Antibiotics conjugated to AuNPs show
remarkably enhanced antibacterial activity compared with anti-
biotics alone, although AuNPs alone without modified antibiotics
have no activity against these strains.>™ In recent years, we have
devoted our attention to the development of safe and effective
AuNP antibacterial agents.”> We found that AuNPs modified by
small non-antibiotic drugs (DAPT and DMB) have excellent anti-
bacterial effect on Gram-negative bacteria, such as Escherichia coli
(E. coli) and Pseudomonas aeruginosa (P. aeruginosa or P. a), and
Gram-positive bacteria, such as Staphylococcus aureus (S. aureus or
S. a), but exhibited no bacterial resistance.® Meanwhile, the
cytotoxicity of the AuNPs is much less than that of AgNPs."*™8
AuNPs and AuNP-based antibacterial agents modified with non-
antibiotics drugs are thus very promising in clinical applications.
Our previous work mainly focused on preparing antibacterial
AuNPs on a bench scale, and their medical use has been largely
limited due to the difficulty in large-scale production.'®*°

Here, we introduce a method of producing the AuNPs on a
large scale and a process of manufacturing an AuNP-based
medical dressing by using continuous dyeing and finishing
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machines. We confirmed the effectiveness of this method by
testing the influence of dialysis, speed of adding NaBH,, and
different production scales on the antibacterial ability of AuNPs
and by comparing with commercial antibacterial AgNPs. This
approach is very straightforward, low-cost, and suitable for
large scale production.

We investigated the antibacterial ability of AuNPs (before
and after dialysis) and each component. In our previous work,
we have reported that the antibacterial AuNPs should be
purified by dialysis (Mw = 14 kDa) in deionized water for more
than 24 h before use.>® However, this is unpractical for the
industrial-scale production of AuNPs due to its high cost and
complex procedures. By using the microbroth dilution method
according to the National Committee for Clinical Laboratory
Standards M7-A8 (2009), we determined the minimum inhibi-
tory concentration (MIC) of AuNPs with and without dialysis.
We can clearly see that the antibacterial ability of AuNPs
without dialysis is much better than that of AuNPs after dialysis
(Table 1), but the cytotoxicity of the two AuNPs is similar, much
less than that of AgNPs and AgNO; (Fig. 3). We also tested the
antibacterial activity of each component used in preparing AUNPs
(Table 1). Tween 80, NaBH,, 4,6-diamino-2-pyrimidinethiol
(DAPT) and 1,1-dimethylbiguanide (DMB) below the synthesized
concentration showed no effective antibacterial activity to the
three kinds of bacteria. Acetic acid showed some antibacterial
activity, but much less than AuNPs. We can infer that dialysis will
reduce the antibacterial effect of the AuNPs to some extent. Thus,

Table 1 Antibacterial activities of components in preparing AuNPs

MIC (mg L) E. coli S. aureus P. aeruginosa
Acetic acid 4200 4200 4200
Tween 80 >2592 >2592 >2592
NaBH, >456 >456 >456
DAPT >568 >568 >568
DMB > 660 > 660 > 660
HAuCl,-3H,0 40 80 160
AuNPs (without dialysis) 3 6 6
AuNPs (after dialysis) 10 40 80
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the dialysis process is not needed for their large-scale production
and potential medical applications.

We added the AuNPs or other reagents at a gradually halving
concentration in the MH broth in a 96-well microplate and
added the same amount of bacterial suspension in all the
microwells. So each well in the row of the 96-well microplate
had a decreasing amount of the reagent but the same amount
of bacteria before incubation. After incubation, for a reagent, a
higher number of microwells with non-visible bacterial growth
indicates a smaller MIC and better antibacterial ability (details
are shown in the ESIY).

We tested the relationship between the time of NaBH,
addition and the properties of AuNPs. In our previous work,
we added an aqueous solution of NaBH, (the reductant) to the
reaction solution dropwise. In this way, the time of NaBH,
addition is 20 min at a 250 mL scale and 13 h at a 10 L scale.>®
We speed up the addition of NaBH,, which has largely reduced
the time of NaBH, addition. At a 250 mL scale, we added NaBH,
solution into the reaction solution at different speeds, which
took 10 s, 5 min, 10 min, and 20 min, respectively. The UV-Vis
spectra of AuNPs showed that the concentration of AuNPs had
little change (Fig. 1C). The average size of AuNPs decreased
slightly with the decrease of the speed of the addition of NaBH,
solution, in the order of 5.5 + 1.4 nm, 4.2 + 0.9 nm, 3.5 +
1.1 nm, and 3.1 £ 0.8 nm (Fig. 1A and B). According to the
analysis, the slower addition of NaBH, promoted the inter-
action of HAuCl, and NaBH,, thereby making the AuNPs
smaller and their distribution more uniform. However, the
antibacterial ability of AuNPs of the 250 mL batch has little
change at different times of NaBH, addition (Fig. 1D), similar
to that of the bench scale.

To evaluate the influence of different scales of production
on the properties of AuNPs, we prepared the AuNPs (without
dialysis) starting from different volumes of solution, including
25 mL, 250 mL, 5 L and 10 L. The NaBH4 solution was added to
the reaction solution at an increased speed. The duration of
addition of 25 mL and 250 mL scales is less than 10 seconds.
The duration of the 5 L scale is about 1 min and the duration of
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Fig. 1 Effects of different speeds of NaBH,4 addition on the properties of
AuNPs. (A) TEM images of AuNPs synthesized with different speeds of
NaBH,4 addition. (B) Size distribution of AuNPs synthesized with different
speeds of NaBH, addition. Data are shown as mean + standard deviation
(n = 40). (C) UV-Vis spectra of AuNPs. (D) Antibacterial activities of
AuNPs and commercial AgNPs against E. coli, S. a and P. a indicated
by MIC (g mL™).
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Table 2 Stirring speed at different volumes

Volume Speed of stirring (rpm)
25 mL 800
250 mL 800
5L 100
10 L 70

the 10 L scale is about 2 min. The speed of stirring is decreased
as the volume of the solution increases (Table 2). The size
distribution of AuNPs prepared at 25 mL and 250 mL scales was
4.4 £ 0.7 nm and 3.9 £ 1.2 nm. When the scale reaches 5 L and
10 L, the size of AuNPs was 2.7 + 0.5 nm and 2.5 + 0.3 nm
(Fig. 2A and B). We suspected that a relatively large reaction scale
promoted the dispersion of NaBH, and interaction between reac-
tants, and thus AuNPs exhibited a smaller diameter and a more
uniform distribution. Moreover, the concentration and the MIC of
AuNPs produced at litre and milliliter scales had small variations
(Fig. 2C and D). We realized the large scale production of the
antibacterial AuNPs. By using 10 L AuNPs, we could fabricate
antibacterial medical dressings with an area of 650-850 m>, which
could meet the needs of 650-850 patients with wounds.

We compared AuNPs with the commercially available AgNPs
(Changsha Hairun Co. Ltd, China). AuNPs and AgNPs (Fig. S1,
ESIt) are both spherical and their sizes are similar. For E. coli, the
MIC of AuNPs is about 1.5 mg L™, which is lower than that of
AgNPs (about 3.5 mg L") (Fig. 2D). The MIC of AuNPs to S. a is
about 5.8 mg L™ " and the MIC of AgNPs to S. a is below 4 mg L™ ™.
The MICs of AuNPs and AgNPs to P. a are both about 4 mg L™ ".

AuNPs display better performance than AgNPs in medical
antibacterial applications, especially in terms of toxicity to
human cells. We performed the cytotoxicity test with HUVEC
cells. The toxicity of AuNPs is far less than that of AgNPs and
AgNO; (Fig. 3C). At a 50 mg L " concentration of antibacterial
agents, the cell viability of AuNPs is above 80%, while the cell
viability of AgNPs and AgNO; is below 50%.

We prepared an AuNP-based gauze on a bench scale and
large scale by using continuous dyeing and finishing machines.

I AUNPs (25 mL)

200 300 400 500 600 700 800 0
Wavelength (nm) E.coli sa Pa

25mL 250mL 5L 10L

Fig. 2 Effect of different scales on the properties of AuNPs. (A) TEM
images of AuNPs synthesized at different synthesis scales. (B) Particle size
distribution of AuNPs synthesized at different synthesis scales. Data are
shown as mean =+ standard deviation (n = 40). (C) UV-Vis spectra of AUNPs
synthesized at different synthesis scales. (D) Antibacterial activities of
AuNPs and the commercial AgNPs against E. coli, S. a and P. a indicated
by MIC (ug mL™Y).
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Fig. 3 The comparison between AuNPs and AgNPs in terms of antibac-
terial activity and cytotoxicity. (A) Photographs of the inhibition zone of the
AuNP-based gauze with different AUNP contents. No. 6 is the commer-
cially available AQNP-based gauze, and the gauze without a reagent at the
center of the plate is the control. (B) Diameter of the inhibition zone of the
AuNP-based gauze with different AuNP contents. (C) Cytotoxicity of
AuNPs without dialysis, AUNPs after dialysis, commercially available AgNPs
and AgNOs at different concentrations.

We evaluated the antibacterial activity of the AuNP-based gauze
and a commercially available AgNP-based gauze against E. coli,
S. aureus, and P. aeruginosa.'® We spread 0.5 mL of each
bacterial suspension on a nutrient agar plate in a sterilized
Petri dish. We placed gauzes with different AUNP contents on
an agar plate and incubated them at 37 °C for 24 h before
observation (Fig. 3). The mass content of AuNPs in the gauze is
0.011%, 0.029%, 0.074%, 0.172% and 0.326% for No. 1 to No. 5,
respectively. No. 6 is the commercially available AgNP-based
gauze and the mass content of AgNPs in the gauze is 0.242%.
The AuNP-based gauze had a good antibacterial effect as the
commercial product (Changsha Hairun Co. Ltd, China) con-
taining a similar mass percentage of AgNPs.

We prepared the AuNP-based gauze at a bench scale and
large scale. The color of the AuNP-based gauze is beige (Fig. 4A)
and the color of the AgNP-based gauze is brown (Fig. 4D).

Fig. 4 Images of the AuNP-based gauze and commercial AgNP-based
gauze. (A) Image of the AuNP-based gauze. (B and C) SEM images of the
AuNP-based gauze. (D) Image of the commercial AgNP-based gauze.
(E and F) SEM images of the commercial AgNP-based gauze.
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Fig. 5 Mass production of the AuNP-based gauze. (A) Flow diagram of
producing the AuNP-based gauze through impregnation, squeezing and
drying. (B) Using continuous dyeing and finishing machines to produce the
AuNP-based gauze.

The mass content of AuNPs in the gauze ranges from 0.011% to
0.326%. The AuNPs and AgNPs were distributed on the surface
of the fibers of the gauze (Fig. 4). At the bench scale, the gauze
was immersed into the AuNP solution and the concentration of
the AuNP solution can be adjusted. We squeezed the gauze to
remove the excess solution with a lab padder. The gauze was
dried in a dryer at 150 °C for 10 min. The drying temperature
should be higher than the boiling point of acetic acid (118 °C)
to remove acetic acid. This temperature does not affect the
structure of the gauze or AuNPs. We conducted the mass
production by using continuous dyeing and finishing machines
(Fig. 5B).

Conclusions

In this paper, we present the large-scale production of anti-
bacterial AuNPs via adjusting the process of adding NaBH, with
the elimination of dialysis. We produce an AuNP-based medical
gauze on a large scale through impregnation, squeezing and
drying by using continuous dyeing and finishing machines,
and the production method is suitable for other water-soluble
nanoparticles. The AuNPs and their related medical products
are very promising in clinical applications.
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