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Abstract
Inorganic nanoparticles are a critical component in a broad range of applications spanning catalysis, sensing, optics, and electronics. The nucleation 
and growth mechanisms involved during their synthesis are known to be crucial for controlling their final performance. Macromolecules can display 
sequence definition, inherent chirality, metal ion targeting moieties, and can also form self-assemblies, affording them the ability to not only stabilize 
but also precisely control the synthesis and organization of nanoparticles for an intended application. Herein, we report the recent trends in inorganic 
nanoparticle synthesis mediated by peptides, peptoids, DNA, other biopolymers, and synthetic polymers. Important design parameters and future 
trends are also discussed.

Introduction
Inorganic nanoparticles have had a resurgence in interest over 
the past decade due to exhibiting unique properties as com-
pared to their bulk counterpart. Their large surface area, sur-
face plasmon resonance,[1] and biocompatibility have been the 
primary properties contributing to their vast use in catalysis, 
biosensing, and pharmaceuticals. Catalysis takes advantage of 
their high surface area and surface reactivity to induce oxidation 
and hydrogenation. For example, gold nanoparticles have been 
utilized as a catalyst in the reduction of 4-nitrophenol,[2–6] a 
common pollutant. To be an effective catalyst, the nanoparticles 
must remain small and avoid agglomeration. Commonly, cata-
lytic nanoparticles are attempted to be stabilized via biological 
capping agents,[2,3,6] while others embed the nanoparticles in a 
 membrane[4,7,8] or framework.[5,9] Meanwhile, biosensors are 
evolving by enhancing their light absorption and scattering by 
implementation of inorganic nanoparticles and tuning their plas-
monic properties. When irradiated with light, the surface elec-
trons (plasmons) oscillate and change the local refractive index 
of the environment, which can be measured in real time. The 
presence of noble metal nanoparticle plasmons greatly increases 
the signal detection capabilities, allowing for early screening of 
 cancers[10–13] as well as other molecule monitoring.[7,14–17] In 
contrast, pharmaceuticals are exploring inorganic nanoparticles 
for different therapeutic options, such as target drug delivery 
and photothermal therapy. For example, gold nanoparticles are 
biocompatible and can be decorated with different biopolymers 
that can help direct the particles to target places within the body. 
Additionally, these biopolymers can also be bound to drugs 
which can then be directed to their intended destination and 
released.[18–20] Photothermal therapy aligns itself with targeted 
drug delivery, except the nanoparticle itself is the treatment.

While inorganic nanoparticles have found themselves in the 
spotlight once again, their properties are synthesis dependent. 

Traditionally, techniques can be categorized as either top-
down or bottom-up for synthesizing inorganic nanoparticles. 
The top-down approach most generally involves reducing the 
size of bulk materials, such as metals, to micron and in some 
instances, sub-micron particles. Recently, improvements have 
been made in various top-down techniques. Pulsed laser abla-
tion, for example, allows for some control over the resulting 
particles due to the ability to adjust laser parameters, aqueous 
media, and ablation time; however, the reported micrographs 
have clear agglomeration and exhibit polydispersity.[21,22] Ball 
milling comes with other less appealing disadvantages includ-
ing high energy consumption, long milling times, and product 
contamination.[23] Evaporation–condensation techniques are 
also costly due to the vaporization of metal precursor materi-
als, but they do offer a unique alloyed particle, [24] similar to 
that of some laser-ablated particles.[25]

In contrast to the aforementioned typical top-down meth-
ods, bottom-up synthetic techniques offer several advantages, 
the most notable one being the biomimetic and sustainable 
synthesis of organic–inorganic and hybrid nanoparticles under 
mild solution conditions that also display complex shapes and 
tunable sizes.[26] Specifically, macromolecules that are used 
during synthesis can impose chirality in the resulting inorganic 
nanoparticles, which has a substantial impact on the optical 
properties and design considerations for biosensors.[27] Fur-
thermore, nanoparticles synthesized using macromolecules 
show superior surface passivation which is crucial for all 
applications. Additionally, for photothermal therapy and drug 
delivery applications, such macromolecules can be further 
bound to a site-directing biopolymers and then irradiated caus-
ing rapid heating of the particle which will result in cancer 
cell death.[7,28,29]

Motivated by aforementioned developments, innovation in 
macromolecule-assisted synthesis methods is being actively 
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pursued to improve the process-property-performance attrib-
utes of resulting nanoparticles, especially as the macromol-
ecules themselves become more sophisticated.

The traditional mechanism for NP formation is a ther-
modynamic process called crystallization, which includes a 
 growth[30] and  nucleation[31,32] step. Various molecules pre-
sent in a system can function in one or numerous roles such 
as a templating, reducing, or capping agent all impacting the 
overall thermodynamics. It is important to note that each class 
of macromolecule differ in the role in which they play during 
crystallization based on the complexity of their structure or 
lack thereof. The technical aspect of how the various molecules 
participate in crystallization will not be covered in the below 
sections as it is outside of the scope of this paper.

This perspective article highlights the most relevant design 
considerations pertaining to peptides, peptoids, DNA, other 
biopolymers, and polymers for a targeted application of the 
resulting nanoparticle (see Fig. 1). The most current research 
within each class of macromolecules is presented in the lat-
ter sections. Additionally, some innovative trends are also 
highlighted in the last section followed by a perspective 
in the future outlook section. The findings of relevant papers 
are summarized in Table I. The authors note that this article 
is not meant to be an exhaustive review of the fundamentals 
of macromolecule-mediated inorganic nanoparticle synthesis, 
rather we aim to provide a starting point for the reader and 
present the most recent and impactful papers in the last five 
years. Exhaustive reviews for each macromolecular type are 
indicated in every section. 

Bottom‑up synthesis of inorganic NPs
Peptides
Peptides are sequence-defined biomacromolecules of amino 
acids and are short domains of structure within proteins. Pep-
tides are commonly used in the bottom-up approach due to 
their ability to reduce and cap inorganic nanoparticles. The 
versatility of peptides is that there are twenty proteogenic 
amino acids that can be sequenced to make a peptide that has 
unique properties tailored to produce a desired nanoparticle 
for a specific application. For this type of macromolecule, a 
major design consideration is the fact that peptides are chi-
ral, and this property can lead to handedness wherein the 
peptide-binding orientation will be reflected in the result-
ing nanoparticle morphology. It is important to understand 
chirality because of the enantioselectivity that is observed 
in many biochemical reactions,[33] and because of the recent 
development of chiral meta-materials with exceptional light-
manipulating capabilities, such as polarization control, a neg-
ative refractive index, and chiral sensing.[34] Besides peptide 
chirality, environmental factors, and material selection play a 
role in the resulting morphology of inorganic NPs. We direct 
the reader to Pazos and co-workers[35] for an exhaustive dis-
cussion on this topic.

Recently, Nam et al. have synthesized large-scale chiral 
AuNPs that have strong chiral optical properties. These NPs 
can have their handedness and chirality flipped by substitut-
ing the other enantiomer during synthesis.[36] This feat has 
also been demonstrated by He and colleagues with an illus-
tration of their system in Fig. 2(a).[37] The electron micro-
graphs below [Fig. 2(b)] show the difference in morphology 
when the enantiomer of ferrocene−diphenylalanine peptide is 
changed during synthesis. These morphological changes are 
accompanied by a complete reversal in the chiroptic prop-
erties measured in the circular dichroism measurements as 
shown in Fig. 2(c). Being able to control the handedness of 
NPs will help improve the understanding of enantioselec-
tivity and how crystalline surfaces adsorb differently with 
the same molecules, as well as pave the way for advancing 
chiroptic applications. In another study, Slocik et al. reported 
the chiral restructuring of a peptide enantiomer when bound 
to AuNP surfaces.[38] Rather than the different enantiomer 
peptides during synthesis leading to a NP with reversed chi-
rality, the same peptide could exhibit circular dichroism (CD) 
spectra of either type, depending on whether the peptide was 
bound to the gold surface. The applicability of this feature 
may be neurotoxin or venom treatment, but this cannot be 
fully realized until computational models can better explain 
the mechanism behind this phenomenon.

In most cases, the addition of heat to a system improves 
the reaction kinetics and is needed to drive electron transfer 
between reducing side groups and metal ions in solution. 
This, however, is a well-debated source of polydispersity 
throughout the nanoparticle (NP) community. At an attempt 
to circumvent inhomogeneous heating, Mukha and company 

Figure 1.  Illustration of macromolecular synthesis of inorganic 
nanoparticles and their various applications. Different classes 
of macromolecules that are used for nanoparticle synthesis and 
templating are listed in the outer ring and major applications that 
utilize the resulting nanoparticles are shown in the inner ring.
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used photoactivated tryptophan to drive nucleation.[39] Suc-
cessful implementation of this technique has been demon-
strated by the change in the LSPR-band between samples 
that were irradiated and the ones that did not, showing three 
times increase in gold nanoparticle (AuNP) formation. Not 
only were more AuNPs synthesized, but peak narrowing of 
UV–VIS data suggests lower particle size distribution, which 
is an attractive characteristic for catalysis and biosensing. 
Besides temperature, pH is another environmental factor that 
can be controlled and may influence NP formation.

Experiments conducted by Baez-Cruz et al. demonstrated pH 
being a knob that can be used to control NP morphology.[40] By 
examining their anionic and zwitterionic L-Arginine-derived sys-
tem with Raman scattering and molecular dynamic simulations, 
they were able to suggest an underlying mechanism that controls 
the morphology. They postulated that as the pH is increased, 
there is an increase in the amines preferential adsorption over 
ammonium groups, changing the resulting morphology. Another 
development in peptide-mediated NP synthesis has been by Feng 
et al. and their work with Amyloid β (Aβ25-35) peptides.[41] They 
uncovered that by changing the incubation time in their phosphate 
buffer, Aβ25-35 would assemble different templates. They could 
make nanoparticles, nanoribbons, nanofibrils, and nanoflowers. 
This is noteworthy because catalytic properties are governed by 
reactive surfaces and each morphology will come with an associ-
ated enhancement to a specific catalytic application, which was 
observed by the reduction of 4-nitrophenol. Chiral NPs are not 
only being implemented as powerful tools for biosensing and 
catalysis but are also being investigated for antibiotic applications 
since a lot of bodily functions are enantioselective. Chen et al. 
have reported that spiked chiral AuNPs synthesized by Cysteine 
and Phenylalanine dimer-mediated growth of bipyramidal seeds 
showed chirality-dependent antibacterial properties.[42]

Peptides have shown their ability to nucleate and assemble 
inorganic nanoparticles for various applications. Their strength 
comes from their ability to be sequentially defined, allowing 
for intricate structures and assemblies to be made that can both 

nucleate and bind to different inorganic materials. Pozzo and 
co-workers recently published a paper reporting how AuNP 
morphology changed as Au binding peptides were modified in 
64 different reaction conditions to span a large amount of the 
design space.[43] To compliment that, Figat et al. reported how 
the twenty different naturally occurring amino acids (constitu-
ent parts of a peptide) both bind and reduce gold in solution.[44] 
Regarding other reaction parameters, Knecht and company 
reported how the same peptide with different strength reduc-
ing agents impacts the resulting morphology.[45] To understand 
how the amino acid sequence impacts gold binding, Janairo 
published a meta-analysis reporting the sequence rules that 
impact such property and suggested specific positions within 
the sequence have a larger impact than others, and tryptophan 
and arginine are important amino acids to consider.[46] Further 
examination of the peptides that have demonstrated their abil-
ity to reduce or template different metallic ions suggest a few 
different functional groups to be further investigated. For exam-
ple, phenylalanine, tryptophan, and tyrosine are common amino 
acid species present in most peptide sequences. This suggests 
that there must be something related to the presence of their 
benzene, indole ring, and phenyl groups that may be stabilizing 
the different ions allowing for templating or reduction.

Peptoids
Another macromolecule type with many of the same benefits as 
peptides is peptoids. Both peptides and peptoids can be sequen-
tially defined to impact their ability to synthesize and template 
inorganic NPs. Peptoids are peptide-mimetic but are achiral 
because the side-chain functionality is on the nitrogen rather 
than the α-carbon that results in lack of backbone hydrogen 
bonding. More extensive detail on peptoids can be found in the 
review by Chen et al.[47,48]

Chen et al. have utilized  peptoids[49] that contain analogues 
of common hydrophilic and hydrophobic amino acids. By 
doing so, their team has developed a built a fundamental under-
standing of these peptoids. Specifically, they have reported a 

Figure 2.  (a) Illustration of ferrocene−diphenylalanine peptide enantiomers and resulting morphologies, (b) SEM, and (c) CD spectra of cor-
responding morphologies. Adapted from the abstract and Fig. 3 in Wang.[37] Copyright © 2021 American Chemical Society.
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“rule of thumb” for templating Au coral particles which states 
that such particles form in the presence of amino-containing 
group, requires strong side-chain hydrophobicity and a precise 
arrangement of peptoids during the growth phase. These coral-
shaped AuNPs offer unique plasmonic enhancements which 
would find use in biosensors.

Merrill et al. conducted a similar peptoid sequence study 
but instead of investigating self-assembly and AuNPs synthe-
sis, they opted to try and tune catalytic properties of palladium 
nanoparticles (PdNPs).[50] By systematically changing the pep-
toid assemblies, they were able to produce 1D fibers and 2D 
membranes in which the assembly of PdNPs differed, exposing 
different facets and thus changing the catalytic properties of the 
overall assembly. CdSe quantum dots have also been shown to 
template on peptoid tubes and sheets via covalent linkage.[51] 
Likewise, enhancements in plasmonic properties have been real-
ized in similar coral AuNPs.[52] Mechanical property enhance-
ments of hydrogels have also been looked at with applications 
in tissue engineering.[53] Further understanding on how the pep-
toid sequence is employed to tune inorganic crystallization can 
be found in Yang and colleagues in depth review.[47] Peptoid 
sequence has also been used to stabilize different facets leading 
to control over resulting NP morphology. By manipulating the 
sequence, different crystal facets of Au were stabilized lead-
ing to the preferential growth of fivefold-twinned  nanostars[54] 
which typically are formed from seed-mediated growth.

Recently, a controlled mineralization of anatase crystals and 
gold NPs was demonstrated through protein-modified peptoid 
nanotubes. With these hybrid structures, Ma et al. were able 
to synthesize monodisperse anatase  (TiO2) nanocrystals on the 

order of sub-5-nm regime with the ability to narrowly control 
size by changing protein surface density, identity and valence of 
surface-binding peptides, and mineralization time.[55] This setup 
was also used to synthesize monodisperse AuNPs. Additionally, 
they were able to build a bifunctional mineralizing peptoid-pro-
tein construct with the mechanism as shown in Fig. 3(a) that has 
both a titania and gold binding sites which led to the success-
ful development of  TiO2/Au nanocomposites. The structure is 
shown in Fig. 3(b,c) with scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) images of the 
co-templated  TiO2/Au nanocomposite and characterization in 
Fig. 3(d,e) showing the atomic structure and corresponding lat-
tice spacing and diffraction peaks confirming both exist. All the 
NPs that were synthesized on these scaffolds were under 4 nm 
and stable which is something that has not been seen previously 
in other biomimetic mineralization routes. An application of 
interest that Ma et al. has identified these constructs can be tuned 
for is photocatalytic degradation of organic dyes.

DNA
DNA has recently been a very popular tool used for site-spe-
cific fabrication of different materials. One such case has been 
method for making silica  nanostructures[56] by Ding and co-
workers. They were able to make such nanostructures with such 
precision by utilizing a protruding dsDNA strand which served 
as the nucleation point during silicification, which should sound 
like the protein-modified peptoid nanotubes mentioned pre-
viously. This technique could be pivotal in creating layered 
dielectrics for various electronic applications.

Figure 3.  (a) Illustration of sequential mineralization of  TiO2 and Au onto protein-modified peptoid nanotubes. (b) SEM, (c) TEM, (d) HR-
TEM, and (e) Selected area diffraction pattern of the  TiO2/Au-mineralized peptoid nanotubes. Adapted from Fig. 5 in Ma.[55] Copyright © 
2022 Wiley‐VCH GmbHDNA.
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A low-cost and effective alternative to traditionally grown 
 Bi2MoO6 nanoplates for electrode materials has recently been 
demonstrated with DNA templating.[57] By varying the con-
centration of the DNA during the synthesis step, the diameter 
and thickness could be shifted to larger or smaller plates on the 
order of 30-180 nm. The apparent mechanism seems to be that 
the dissolved DNA formed micelles on other DNA segments, 
and the negative charge would attract the positive Bi ion and 
allow nucleation and growth on the surface via electrostatic 
interactions.

Improvements to the structural stability of DNA-Chitosan 
hydrogels have been realized by charging polysaccharides in 
a DNA solution. By doing so, both constituents have aromatic 
and nitrogen-containing groups which make this hydrogel a 
multitarget absorbent for metal ions. This leads to the entrap-
ment of ions within the hydrogel and NP reduction onto the 
scaffold. Morikawa et al. have successfully used this technique 
to synthesize 2–3-nm AuNPs, producing a metallic hydrogel 
with catalytic activity.[58]

Combining the idea of functionalized NPs with DNA ori-
gami constructs, Mathur et al. fabricated precisely placed 
gold nanorods (AuNRs) into plasmonic coupling regimes to 
control red and blue shifting of LSPR peaks.[59] By coat-
ing AuNRs with binding DNA strips, they were able to 
attach these functionalized particles to DNA triangles that 

had DNA-binding sites which the AuNRs could then attach 
to. This goal was accomplished with 20 nm × 50 nm and 
10 nm × 90 nm AuNRs to make numerous shapes success-
fully. A similar concept was also used by Liu et al. to make 
2D chiral plasmonic superstructures which they programmed 
the chiral motif by the number of AuNR pairs, and the size of 
the AuNRs by the underlying DNA template.[60] In Fig. 4(a), 
a schematic demonstrates an example of the self-assembly of 
the DNA triangles into the different hexamers. Atomic force 
microscopy (AFM) was provided in Fig. 4(b,c) of both show-
ing the size of the structures. The different hexamers can be 
made to be chiral or not depending on the triangular template 
used depicted in Fig. 4(d–i) SEM images. More work has 
been done in further understanding site-specific polynucleo-
tide brushes which influences the silicification process, as 
well as changing the molecular characteristics of the DNA 
to deter aggregation.[61]

DNA templating and functionalization has also led to the 
development of  Bi2S3 NPs that can accumulate in the infarcted 
area allowing for improved photoacoustic imaging of myocar-
dial infarction.[62] Zhou et al. have also developed a DNA-Mn 
nanoflower hybrid using the synergistic effects tumor site tar-
geting and cellular uptake from the DNA and Mn for enhanced 
MRI signal enhancement.[63] Similarly, a glyphosate (GLYP) 
biosensing system has been developed with DNA-templated 

Figure 4.  (a) Schematic of self-assembly AuNRs on DNA triangles, (b, c) AFM of DNA triangles and hexamers. The scale bar for the zoom 
in the range of (b) is 40 nm and 80 nm in c. (d-i) SEM images of bi-stars and pinwheels of AuNR assemblies. The colored edges in (d, 
e) are consistent with that in (a) showing how they were assembled. The scale bars for the zoomed-out SEM images is 400 nm and the 
zoomed-in is 50 nm. Reprinted from Fig. 2 in Liu.[60] Copyright © 2021 American Chemical Society.
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copper NPs with high selectivity and fast testing speeds. The 
presence of GLYP chelates Cu ions preventing the reduction 
of copper NPs on the DNA scaffold, therefore preventing the 
formation of fluorescence peaks and therefore indicated that 
GLYP is present in the system.[64]

Other biopolymers
The area of inorganic NP synthesis and templating using 
biopolymers such as sugars and proteins are aimed at “green 
synthesis” of popular inorganic NPs. There are numerous exotic 
biopolymers that have found success in either reducing precur-
sors or capping and stabilizing NPs. The most recent and com-
pelling publications have been included in this section. More 
can be found in a more comprehensive review Jesionowski 
and colleagues.[65] It should be mentioned here that a major 
field of biopolymer mediated synthesis is in the biominerali-
zation of other inorganic materials such calcium containing 
carbonates and phosphates which we have not discussed here. 
For completeness, we direct the reader to a recently published 
report from Keating that includes recent innovation in novel 
micro-reactors that utilize liquid–liquid-phase coexistence as 
a mechanism to control reaction environments and thus impact 
the resulting mineralization of such calcium carbonates and 
phosphates during the biomineralization process.[66]

Li et al. genetically modified a self-assembly capable struc-
tural amyloid protein with a  SiO2 nucleation peptide.[67] By 
doing so, they were seemingly able to guide nucleation of  SiO2 
NPs via modified amyloid fibers, where non-modified proteins 
did not promote the deposition of  SiO2 NPs. Something else 
they were able to accomplish was fabricating self-supporting 
modified protein-chitin complex scaffold for  TiO2 mineral-
ization with a sugar cube as a bulk template as depicted in 
Fig. 5(a). The sugar cube in Fig. 5(b) was submerged in an ink 
containing this protein-chitin complex and cured, triggering 
reassembly of the amyloid nanofibers throughout the whole 
matrix of the sugar cube [Fig. 5(c)]. Finally, this sugar cube was 
dissolved and what remained was a high surface area porous 
template. This template was then submerged in a buffered aque-
ous solution with different metal ions that mineralized on the 
surface. In Fig. 5(d,e), scanning electron microscopy-energy-
dispersive spectroscopy (SEM–EDS) and scanning transmis-
sion electron microscopy (STEM–EDS) analysis indicate the 
presence of Ti, Ga, and Si successfully mineralized on the sur-
face. Their future work states that this could hypothetically 
be used to construct an artificial photosynthesis system where 
the  TiO2 acts as a light antenna providing electrons to an engi-
neered Escherichia coli strain that has a hydrogenase gene clus-
ter, thus synthesizing hydrogen.

Small biopolymers are often employed to stabilize NPs 
during synthesis. In the case of  CaSO4, 58-nm NPs were 
synthesized by co-precipitation but using gelatin as a green 
stabilizer.[68] Since these NPs are capped with a biopolymer, 
they can find themselves in a variety of pharmaceutical appli-
cations, such as biocatalyst.

Advances in alternative and green methods for synthe-
sizing NPs have been demonstrated recently. For instance, 
marine bacterial exo-polymers were used as alternative reduc-
ing agents for noble metal NP synthesis. Three exopolysac-
charides were produced from bacteria from shallow hydro-
thermal vents and successfully nucleation Ag/AgCl/Au NPs 
as well as stabilization.[69] Enzymes have also been recently 
reported to have been used in the green synthesis of inorganic 
NPs. Three oxidoreductive enzymes were discovered to suc-
cessfully act as a bioreductant of AuNPs in the presence of 
different carbohydrates which changed the resulting NP size 
and shape.[70] Notably, massive 2D Au single crystals have 
been successfully synthesized by Lv et al. in which millim-
eter length crystals have been  achieved[71] which are highly 
desirable for catalytic applications and single-molecule sens-
ing. It was reported that silk fibroin has a specific amino acid 
sequence that synergistically with chlorine can enable condi-
tions in which kinetically controlled synthesis of single crystal 
Au atomically smooth surfaces can be synthesized.

Another common macromolecule that has been used for 
inorganic nanoparticle scaffolding and assembly is cellulose. 
Oxidized bacteria cellulose nanofibers were used to tem-
plate gold by Thoidi et al. with the intention of being used 
as an injectable biomaterial for cardiac tissue regeneration.[72] 
AuNPs were also successfully made with carboxy methyl cel-
lulose (CMC) which were able to be made between 10–90 nm 
by Doghish et al.[73] These CMC-AuNPs were shown to be 
effective, anti-cancer, antifungal, and antimicrobial with the 
mechanism suggested to be related to the activation of necrosis 
and apoptosis. Gold was also templated onto cationic cellulose 
nanofibrils by Alle et al. in the form of a film that was shown 
to be recycled up to five times as a glucose detection without 
decrease in efficacy.[74]

Copper oxide NPs were synthesized on electrospun cellulose 
nanofibers by Haider et al.[75] These NPs were 3 and 7 nm in 
size, and the antibacterial properties shown promise against 
gram-negative bacteria. The CuO NP-coated cellulose demon-
strated the CuO to be responsible for the antibacterial response 
and are expected to make useful wound dressing materials. 
CuO NPs have also been synthesized by Mathew and company, 
but with nanocellulose films with targeted application in water 
purification.[76] It was reported that these hybrid films can likely 
be used as a universal substrate for the nucleation of many dif-
ferent heavy metal ions and can be upcycled which makes for 
a sustainable source of material. Similarly, Danish and com-
pany used cellulose polymer paper as a scaffold for AgNPs to 
enable a highly porous structure with high surface area that can 
be decorated with silver to promote catalytic activity toward 
common water pollutants.[77] Magnetic NPs ranging from 6 to 
14 nm have also been selectively precipitated onto bacterial 
cellulose and have been reported to selectively filter antimony 
from aqueous solution.[78]

Hydroxyethyl cellulose (HEC) nanostructures were used 
as a template for synthesizing Ag, Au, and Au/Ag-alloyed 
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NPs. Ahmed et al. used the HEC macromolecules as a green 
alternative scaffold for making such NPs and reported that 
the Au/Ag alloy had superior antipathogenic actions than 
either Ag or Au individually.[79] This technique can likely 
be employed to synthesize other unique alloyed NPs for 
many different applications. Another, different version 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-cellulose 
nanofibrils were used as a one-pot method for reducing 
AgNPs. By doing so, this system can be leveraged as a 
cysteine detector, where upon cysteine–AgNP interactions, 
the surface plasmon resonance changes, and the solution 
changes colors dramatically.[80]

Polymers
Synthetic polymers and polyelectrolytes have been widely 
employed as ligands during NP synthesis. By complexing 
achiral amphiphilic diblock copolymers poly(styrene-block-
4-vinylpyridine) (PS-b-P4VP) with R/S-mandelic acid (a chi-
ral dopant) and using steric hindrance to their advantage, Kim 
et al. have successfully synthesized chiral metal oxide NPs.[81] 
The steric hindrance within the inverse micelle inhibits the 

racemization of the R/S-mandelic acid core, imparting chiral-
ity to subsequent NPs formed via hierarchical chirality transfer. 
They showed that magneto-chiroptic properties can be tuned 
by controlling the direction of the external magnetic field for 
paramagnetic NPs.

Using PS-b-P4VP and polystyrene-block-poly(methyl meth-
acrylate) (PS-b-PMMA) and meticulously post-processing, 
block copolymer (BCP) NPs were able to be used as templates 
for metal oxide NPs. Weisbord et al. were able to construct BCP 
NPs with control over size distribution, degree of phase sepa-
ration which varied the internal structure, and porosity which 
can be altered for application specificity.[82] With these, they 
utilized sequential infiltration synthesis, which exposes the dif-
ferent PV4P and PMMA domains to gas-phase metal–organic 
precursors which selectively deposit onto each, respectively, to 
successfully synthesize hybrid organic–inorganic composites. 
This technique expands the materials that can be templated, 
as well as allowing for exotic morphologies to be analyzed. 
Other BCPs have been demonstrated as effective gold-deco-
rated porous membrane for catalytic flow reactors to transform 
nitrophenol to aminophenol.[83]

Figure 5.  (a) Illustration of how porous metal oxide composites are fabricated from coating sugar cubes with protein-chitin complex that 
promote mineralization at the surface, (b) commercial sugar cube scaffold, and (c) resulting protein-chitin cube following the ink soak and 
cure. (d) SEM–EDS demonstrates the ability of protein modification to promote mineralization of Ti and (e) STEM-EDS of Ga and Si on the 
surface. Adapted from Figs. 4, S2, and S12, S16 in Li.[67] Copyright © 2020, © The Author(s) 2020.
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Such BCP systems have also found applications in bioim-
aging, sensing, and diagnostics due to their ability to be fluo-
rescently switchable in some instances. Kim and co-workers 
developed a doubly alternate-layered NP array that has alternat-
ing AuNPs and CdSe/ZnS QDs in which these particles exist 
in different layers.[84] Figure 6(a,c) shows TEM images of the 
as-produced PS-b-P4VP BCP NPs with the PV4P domain being 
stained with a contrast agent to help demonstrate the nano-sized 
layering. The AuNPs and CdSe/ZnS NPs appear as dark spots 
in the TEM images in Fig. 6(b,d) of the cross-sectioned BCP 
NP to get a better look at the internal structure. Upon solvent-
selective swelling of layers, NP-QD distances can be large, 
and fluorescence is “on” by preventing non-radiative energy 
exchange between the NPs and QDs or in the absence of swell-
ing BCP can be fluorescently “off.” Jia et al. have developed 
aromatic block copolymers that can be self-assembled into 
micro-reactors for sub-micron cube like AgNPs as building 
blocks for SERS nanosensors.[85]

An innovative cancer therapy has been fabricated by Alle 
et al. in which pH sensitive AuNPs were decorated with dox-
orubicin-xanthan gum and will preferentially release the drug 
at the tumor site.[86] Rai et al. repurposed Soloplus, a com-
mercial graft copolymer, to develop dequenched Ag/Au hybrid 
NPs for advancements in biophysical chemical sensor devel-
opment.[87] By modifying the ratios of gold to silver ions in 
solution with Soloplus, the resulting optical properties can be 
altered upon exposure to UV light. He et al. used polyhexam-
ethylene biguanide (PHMB) to template AuNPs to induce a 
synergistic effect between the PHMB antimicrobial properties 
and the gold photothermal effect.[88]

Synthesizing atomically precise inorganic NPs with strict 
size and shape control and good fidelity has been accomplished 
by Liu et al. in their synthetic polymer brush system.[89] Using 
light-mediated surface-initiated atom transfer radical polymeri-
zation methods, they prepared an atomically precise brush pol-
ymer-functionalized silicon wafer. When exposed to inorganic 
precursor solution, the resulting NP was 78 ± 7 nm thick when 
using a template of 75 ± 6 nm. Jin and company were able to 
generate sub-5-nm AuNPs using loop-cluster coronas that were 

dispersed on the surface of a polymer vesicle.[90] They were 
able to avoid agglomeration of the AuNPs as they reduced by 
having them compartmentalized throughout the loop clusters. 
The benefit of this method is that by changing the loop size, the 
AuNP size can be changed which will impact the subsequent 
catalytic properties of the vesicles.

Importantly, Bressan et al. have fabricated a new micro-
fluidic device that utilized fused deposition modeling for the 
purpose of synthesizing inorganic NPs. They reported that the 
device was able to synthesize both Ag and Au NPs. The result-
ing Ag and Au NPs were 5–8 nm and 20–34 nm, respectively, 
and both were shown to be stable for 3 week.[91] With relation 
to additive manufacturing, Saggiomo and co-workers demon-
strated the ability to embed AuNPs in a 3D-printable ink yield-
ing the ability to manufacture a dichroic nanocomposite.[92] By 
a modified Turkevich method, the AuNPs that were produced 
possessed dichroic properties which they then capped with pol-
yvinyl acid, a known capping agent, and common 3D printing 
material. The printability nor the mechanical properties were 
drastically influenced by the presence of AuNPs in filament. 
Similarly, Estrada and co-workers used polyvinylpyrrolidone 
(PVP)-capped AuNPs as a printable ink for wearable electron-
ics.[93] The PVP is well studied and allows for precise control 
over the AuNPs size and shape, while also being chosen for its 
good adhesion properties to many different substrates.

Other advancements in 3D-printable nanocomposites 
include the combination of both organic and inorganic com-
ponents to the print feedstock material. For example, carbohy-
drate-modified polyurethanes have been shown to adequately 
template AuNPs and alter rheological properties allowing for 
them to be 3D printed.[94] Using click chemistry, the carbo-
hydrate was added to the urethane chain, allowing for control 
over how substituted the polymer became, giving the ability 
to tune the physicochemical properties as a nanocomposite. 
Similar work has recently been published by Loughney and 
co-workers where they replaced the traditional capping agent 
in a pre-ceramic with poly(pyridylmercaptopropyl)methylsi-
loxane (PyMPS), to act as the capping ligand, reducing agent, 
and reactant allowing for the creation of a printable and tunable 

Figure 6.  TEM images of (a) the as-produced and (b) the cross-sectioned PS10k-b-P4VP10k microspheres with Au@PS NPs (Au-BCP), 
and (c) the as-produced and (d) the cross-sectioned PS10k-b-P4VP10k particles with CdSe/ZnS QDs (QD–BCP). The P4VP domains 
were stained with iodine vapor to enhance their contrast in the TEM images. Adapted from Fig. 1 in Kim.[84] © 2021 Wiley‐VCH GmbH.
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copper sulfide nanocomposite.[95] More can be found on recent 
trends of polymer that mediates inorganic nanoparticle assem-
bly by Yi et al. in their comprehensive review.[96]

Innovative trends
Powerful synergy has been realized in the synthesis and tem-
plating of inorganic nanoparticles. In this section, we highlight 
some noteworthy and innovative trends in the area of bottom-
up synthesis of nanoparticles as well as additional methods 
that employ macromolecules. Bachar bioengineered a solar-
driven enzyme which will continuously and stereoselectively 
produce chiral amines, which is a greatly used enantiomer in 
the pharmaceutical industry.[97] In this study, Cadmium Sulfide 
(CdS) quantum dots were self-grown onto a protein via CdS-
binding peptides that were fused to the structure. The quantum 
dots acted as a photosensitizer which allowed for efficient and 
seemingly endless photocatalytic regeneration of a cofactor 
required in the synthesis of the chiral amine. Additionally, this 
bioengineered platform for any cofactor-dependent enzymes in 
the synthesis of fuels and other fine chemicals. There could also 
be used in utilizing this platform for artificial photosynthesis. A 
more extensive review regarding bioengineering nano-hybrids 
can be found by Palomo.[98]

MSA capped CdTe QDs in the presence of 
poly(diallyldimethylammonium chloride) (PDADMAC) has 
been shown to undergo self-assembly into luminescent nan-
odroplets.[99] These droplets have demonstrated selective lumi-
nescence quenching only in the presence of  Hg+ ions, allowing 
for them to be used as ultrasensitive detectors. It was identified 
that the free carboxylate groups in the MSA capping agent are 

responsible for the electrostatic attraction of the  Hg+, allowing 
for the sequestration of these metallic ions. Singh and Mukher-
jee then utilized this system to act as a reducing agent for 
AuNPs within the coacervate QD-droplets. [100] By doing so, 
the peroxidase-activity outperformed that of both QD-droplets 
and AuNPs individually. The confined AuNPs that formed were 
well dispersed, 5 nm on average, and stable for a period of at 
least four weeks. Moreover, the catalytic properties of these 
coacervate-based catalysts were shown to be recyclable and 
able to withstand several cycles without loss in performance. 
The perspective optoelectronic applications that this system 
could employ is quite large since many different QDs can be 
capped with a wide variety of capping agents which can be used 
to tailor to a specific application.

A bioengineering feat was successful by Liu et al. where a 
fungi was modified to have photocatalytic abilities.[101] CdS 
nanodots were synthesized intracellularly within the yeast 
structure allowing for it to become photosensitive and induce 
enzyme-catalyzed hydrogen production. This can be lever-
aged for sustainable production of light-driven chemicals like 
the platform created by Bachar.[97] Additionally, a team led by 
Kachtík have opted to stray away from organic templates and 
have deployed an inorganic  WS2 scroll-like nanotube to act 
as a template for the chiral assembly of metallic, dielectric, 
and oxide NPs.[102] The advantage of this template is that it is 
temperature stable to 550C which allows for a wider range of 
materials to be considered for templating which can allow for 
advanced applications.

Another innovative application of peptide-mediated NP syn-
thesis is in photothermal therapy. A near-infrared photothermal 
therapeutic NP was synthesized by Athanasiou et al. with a 

Figure 7.  (a) Schematic of the copolypeptide nanoparticle with AuNPs selectively decorating the PHis layer forming the AuNS. (b) TEM 
images confirming the AuNS with the copolypeptide. (c) UV–VIS measurements demonstrating the ability to control the wavelength selec-
tivity by tuning AuNS size. Adapted from Figs. 1, 2, and 4 in Athanasiou.[28] Copyright © 2021 American Chemical Society.
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histidine containing amphiphilic hybrid polypeptide illustrated 
in Fig. 7(a).[28] These polypeptides formed core–shell self-assem-
blies that preferentially reduced AuNPs in the histidine layer, as 
depicted in Fig. 7(b) TEM micrographs, and could vary the size of 
NP and thickness of Au shell by modifying the peptide molecular 
characteristics and histidine/Au(III) ratios. Having the ability to 
change the NP and Au shell size allows for the absorption wave-
length to be tuned allowing for the shift to less harmful wave-
lengths of light making this a safer therapeutic technique which 
is shown in the UV–VIS measurements as provided in Fig. 7(c).

Future outlook
Inorganic nanoparticles are at the forefront of design spanning 
from photothermal therapies, targeted drug delivery, specific 
molecule sensors, and electronics. Top-down methods are 
unable to offer the same amount of control and diversity that 
macromolecule-mediated synthesis and templating can. We 
have reviewed the recent cutting-edge scientific literature that 
has demonstrated the utility of macromolecule-assisted synthe-
sis and templating of inorganic nanoparticles. Such bottom-up 
methods have been shown to be compatible with one another, 
demonstrating the ability to mix different macromolecules and 
combine benefits from both types for highly specific designs. 
However, with numerous different macromolecules, the design 
space is enormous. Therefore, to innovate in this research field, 
computational design and high-throughput experimentation 
must be utilized to accelerate and streamline discovery. It is 
important to emphasize here that many of these macromol-
ecules offer “green synthesis” methods which is important as 
we address concerns of the twenty first century of pollution 
and the environment. Overall, innovations in in situ synthesis 
and hierarchal self-assembly of hybrid and multicomponent 
inorganic NPs by macromolecules can yield smart structures 
for catalysis, pharmaceuticals, and electronics, making it an 
exciting and vibrant research field.
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