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Abstract: The implementation of peptide-based molecules within the medical field has vast potential,
owing to their unique nature and predictable physicochemical profiles. However, peptide therapeutic
usage is hindered by delivery-related challenges, meaning that their formulations must be altered to
overcome these limitations. This process could be propelled by applying microfluidics (MFs) due to
its highly controllable and adaptable attributes; however, therapeutic research within this field is
extremely limited. Peptides possess multifunctional roles within therapeutic formulations, ranging
from enhancing target specificity to acting as the active component of the medicine. Diagnostically,
MFs are well explored in the field of peptides, as MFs provide an unsullied platform to provide fast
yet accurate examinations. The capacity to add attributes, such as integrated sensors and microwells,
to the MF chip, only enhances the attractiveness of MFs as a diagnostic platform. The structural
individuality of peptides makes them prime candidates for diagnostic purposes, for example, antigen
detection and isolation. Therefore, this review provides a useful insight into the current applications
of MFs for peptide-based therapy and diagnostics and highlights potential gaps in the field that are
yet to be explored or optimized.
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Peptide-based molecules fall into two distinct classes. The first class consist of peptides,
which are short chains of amino acids (AAs), generally considered to be 2–50 AAs in
length [1–3], that depending on their chemical composition, can perform a wide variety of
functions, both for diagnostic and therapeutic purposes. With 22 well-known proteinogenic
AAs [4] and many more nonproteinogenic AAs, the variability of peptide composition is
extremely vast. Proteinogenic AAs are essential for normal human function, regulating
metabolism, growth and repair, among other processes [5]; however, they can also be
exploited for their medicinal qualities. Over 7000 naturally occurring peptides have been
identified in nature [6], with much more able to be synthesized artificially, providing a
huge library of molecules with potentially life-sustaining effects. Common peptide-based
medicines, such as adalimumab (TNF inhibitor) and insulin, are used daily by millions of
people for an extensive range of conditions, namely Crohn’s disease, diabetes mellitus, and
rheumatoid arthritis, among others. The second class of peptide-based molecules consists
of proteins, generally >50 AAs and can have complex secondary structures. This class
includes enzymes and antibodies.
Peptide therapeutics are some of the most valuable medicines available [6]; however,
their formulations are far from optimized. All peptide medicines must be delivered
parenterally [7], often intravenously, due to the degradative process that occurs upon oral
administration, which, despite being less convenient for the patient, still allows the delivery
of life-saving medicines. Peptide drugs frequently possess high selectivity and potency
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while sustaining an agreeable safety profile, for example, novel antimicrobial peptides [8,9]
and chemotherapeutic agents [10]. Their chemical nature often makes their metabolism
predictable [11], which is very useful for administration, distribution, metabolism, and
excretion (ADME) calculations; however, frequently, the unmodified peptide will have a
very unfavorable ADME profile. For this reason, administrative formulation methods like
nanoencapsulation, pegylation and peptide-implant reservoirs must be exploited to allow
optimized delivery of the peptides.
Due to the unique nature of proteins, their diagnostic attributes are also prevalent in
many areas of healthcare, including imaging agents for pregnancy tests. Target specificity
is one of the major attributes that peptide-based molecules possess, as their individual
AA composition extends peptides to be prime candidates for diagnostic techniques, such
as antibody isolation, radiotherapeutic imaging and enzyme detection [12]. Peptidebased molecules are already established for diagnostic purposes; however, due to recent
nanotechnological advances, a new generation of peptide-based diagnostics could be on
the horizon.
Peptides have a broad scope of utility, owing to their unique and adaptable pharmacokinetic (PK) and pharmacodynamic (PD) properties, making them ideal candidates
for theranostic applications. Depending upon the chemical composition of a peptide
chain, attributes, such as amphiphilicity or a high volume of distribution (Vd), may be
demonstrated [13]. Knowledge of PK and PD allows analysis of a molecule’s potential
toxicological profile. Peptide-based products on the market, such as insulin glargine and
denosumab, are tested rigorously to establish in-depth safety profiles to prevent harm upon
use. Depending upon the peptide’s formulation, e.g., nanoencapsulation or pegylation, the
toxicology profiles will vary. For example, toxicology profiles relating to nano-encapsulated
peptides are speculated to possess lower toxicity than the unmodified peptide [14], while
pegylated molecules are compared to their un-pegylated counterparts are more toxicologically similar [15]. Self-assembled peptide nano-therapies offer a versatile system design
and high levels of efficacy while maintaining a high safety profile, which is an ideal combination for patient care. Outside the area of MFs, peptides have been successfully employed
in a theranostic capacity [16]. However, as is the main difficulty with peptide manipulation,
reliable and efficacious formulation into a functioning theranostic medium is far from
being optimized.
Peptide functionality can be altered to be idiosyncratic depending on their composition.
To name a few leading uses, summarized in Figure 1, they can be used for theranostic
purposes to:

•
•
•
•

Assist in delivering an active pharmaceutical ingredient (API), both as carrier material
and as a functionalized epitope, to provide region-specific delivery [17].
Act as the API within a formulation;
Provide unique binding regions to assist with the isolation of specific receptors [18];
Enhance the quality of diagnostic imaging techniques [19].

This review will discuss in-depth how MFs can be utilized as an accomplished synthetic process to produce peptides or formulate them into medicine while also highlighting
its capacity to provide a contemporary theranostic function.
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Figure 1. Summary of therapeutic and diagnostic applications for MFs discussed in this review.
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Figure 2. Summary of the different components in a basic MF system.
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Since its discovery, MFs have been used for various applications, even applications
outside of medicine, for example, improving industrial extraction methods of crude oil [22]
or the fabrication of complex electrical components [23]. However, its primary use is within
medical, biomedical and genetic fields, as its adaptiveness lends itself to generating highquality results over a broad spectrum of operations. As mentioned, the analysis of peptides
within the MFs field is limited, especially therapeutically, although it has well-established
usage for non-peptide processes, for example, investigating bacterial micropropulsion
mechanisms [24] or acting as an “organ-on-a-chip” [25]. The latter use mentioned here
allows accurate in vitro measurements, owing to the capacity of MFs to design the chip to
be uniquely imitative of specific environmental conditions.
The choice of material for fabricating the MF chip is an important factor to consider, as
individual materials are incompatible with processes as detailed in Table 1. Most modern
peptide research uses chips fabricated from the elastomer polydimethylsiloxane (PDMS), a
highly modifiable material used in conjunction with 3D printing. Depending upon the role
of the MF system in the assay, the right material must be chosen.
Table 1. Summary of associated properties for various materials used as microfluidic chips [26–29].
Glass/Silicon

PDMS

Hydrogels

Paper

Easy and cheap to synthesize

Can mimic extracellular
environment

Regions can be modified to
be hydrophobic

High level of adaptability

Useful for cell encapsulation
for 3D cultures [27]

Useful for controlling
liquid absorption

Advantages
<100 nm channel dimensions
possible [26]
Reduces cost of processes,
such as capillary
electrophoresis [26]
Low permeability to oxygen
Resistant to organic solvents

Oxygen permeability allows
for cell culture assays [27]
Allows nanometer-resolution
from 3D printing
High elasticity

Low cost [28]
External pump, e.g., gas not
necessarily required [28]

Disadvantages
High-cost of initial
microfabrication
Valve fabrication is difficult

Low compatibility with
organic solvents
Absorbent for small
hydrophobic molecules

Low-level resolution [29]
Poor for
microfabrication methods

Cannot be used for
cell cultures

Low scope of detection
Properties
Unsuitable for liquids with
low surface tension
Limited applications for MFs

2. Therapeutic Applications of Peptides
The application of peptides for medicinal use has exploded in recent years owing to
their immense potential for therapeutic effect. Such applications include monoclonal antibodies (MABs) for cancer therapy and infectious disease prevention [30], vaccine synthesis
using RNA (including the COVID-19 vaccine) [31,32] and newer uses for regenerative
medicines [33], to name a few.
A common method to circumvent peptide-based formulation issues is by formulating
the peptides within a nanocarrier vessel, for instance, a nanoparticle (NP). Different NPs
have been synthesized in an attempt to effectively manipulate peptide APIs, such as hybridmagnetic NPs [34], nanoemulsions, liposomes, solid lipid nanoparticles (SLNs) [35] and
polymer NPs (e.g., chitosan) [36]. All forms of NP have their own merits and drawbacks,
and the method of synthesis can have a large impact on particle characteristics, irrespective
of the type of NP being produced. The NP allows a certain level of customization to the
medicine, offering the opportunity to provide target-specific delivery via either the NP’s
shell material properties, or by the modification of the shell with specific chemical groups
to increase target receptor affinity. The NP also provides protection for the peptide against
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the broad-spectrum of peptidases present within the human body by providing a physical
barrier to the degradative enzymes [37].
Formulation of peptides into NPs has been achieved in various ways. However, the
processes are far from being optimized and often fall short compared to the standards of
industrial medicine synthesis that are implemented for other medicines. Methods, such as
unilamellar fusion and thin-film hydration, have been proven to encapsulate peptides [38],
but the methods have not yet rectified issues surrounding effective control of particle
size and polydispersity index (PDI), as well as possessing unfavorable encapsulation
efficiencies [39]. Thus, it has been theorized that a highly controllable system like MFs
could be the solution to providing a high standard of encapsulation of peptide molecules
within various NPs. A brief summary of method attributes is shown in Table 2.
Table 2. Advantages and disadvantages of three methods used for peptide nanomedicine synthesis.
Microfluidics

Unilamellar Vesicle Fusion

Thin-Film Hydration

Advantages
Allows synthesis at room temperature
Good control over PDI and particle size

Simple method
Process can be controlled via electrostatic
manipulation [40]

Simple method
Acceptable encapsulation efficiencies for
smaller peptides

Easy method to scale-up
High encapsulation efficiencies [41]
Continuous process
Disadvantages
Material interactions with MF chip

Less control over PDI and particle size

Requires initial high-cost system

Affected greatly by temperature

Less control over PDI and particle size
Produces heterogeneous particle
population that requires
extrusion/sonication [42]

Batch process

The introduction of peptides into the MF system to fabricate nanomedicines (NMs) is
a novel approach, which is already showing huge potential within the nano-formulation
field. In 2020, the COVID-19 virus expedited research into RNA-based vaccines as many
companies, including BioNTech/Pfizer and Moderna, relied on the genetically sequenced
peptides for the efficacy of their vaccines [43]. The utilization of MFs to synthesize RNAbased vaccines has been shown to be an effective means of RNA encapsulation, achieving
favorable synthetic attributes, in particular encapsulation efficiencies of >99% [44].
This area of research represents a huge opportunity for advancing vaccine technology,
as MFs can be adapted to allow NP modification, which in turn increases target specificity.
Most research performed revolving around RNA manipulation within the MF system is
based upon RNA sequencing, which is an extremely effective tool [45,46]. Discovering
the heterogeneity of cellular information is essential to many biomedical applications,
for instance, vaccine development, suggesting that MFs could provide a “door-to-door”
approach for vaccine production, as MFs can provide both the target identification platform
via sequence isolation, as well as a synthesis system to formulate the final vaccine. The
system’s high throughput capacity allows multiple tests to be conducted within a limited
timeframe, which would have been perfect in response to developing a COVID-19 vaccine.
One of the key elements inhibiting using peptides as nanocarriers is the lack of reliable
formulation reproducibility and general disadvantageous nanocarrier properties, such as
large sizes and high PDI values. By utilizing the controlled, small volume environment
provided by the MF platform, researchers have begun to observe a change in this trend. The
self-assembly of peptide chains from amino acids highlighted by Chan et al. and proven
by Ni et al. indicate a huge potential for implementing peptides into the nanocarrier
field. Frequently, the function of peptides for nanoformulations is to act as membrane
epitopes attached to a functional polymer, such as chitosan or polylactic co-glycolic acid
(PLGA) [47,48]. However, due to the emergence of MFs, it is starting to become feasible
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2.2. Hydrogels and Peptide Antibiotics
The production of peptide-based biomaterials via MFs is attractive as they possess a
low level of immunogenicity, and prolonged-release formulations, such as biologic hydrogels, will degrade slowly over time, via natural processes, into non-toxic materials [52,53].
Recent work performed utilizing the prolonged curative properties of peptide hydrogels
allowed a double-pronged approach to wound healing via an MF-assisted process [54].
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Peptide hydrogels possess a structure similar to the extracellular matrix, making them
an ideal biocompatible medium for the controlled release of APIs. MFs were employed
to synthesize a compact fibrous network of alginate to provide an optimal setting for the
self-assembly of peptides onto the structure. The use of peptides on the structure also
allowed the addition of a secondary API, the antibiotic lincomycin, within the hydrogel;
hence providing two APIs to provide a therapeutic effect. The novel approach of using
peptides within the structure ensured that the wound healing process could be optimized
by providing both the anti-inflammatory benefits of prolonged-release peptide therapy, as
well as introducing antibiotic activity.
It is possible that the process designed by Jain et al. [55] would be adaptable to a
microfluidic approach, which exploited ultrashort peptides (USPs) to control gold NP
synthesis within a complex hydrogel structure. USPs are short chains of amino acids
(approximately 3–7 amino acids) that can be used to provide unique interactions with
external environments. Owing to the predictable chemical behavior of peptides, they have
been shown to be exploited to assist with NP shape control. NP shape is an important
factor to consider as it affects overall PDI values, and it can also affect the thermal stability
of a formulation or encapsulation efficacy. For example, nickel-based NPs in a spherical
shape have better heat-transference properties than a disc shape [56].
Owing to increased pathogen drug resistance, the production of novel antimicrobials
is limited, which is why a new area of antimicrobials in the form of peptide therapeutics
should be explored. Despite the categorization of over 3000 AMPs, currently, only 7
antimicrobial peptides (AMPs) are approved for clinical use by the FDA [57], owing mainly
to a lack of clinical efficacy. Bioassays performed using an MF design allow detecting
antimicrobial activity. However, when compared to the traditional format of measuring via
96-well plate analysis, the results obtained were dissimilar, owing to differing oxygenation
levels during incubation subjected to each system. The 96-well plate was exposed to a
greater level of oxygen than the MFs assays, causing incomparability of the systems and
hence the results of this study were inconclusive [57]. However, there is strong potential for
future research in this area to explore different approaches for obtaining AMP activity using
MFs. Conceptually, it is clear that MFs can be employed for this purpose, and there is an
acute need for a new bioassay method, so this is an area that should be developed further.
2.3. Gene Therapy
Gene therapy is an area of medicine that could potentially have a massive impact
on our perceived view of gold-standard healthcare. However, it is constantly shrouded
by controversy and negative implications, as well as proving to be a difficult procedure
to perfect. The advancement of MF designs could impact this area as current investigations into the MF synthesis of double-stranded DNA (dsDNA) carriers are at the forefront
of enhancing gene delivery to specific targets [58]. Carrier materials like graphene oxide (GO) are versatile materials that, when unmodified, possess the ability to integrate
single-stranded DNA or RNA onto their structure via distributed π − π interactions. Modification via MFs is required to alter the charge of the GO structure to allow dsDNA
bonding, as seen in Figure 2. Coating of the GO with a cationic lipid, such as 1,2-dioleoyl-3trimethylammonium-propane (DOTAP), via MFs, increases the overall surface electrostatic
charge, complementary to that of dsDNA. This lipid coating increased cellular uptake of
DNA from 48.8% ± 6 using unmodified GO to an improved 93.9% ± 0.2. As one of the
main inhibitors of gene therapy is achieving suitable gene concentrations for therapeutic
effect, this progress is revolutionary. The carrier is required to prevent the susceptible DNA
from degradation upon administration, as well as increasing gene transfection [59].
2.4. Oral Administration of Peptide-Based Medicines
Finally, for peptide therapeutics, a zealous approach to the synthesis of orally administered peptide medicines was performed using a multilamellar delivery system for
the co-administration of an anti-diabetic peptide, glucagon-like peptide-1 (GLP-1), along-
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system catered to theranostics are listed below, showing how broad the scope of MFs can
be for this medium.
Despite the promise that peptide-based molecules offer, it is important to consider their
limitations within the platform too. Properties of peptides, including high susceptibility to
temperature and high production costs (to obtain high molecule specificity), can restrict
their feasible medical use [3]. MFs can decrease this impact for diagnostic applications
by providing individual small-volume environments, which require minimal materials
for processing.
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3.1. Microfluidics for Peptide Imaging
The formation of microbubbles to assist ultrasound imaging has traditionally been
performed via various methods, including membrane emulsification, mechanical agitation
or laser cavitation [63]. However, MFs have been found to produce microbubbles of a higher
quality than the aforementioned techniques. Bubbles with consistent sizes (approximately
10 µm diameter) can be produced by combining a continuous aqueous phase with a gas
phase (e.g., perfluorobutane (C4 F10 )) within the micron-sized channels of the MF chip [64].
Depending upon the chip’s design, two major methods for microbubble synthesis can be
performed using MFs. First, a standard T-junction method can be used, which combines
two separate phase streams within the chip at a “chaos point”. The microbubbles produced
via this method appeared to be less consistently sized than using the second method;
flow focusing. Flow focusing exploits the geometric properties of the chip to produce
uniform and smaller microbubbles from a pre-mixed stream of phases. A diagrammatic
representation of these processes can be seen in Figure 5.
The microbubbles are used to create contrasting areas of imaging within the body
to optimize the functionality of ultrasound scanning. It is also possible to modify the
process by simple modification of the chip design to incorporate multiple inlets, affecting
the final properties of the bubble, such as attaching additional imaging modalities to
the microbubbles or encapsulating APIs within the structure. Microbubbles have been
functionalized with fluorescent and magnetic resonance to ameliorate the imaging capacity
of the formulation, as well as allowing the addition of peptide moieties onto the shell
structure to increase the target specificity of the imaging medium [65]. It was concluded that
varying the capillary size within the microfluidic chip had a dramatic effect upon the final
Appl. Sci. 2021, 11, x FOR PEER REVIEW
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size of the microbubble produced. As this area of research expands alongside the general
use of peptide formulations within the system, future microbubble formulations will gain
exponential levels of adaptability to help achieve their optimized imaging potential.
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When processes are time-dependent, for example, the synthesis of radiolabelled atoms,
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oms, MFs offer an extremely effective route to establish quick synthesis whilst maintainproduct quality. Prior to MFs implementation, synthesis of the peptide radiotracer [18 F]
ing product quality. Prior to 18
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series, within the same system, it is possible to reduce this time to just 8 min, as shown in
in series, within the same system, it is possible to reduce this time to just 8 min, as shown
in Figure 5 [66]. As the system operated in two separate reactors, it is possible to isolate
the environmental conditions from each reactor in case different temperatures are optimal
for individual steps. The MF process ensured minimal time-based degradation, which
meant that yields for the process were higher (28%) compared to traditional methods.
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Figure 5 [66]. As the system operated in two separate reactors, it is possible to isolate the
environmental conditions from each reactor in case different temperatures are optimal for
individual steps. The MF process ensured minimal time-based degradation, which meant
that yields for the process were higher (28%) compared to traditional methods.
The applications of radiolabelled peptides exist in the field of oncology in vivo
imaging (e.g., PET scans), as they are non-toxic, effectively renally excreted due to their
small size and possess low levels of immunogenicity. The premise of using multiple MF
chips/reactors in series is an effective way that the system design can be manipulated to
perform complex tasks, including synthesizing peptide conjugates, as seen above. There are
also other radiolabelled atoms, 64 Cu and 68 Ga, that have been conjugated with peptides via
MFs [68], which both show a superior synthesis method compared to conventional means,
allowing an increase of yield from 2–4% to approximately 26%, as well as a 200–2000-fold
decrease in precursor materials required. Peptide conjugates are a common form of peptide
modification as it provides the peptide with additional capacities, whether that be half-life
extension or receptor-binding manipulation.
3.2. USP Diagnostics
USPs, Figure 6, have been observed to self-assemble into nanofibers upon forceful
contact with aqueous media [69]. Ni et al. employed this factor within a microfluidic
network to manufacture a peptide-based nanomedicine, possessing both a diagnostic
Appl. Sci. 2021, 11, x FOR PEER REVIEW
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attribute in the form of an imaging tool, as well as allowing target-specific delivery of APIs.
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Measuring enzyme activity using an MF platform is not necessarily a contemporary
idea, as many MF designs are centered around this [71,72]. However, due to recent ad-
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3.3. Enzyme Activity and Biomarker Detection
Measuring enzyme activity using an MF platform is not necessarily a contemporary
idea, as many MF designs are centered around this [71,72]. However, due to recent
advances in neighboring fields, namely additive manufacturing (AM) and nano-detection,
the capacity for MFs to act as an area-leading platform has been propelled. Complex MF
structures can be printed with high resolution to allow for precise control and monitoring
of the environment within the MF chip. Recent enzyme studies using MFs [73] incorporate
hydrodynamic traps within the MF chip to monitor an enzyme’s activity, like Granzyme B,
to determine an individual’s response to therapeutic treatment and improve prognosis [74].
This type of assessment offers a high standard for determining clinical response as it
focuses on single-cell activity, using a life (rather than fixed) cell [73]. By exploiting this
fact, it is possible to measure a cell’s response over a prolonged duration of time, giving
a clearer image of a patient’s response to therapy. If this technique were scaled up to
other monitoring practices, personalized medicine optimization would be a far more
achievable goal than currently possible, which could help relieve the economic burden on
healthcare systems.
In a similar principle to the hydrodynamic traps used by Briones et al., peptide
antibodies within micro-wells or via specialized surfaces on the MF chip can be used to
isolate specific cells during identification assays [75,76]. Complementary antibodies to
target receptors are immobilized onto the surfaces of the chip. Then blood samples are
passed through the chip to perform the evaluation. This process is an effective tool used
to act as an early detection test for diseases. In the case of studies performed by Varillas
et al., circulating tumor cells (CTCs), which are the root cause of metastatic cancer, and
cancer stem-like cells (CSCs) were targeted within the system. Owing to the adaptability of
the chip, multiple antibodies were present within the chip, allowing detection of multiple
different CTC biomarkers, for example, epithelial cell adhesion molecule (EpCAM) and
a CSC biomarker, CD133. Current testing methods, such as EpCAM-based isolation, are
used as a standard test for these molecules. However, false-negative results are observed
occasionally with this method. The microfluidic isolation method appeared to give a higher
level of accuracy than its testing counterparts, although more research must be performed
before it can conclusively be said that this method produces more reliable results.
Once again, owing to the MFs high throughput capacity, it would be simple to run
multiple assays within a limited timeframe. Relating to vessel isolation, exosome isolation
has been shown to be an efficient process using MFs [77]. Exosomes are vesicles ranging
from 30–150 nm in size [78] that occur naturally within the body and act as a transport
medium for substances like miRNA, complex proteins, lipids and unwanted waste products. Exosomes can be exploited to assist with cancer diagnosis owing to unique markers
being present on cancer-related exosomes. To list a few examples, melanoma is associated
with CD63, and caveolin-1 biomarkers and acute myeloid leukemia is linked to TGF-ß1
markers [79]. More examples can be found in Table 3 that could be exploited via an MF
system. The isolation process is similar to that performed in studies by Varillas et al. and
boasts a far less invasive procedure for the patient to obtain a diagnosis compared to
a biopsy.
3.4. Peptide-Conjugated Microbeads
The final diagnostic application of peptide-based MFs presented in this review involves the incorporation of microbeads into the MF system for various diagnostic purposes,
including the fast detection of C reactive protein (CRP), which has elevated levels in the
body in the presence of inflammation. CRP is measured as standard during routine blood
tests due to its importance for identifying life-threatening conditions, for instance, sepsis.
An innovative design using immobilized antibodies on microbeads [80] was mixed, within
the MF chip, with a diluted sample of human plasma, using a fluorinated oil as a surfactant to allow droplet formation within the chip. The sample was collected and incubated
before being injected into a detection chip measuring fluorescent absorption to determine
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CRP concentration. The microbeads could be further adapted. For example, magnetic
microbeads displaying unique peptide chains have already been shown to not only detect
cancerous biomarkers but also to allow cell sorting within the MF chip, depending upon
their bonding to the biomarkers [81].
Table 3. A small range of peptide biomarkers present during clinical analysis for specific conditions.
To the best of our knowledge, biomarkers marked with * have yet to be diagnostically researched in
conjunction with MFs.
Condition

Associated Peptide Biomarker(s)

Leukemia

Transforming growth factor ß1 (TGF-ß1 )
Caveolin-1
CD63
CTLA4
Apolipoprotein E (APOE)
Hemoglobin A1c (HbA1c)
HER2
Tissue polypeptide antigen *
Plasmodium falciparum histidine-rich-protein 2 (PfHRP2) *

Melanoma
Alzheimer’s disease
Diabetes prediabetes
Breast cancer
HIV/AIDS

It is common practice for detection to be incorporated into MF chips [82], as it allows
faster and frequently more accurate compound detection. The use of the MF system
provided a diagnostic sensitivity that was 10 times greater than conventional methods,
allowing detection of CRP at concentrations of just 0.01 µgmL−1 while also having the time
required for diagnosis outcome. In the case of sepsis, where the time taken for diagnosis is
an extremely important factor for determining prognosis [83], this new MF process could
save many lives.
Theoretically, this diagnostic procedure could be applied to any of the proteins tested
for during blood tests, such as hemoglobin, creatinine or thyroid-stimulating hormone
(TSH). Microbeads have also been used creatively to provide simple point-of-care testing
for various viruses, namely Ebola, Zika and Dengue. This technique exploits the physical
formation of DNA hydrogels within the MF capillaries via rolling circle amplification
(RCA) [84]. The microbeads are coated with genomic primer materials, complementary to
that of the subject pathogen, and if the pathogen is present in the diagnostic sample, RCA
occurs, causing the hydrogel formation, subsequently followed by MF capillary blockage.
The blockage can be seen with the naked eye due to the presence of an additional dye
within the MF chip.
As mentioned, this method allows point-of-care testing as no electricity is required
to carry out the process; only a standard syringe to provide a weak vacuum is requisite
for the test. It would be feasible for primers complementary to the genomic sequence of
Covid-19 to be immobilized on the microbeads to allow rapid detection of the virus, as
results obtained for pathogens by Na et al. [84] reduced the time of diagnosis from 2 h to
just 15 min.
4. Future Perspectives
In summation to the direction that peptide-based MFs should follow, it is clear that
that the area of therapeutic peptides is generally underused, owing to the difficulty of
medicine formulation. Initial studies indicate a promise to the MF platform to allow more
successful manipulation of peptides. This is an area that could genuinely have a large
impact upon providing a relatively untapped source of new medicines into fruition. For
example, work like the one developed by Araújo, F. et al. [60] could provide viable oral
peptide-based medicines for the first time, which would be a groundbreaking discovery,
whilst the effective use of hydrogels produced via MFs could open the door to many
bioregenerative processes, developing on an idea like Wu et al. [85] or Ghosh et al. [86].
While more difficult to obtain successful results, the area of therapeutic peptides is far
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less explored and could provide a greater degree of reward. The area of mRNA vaccine
synthesis will likely become a highly sought-after process to optimize, and MFs could hold
the key to this process if research is continued.
The focus for the future of MF diagnosis is already underway, as the platform continues
to excel at building upon previously established techniques, such as standard immobilized
antibody assays, and providing an optimizing feature, whether that be diagnostic time
reduction [69] or yield increases [68]. There are still unexplored biomarkers that are
opportunities for diagnostic research using MFs, as well as various in situ disease testing
methods. The realization of the diagnostic capacity of MFs is seeing exponential growth in
its use.
5. Conclusions
The speed and simplicity of MFs have lent themselves to increasing the popularity of
the system as research within the area continues to grow exponentially. As peptide incorporation within the system is a relatively new concept, it can be expected that the interest and
results obtained by combining the two will both increase and improve dramatically soon.
It is being realized how broad-spectrum the applications of MFs are for peptide
theranostic purposes. However, due to a lack of research in the area, many processes are
not yet optimized. Areas concerning peptide encapsulation are especially interesting due
to the quality of the early results obtained, producing a standard of peptide medicine that
has never been synthesized before. It is possible that developing this process will allow
more complex, target-driven formulations, which could permit access to contemporary
formulations, potentially even towards oral delivery of peptides. The diagnostic use of
peptides within the MF system is particularly exciting due to the research rate being
performed and the variability of its applications. It is clear that the performance of MFs is
having a huge impact on establishing a new generation of peptide-based diagnostics.
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