
Generation and Characterization of a Library of Novel Biologically
Active Functional Surfactants (Surfmers) Using Combined High-
Throughput Methods
Valentina Cuzzucoli Crucitti, Leonardo Contreas, Vincenzo Taresco, Shaun C. Howard,
Adam A. Dundas, Marion J. Limo, Takasi Nisisako, Philip M. Williams, Paul Williams,
Morgan R. Alexander, Ricky D. Wildman,* Benjamin W. Muir,* and Derek J. Irvine*

Cite This: https://doi.org/10.1021/acsami.1c08662 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We report the first successful combination of three distinct high-throughput techniques to deliver the accelerated
design, synthesis, and property screening of a library of novel, bio-instructive, polymeric, comb-graft surfactants. These three-
dimensional, surface-active materials were successfully used to control the surface properties of particles by forming a unimolecular
deep layer on the surface of the particles via microfluidic processing. This strategy deliberately utilizes the surfactant to both create
the stable particles and deliver a desired cell-instructive behavior. Therefore, these specifically designed, highly functional surfactants
are critical to promoting a desired cell response. This library contained surfactants constructed from 20 molecularly distinct
(meth)acrylic monomers, which had been pre-identified by HT screening to exhibit specific, varied, and desirable bacterial biofilm
inhibitory responses. The surfactant’s self-assembly properties in water were assessed by developing a novel, fully automated, HT
method to determine the critical aggregation concentration. These values were used as the input data to a computational-based
evaluation of the key molecular descriptors that dictated aggregation behavior. Thus, this combination of HT techniques facilitated
the rapid design, generation, and evaluation of further novel, highly functional, cell-instructive surfaces by application of designed
surfactants possessing complex molecular architectures.
KEYWORDS: surfactant, high throughput, polymerization, critical aggregation concentration, CAC

1. INTRODUCTION

The rise of combinatorial chemistry approaches and high-
throughput (HT) methods represent a significant break-
through in the contemporary design and screening of new
materials.1−4 They have been demonstrated to be highly
important tools in the development of libraries of novel
chemistry/materials, where the functional properties of new
products cannot easily be predicted from current empirical
data. Polymer chemistry is highly suitable for the application of
these HT methods due to the variety of parameters that can be
systematically altered, for example, monomer types, initiators,
catalysts, solvents, reaction temperatures, and order of reagent
addition.5−7 In this case, the application of HT combinatorial

synthesis/screening approaches allows the rapid discovery of
polymeric candidates that exhibit specific targeted chemical,
physical, and biological properties, while using very small
reagent volumes, thereby saving significant time, materials, and
labor.8−12 For example, our combinatorial screening has
delivered significant advances in the field of biomaterials,
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including the discovery of (a) new poly(meth)acrylates that
are able to support stem cell expansion and differentiation13−15

and resist fungal colonization of surfaces16 /prevent bacterial
biofilm formation without killing the entities that contact the
surface17 and (b) novel methods to predict formulations that
will deliver gel formation/creation of dual-network materials.18

Furthermore, these studies have led to a commercialized
product in the form of a CE-marked urinary catheter.19

Free-radical polymerization is of particular interest for HT
screening since it does not necessarily require stringent process
conditions/pre-preparation of reagents and can be used for the
(co)polymerization of a wide range of vinyl monomers,
including (meth)acrylates, (meth)acrylamides, styrenyls, and
so forth.20 Consequently, there have been several reports in the
literature of successful examples of HT processing using
controlled radical polymerization (CRP) techniques, such as
reversible addition−fragmentation chain transfer and atom
transfer radical polymerization.8,21,22 However, the multi-
component complexity of the mechanisms and the high cost
of the reagents needed for these types of chemistries have
made it difficult to use HT processes as part of a scalable
design. In contrast, most commercial polymerization processes
achieve reaction control via the use of less complex systems

which adopt single-event chain-transfer agents (CTAs),17,20,21

for example, thiols. Alternatively, catalytic chain-transfer
polymerization (CCTP) has been shown to exhibit very high
levels of molecular weight control on a commercial scale, while
using very small quantities (ppm) of cobalt-based catalytic
CTAs.23−30

Herein, we report, for the first time, the successful use of two
chain-transfer mechanisms to control radical polymerization
(i.e., thiol-mediated radical polymerization and CCTP) within
an HT synthesis process to develop a library of novel
functional amphiphilic, polymeric surfactants (Figure 1a,b).
Surfactants, due to their amphiphilic character, have a huge

versatility in terms of their end-use applications as they are
fundamental to successfully delivering a variety of technologies,
for example, the formation of emulsions, personal care
products, and dispersed systems.31,32 Recently, both the
development of new CRP synthetic pathways33−35 and/or
the need to develop new functional materials with specific
biological activities have increased interest in these highly
functional materials.36−39 However, while they are often
necessary in order to create structures that are essential to
these applications, for example, responsible for the formation

Figure 1. (a) Library of 20 hydrophobic monomers employed in the HT synthesis with mPEGMA300 (clog P values are reported in Table S1). (b)
Reaction scheme for free-radical polymerization controlled by two different CTAs: PhCoBF and benzyl mercaptan.
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of micelles, their presence in a final formation can be
detrimental to its end-use performance.
This paper details a novel approach to the application of

such amphiphilic materials such that they not only are
responsible for the formation of the desired structure but
also deliver the primary biological function at the structure’s
surface. The report demonstrates the use of specific surfactant
designs based upon the data mining of HT data sets to control
the biological properties of the first monolayer of the resultant
material/particle surface structure. In this way, the use of the
surfactant becomes highly desirable and additive to the final
particle performance. Furthermore, from a commercial
perspective, this strategy limits both (a) the quantity of the
typically more costly, functional monomers required to
construct the surfactant and (b) its influence upon the
particle’s material properties. Rather, the bulk or core material
can dictate the macro-material properties of the particles, for
example, degradability and mechanical/material characteristics,
allowing these properties to be tuned by simply changing the
core monomer, while keeping the surfactant, and so biological
performance, the same. The control of surfactant functional
properties has been exemplified by evaluating their critical
aggregation concentration (CAC) using a new HT method.

2. RESULTS AND DISCUSSION
This paper reports the first application of the efficient, robust,
versatile, and industrially applicable CCTP methodology to the
copolymerization of a range of (meth)acrylate monomers
when adopting an HT synthesis methodology. The aim was to
produce a library of structurally differentiated, bio-instructive
amphiphilic polymeric surfactants.40−42 In particular, this study
broadens the nature of the hydrophobic, bio-instructive
monomers used to allow the design optimization of target
polymeric surfactants (i.e., surfmers) for both (a) delivery of
specific bioactivity and (b) application in microfluidic
processing to both generate micelles and deliver a unim-

olecular coating of bio-instructive materials and as such
extends the work reported in a prior paper by the authors.43

Specifically, the (meth)acrylate monomers chosen in this work
were previously screened and shown to exhibit positive bio-
instructive performance. For example, some demonstrated
increased attachment/proliferation of human cells (i.e.,
cardiomyocytes and human pluripotent stem cells) and others
inhibited bacterial attachment and biofilm formation (e.g.,
Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia
coli).15,17,44 The palette of (meth)acrylate-based hydrophobic
monomers (HbMs) used to generate this library of functional
polymeric surfactants was chosen to include a variety of
functional groups (e.g., benzyl, alkyl, fluorine, amine, and so
forth) and incorporate a range of hydrophobicities based on
their calculated log P values (i.e., clog P), where ALOGPS 2.1
online software was used for the calculation of the clog P
values.45−47

2.1. Feasibility Scale Screening (1.5 g) HT CCTP
Polymerizations. 2.1.1. HT Optimization for Molecular
Structure Synthesis. In the first sequence of copolymeriza-
tions, an initial screen was performed to study how the
hydrophobic monomer library responded to CCTP catalytic
control. Part of the screening involved varying the solvent
ratios from 1/2 to 1/3 v/v (mon/solvent) to determine
whether the concentration of the reaction mixture affected the
final composition of the polymers, especially in terms of
molecular weight. Moreover, in the case of the HPhOPA-co-
mPEGMA300 and EGPhEA-co-mPEGMA300 copolymers,
additional monomer/solvent ratios (1/4 and 1/5 v/v) were
explored because of the high viscosity exhibited by the starting
materials.
These first CCTP reaction screening experiments resulted in

the successful HT synthesis of a library of copolymers from 13
of the HbMs (Figure 2a) that exhibited the desired target
molecular structure. In the majority of cases, the conversion
was 50% or greater, which provided sufficient material to allow

Figure 2. (a) % Conversion determined by 1H NMR while varying the solvent/monomer ratio determined by 1H NMR. (b) % Conversions from a
further screen using a reduced catalyst concentration (650 and 450 ppm) determined by 1H NMR. (c) Comparison of the % conversion and Mn
between the small scale (1.5 g) and large scale (10 g) determined by 1H NMR and GPC, respectively. The crossed boxes indicate monomers where
no conversion was observed.
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further analysis and testing. However, seven of the hydro-
phobic monomers (DMPAm, DMAPA, F7BMA, DMA, iBMA,
iBuMA, and NMEMA) did not form any copolymers or
produced yields less than 30% under these initial conditions.
Three potential causes were identified for this disruption of the
CCTP mechanism: (a) the presence of moieties in the
monomer which prevented the necessary change in the
transition state of the cobalt complex,48,49 (b) the reactivity
of the monomer was so low that the PhCoBF preferentially
interacted with the newly generated radical prior to it being
involved in initiation, and/or (c) the relatively high PhCoBF
concentration (850 ppm), chosen to improve the conversion of
the less reactive acrylates present in the series, may have
inhibited polymerization of the methacrylates.50,51 Thus, a
relatively high PhCoBF concentration (850 ppm) had been
chosen in the standard polymerization procedure due to the
greater number of acrylate monomers present in the test series,
which is known to cause inhibition of the free-radical reaction
when methacrylates are involved.50

In light of the aforementioned hypothesis (c), a second
series of copolymerizations were conducted with the
methacrylate monomers from the CCTP “failure” subset (i.e.,
NMEMA, iBMA, iBuMA, and DMA) and included FuMA as it
had a low yield in the initial screen. These were conducted

with reduced CTA concentrations, 650 and 450 ppm (Figure
2b).
The results from these copolymerizations separated into two

groups with both FuMA-co-mPEGMA300 and NMEMA-co-
mPEGMA300 showing a net improvement in the yield
achieved with 450 ppm of the catalyst. The former increased
from ∼30% with 850 ppm to ∼60% using 450 ppm of the
catalyst, while the conversion of the latter reached up to 50%
with 450 ppm. Thus, it was concluded that these reactions
were retarded due to low monomer reactivity. By comparison,
the iBMA-, iBuMA-, and DMA-co-mPEGMA300 copolymer-
ization still did not form a polymer under these reduced CTA
regimes. Thus, their lack of reactivity was attributed to steric
hindrance from the large pendant groups that are directly
attached to the chain (i.e., no flexible spacer group is present),
encouraging a combination of (a) enhanced radical stability
and (b) reduced chain end reactivity with the complex, thereby
encouraging PhCoBF to interact directly with the initiator
radical prior to initiation.52

Due to the screening nature of the work contained in this
study, a fundamental investigation into specific monomer
reactivity behavior that was exhibited within the HT strategy
was considered beyond the scope of the work. These reactivity
observations, which are thought to relate to factors such as

Table 1. Mn, Đ, Final Copolymer (Hydrophobic Monomer (HbM)/mPEGMA300) Ratio for the CCTP Initial Screening and
Optimization with mPEGMA300 Using a Feed Ratio of 90/10 mol/mol, Different Solvent Ratios, and Different Catalyst
Concentrations

entry HbM clog P solvent monomer ratio [v/v] PhCoBF (ppm) Mn
a (kDa) Đa final HbM/PEG ratiob [mol/mol]

1 NMEMA 0.47 3:1 650 2.55 1.50 88:12
2 NMEMA 3:1 450 1.77 1.77 93:7
3 THFuA 1.01 2:1 850 14.69 2.18 94:6
4 THFuA 3:1 850 10.64 2.45 91:9
5 EA 1.24 2:1 850 18.21 2.23 90:10
6 EA 3:1 850 13.04 2.46 88:12
7 HPhOPA 1.94 2:1 850 25.3 3.58 89:11
8 HPhOPA 3:1 850 15.31 3.76 91:9
9 HPhOPA 4:1 850 13.13 2.84 90:10
10 HPhOPA 5:1 850 15.00 3.61 91:9
11 FuMA 2.01 2:1 850 0.94 1.19 87:13
12 FuMA 3:1 850 0.99 1.20 87:13
13 PhA 2.08 2:1 850 16.71 2.47 89:11
14 PhA 3:1 850 12.88 2.56 88:12
15 iBuA 2.14 2:1 850 17.82 2.64 89:11
16 iBuA 3:1 850 15.00 2.71 89:11
17 BuA 2.20 2:1 850 10.7 2.16 88:12
18 BuA 3:1 850 14.34 2.24 89:11
19 EGDPEA 2.28 2:1 850 7.26 2.27 91:9
20 EGDPEA 3:1 850 4.40 2.19 87:13
21 EGPhEA 2.33 2:1 850 29.3 3.70 93:7
22 EGPhEA 3:1 850 14.50 3.73 88:12
23 EGPhEA 4:1 850 6.46 2.24 87:13
24 EGPhEA 5:1 850 9.32 2.19 89:11
25 PhMA 2.48 2:1 850 3.00 2.48 94:6
26 PhMA 3:1 850 2.50 2.54 92:8
27 MAEA 2.85 2:1 850 1.50 1.21 68:32
28 MAEA 3:1 850 1.20 1.16 63:37
29 HA 3.27 2:1 850 20.66 2.90 93:7
30 HA 3:1 850 15.42 1.90 93:7
31 LaA 6.13 2:1 850 18.54 2.29 96:4
32 LaA 3:1 850 13.50 2.80 87:13

aMn and Đ were calculated by GPC. bFinal copolymer ratios were calculated by 1H-NMR.53
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catalyst solubility/comparability within the reaction mixture,
monomer solution viscosity, and so forth are now under
investigation in more mechanistic detail.
2.1.2. CCTP Screen Copolymer Characterization. The Mn

obtained for the majority of the copolymers varied between 1.5
and 15 kDa, which was within the targeted range (Table 1).
In addition to the hydrophobic monomer type, the initial

screen also investigated the effect of monomer concentration,
where varying the monomer/solvent ratio from 1/3 to 1/2 v/v
was noted to affect the Mn, with the most concentrated
conditions producing an increase in the Mn of up to 30%. This
may be due to a higher rate of chain transfer to the solvent or
that CTA is less likely to meet a chain end under the dilute
conditions. Meanwhile, the variation of the solvent/monomer
ratio did not significantly alter the final values of Đ of the
product surfactants. Typically, the copolymers bearing a
hydrophobic methacrylate comonomer (PhMA, NMEMA,
and FuMA) exhibited lower Mn values of around 2 kDa,
even when lower CTA concentrations were applied, confirm-
ing that the chain-transfer process from the catalyst worked
more efficiently with these monomers.
Table 1 also contains the final molar composition of these

materials; this defines the balance between the hydrophilic and
hydrophobic moieties and so the ability of the surfactant to
self-assemble. The final copolymer ratios, that is, the final
relative monomer compositions inside the polymer backbone,
were determined via 1H NMR analysis of the purified
copolymers and showed that all the surfactants were close to
the feed ratio target range, that is, within the range of 80/20 to
95/5, with the exception of MAEA-co-mPEGMA300. This
particular surfactant exhibited a hydrophobic monomer/
mPEGMA300 ratio of around 68/32. This was attributed to
the fact that there are multiple double bonds in this monomer
structure, potentially presenting several potential sites for the
radical to interact with.
The characterization data in Table 1 identified that CCTP

was a versatile method for the polymerization of a wide range
of acrylates/methacrylates and demonstrated that it is a robust
process broadly applicable to HT methods, thus capable of
generating copolymer libraries. However, it was noted that the
monomers with multiple double bonds studied in this work are
a potential exception for the reasons given above.
2.2. Up-Scaled Screening (10 g) HT CCTP Polymer-

izations. A scalability screen to investigate the scale-up of the

CCTP-based HT copolymerizations from 1 to 10 mL was then
conducted on a subset of four polymers as a proof-of-concept
study. The four polymers were selected based on their
chemical functionalities and the experimental conditions
required to synthesize them on a small scale. THFuA-co-
mPEGMA300 and EA-co-mPEGMA300 were chosen because
they contained an acrylate group. HPhOPA-co-mPEGMA300,
while also an acrylate, exhibited high viscosity and thus
required a monomer/solvent ratio of 1/5 v/v. Finally,
NMEMA-co-mPEGMA300 was included both as a representa-
tive methacrylate and because of its amine pendant group. This
scale-up experiment was conducted employing the same
reaction conditions previously adopted during feasibility
screening without further optimization. The data confirmed
the robustness of the CCTP process, when applied at a larger
scale, as without any specific alterations under reaction
conditions, almost identical Mn (Figure 2c) and reactivity
ratios and a high conversion in the final product were retained
(Figure 2c). These results are reported in detail in Table S2.1.

2.3. Feasibility (1.5 g) Scale HT Thiol-Mediated Free-
Radical Polymerization. A second industrially exploited
CTA, benzyl mercaptan (BzSH), was employed to further
investigate the hypothesis that the “failure” of some CCT-
based HT polymerizations was due to intrinsic limitations of
the control method rather than a flaw with the automated
process. This model thiol CTA was added at two different
concentrations: 5 and 10% mol/mol relative to the monomers.
The hydrophobic monomers used for this sequence of
experiments were DMPAm, DMAPA, DMA, F7BMA, iBMA,
and iBuMA, and the monomer/solvent ratio adopted was 1/3
v/v. Typically, the thiol-mediated polymerization produced
hydrophobic monomer-co-mPEGMA300 copolymers at high
conversions, ∼80−85%, at both BzSH feed concentrations
(Table 2).
The exception was the DMPAm-co-mPEGMA300 copoly-

mer that only achieved an ∼55% conversion, which was still
above the targeted level set. This may be linked to poor
reactivity between the hydrophobic monomer and the thiol
due to the presence of the amine group. The Mn achieved
ranged from 3 to 13.4 kDa (Table 2), again within the targeted
range. Unfortunately, in the case of iBuMA-co-mPEGMA300,
it was not possible to separate the polymer from the reaction
mixture via non-solvent precipitation, so further character-
ization could not be performed. The Mn values were noted to

Table 2. Conversion, Mn, Đ, Final Copolymer Ratio, and Conversion Data for the Hydrophobic Monomers (HbM): iBMA,
iBuMA, DMA, DMAPA, DMPAm, and F7BMA-Based mPEGMA300 Copolymers Using Thiol-Mediated Free-Radical
Polymerization with a Target Feed Ratio of 90/10 mol/mol

entry HbM/mPEGMA300 BzSH [% mol] (%) Mn
a [kDa] Đa final HbM/PEG ratiob [mol/mol] % convb

1 iBMA 5 7.10 1.44 92:8 87
2 iBMA 10 3.60 1.43 93:7 85
3 iBuMA 5 6.88 1.67 N/A 90
4 iBuMA 10 4.92 1.43 N/A 88
5 DMA 5 5.40 1.43 93:7 80
6 DMA 10 3.00 1.39 92:8 86
7 DMAPA 5 8.70 1.48 95:5 90
8 DMAPA 10 7.22 1.45 93:7 84
9 DMPAm 5 6.50 2.4 86:14 90
10 DMPAm 10 4.11 2.65 89:11 92
11 F7BMA 5 6.31 1.2 92:8 90
12 F7BMA 10 5.21 1.2 93:7 88

aMn and Đ were calculated by GPC. bFinal copolymer ratios were calculated by 1H-NMR.53
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depend on the amount of BzSH present, as would be expected
for a reaction under CTA control. However, it should be noted
that the final molecular structures differ from the CCTP
materials in that a portion of the product will contain a new
heteroatom containing the end group (BzS-) and the terminal
groups will all be fully saturated. Therefore, there would be no
opportunity for post-functionalization/chain transfer with
these materials.
2.4. HT Evaluation of CAC. To evaluate the threshold at

which the amphiphilic copolymers transition between existing
as single chains in solution and becoming nanoaggregates, an
assessment of their CAC was conducted. The CAC can also be
considered as one of the indicators for micelle stability, which
is an important factor when amphiphilic polymers are used as
surfactants.54 However, in practice, collecting data is a labor-
intensive and time-consuming activity. Thus, if conventional
methodologies were to be adopted, that is, the preparation of
stock emulsions/suspensions at the fixed concentration of 500
μg/mL and the subsequent 12 serial dilutions (up to 0.05 μg/
mL), for traditional manual nanoprecipitation, this would
become a pinch point in any HT pipeline of surfactant design
and validation.
Thus, an automated HT method of CAC evaluation was

developed and applied. This involved employing a 2D-picoliter
piezoelectric inkjet printer (Sciflexarray S5, Scienion) to
produce a miniaturized and automated serial dilution system,
which utilized a manually pre-prepared stock solution, as
described in the experimental section.55 The advantage of this
system dwells in its ability to deliver very small aliquots of the
material, precisely. Thus, very low concentrations can be
achieved, while avoiding intermediate dilutions. Furthermore,
the entire set of the 228 dilution samples could be achieved in
just three 96-well plates, vastly reducing the waste from this
analysis program. A dynamic light scattering (DLS) plate
reader was then used to measure the count rate of each well,
which was the result of an average of 10 measurements at a
fixed laser power set via the attenuator. A rapid increase in the

gradient, when plotting the intensity values at the various
explored concentrations as a function of the log values of
concentration (μg/mL), allowed the CAC value to be
identified (Figure S2.1).54−56 This increase is due to the
change in the intensity of the scattered light from the solutions
before and after the micelle/aggregates are formed. In this case,
the use of the 3D comb-graft molecular structure of these
surfactants led to this transition being less sharply defined than
that exhibited by low-molecular-weight surfactants. This is due
to monomer pendant groups influencing both the folding of
the backbone chain and polymer−polymer interactions. Thus,
the CAC values (Table 3) of the 19 amphiphilic copolymers
were taken from the intersection of the best fit extrapolated
lines as shown in Figure S2.1.
The copolymers from both polymerization techniques

(CCTP and thiol-mediated) showed CAC values with the
same order of magnitude, suggesting that the copolymer end
group did not greatly influence micelle formation. Overall,
when the hydrophobic/hydrophilic monomer ratio was similar
to the target 90/10 mol/mol (hydrophobic monomer/
mPEGMA300), the CAC values were between 3.5 and 22
μg/mL. While there are limited data in the literature quoting
pre-measured CAC values, the surfactant literature contains a
plethora of quoted and cross-referenced critical micelle
concentration (cmc) data. The cmc defines the point at
which amphiphilic molecules assemble into larger spherical
aggregates, whereas CAC determines the concentration at
which premicellar aggregates are formed. Thus, both reflect the
point at which molecular self-assembly occurs. Comparison of
the data above with the extensive body of literature tabulated
cmc values of well-known, commercially available surfactants
showed that these values were comparable to those of a range
of commercial surfactants, For example, Tween 80 (cmc = 12.0
μg/mL), Brij 30 (4.8 μg/mL), Brij 56 (2.4 μg/mL), Brij 58
(8.4 μg/mL), Brij 76 (3.6 μg/mL), Brij 78 (6.8 μg/mL), and
Brij 721 (4.7 μg/mL).57,58 This suggests that the self-
assembling behavior and stability of the resultant micelles

Table 3. CACs and Size of the Surfactant Aggregates Obtained from the HT Method Using Either CCTP or Thiol-Mediated
Free-Radical Polymerizationa

entry copolymer CAC [μg/mL] size at the CAC [nm] size above CAC [nm] final HbM/PEG ratio

1 (EGDPEA-co-mPEGMA)CCTP 8.4 122 110 87:13
2 (iBMA-co-mPEGMA)BzSH 5.0 103 104 92:8
3 (PhA-co-mPEGMA)CCTP 10.3 180 183 88:12
4 (THFuA-co-mPEGMA)CCTP 11 249 247 91:9
5 (MAEA-co-mPEGMA)CCTP 20.0 158 146 63:37b

6 (BuA-co-mPEGMA)CCTP 9.5 161 167 89:11
7 (EA-co-mPEGMA)CCTP 13.0 157 150 88:12
8 (LaA-co-mPEGMA)CCTP 4.0 199 196 87:13
9 (F7BMA-co-mPEGMA)BzSH 18.0 98 71 93:7
10 (DMPAm-co-mPEGMA)BzSH 16.1 124 135 86:14
11 (HA-co-mPEGMA)CCTP 8.2 88 96 93:7
12 (DMAPA-co-mPEGMA)BzSH 22.0 103 101 95:5
13 (FUMA-co-mPEGMA)CCTP 9.5 216 231 92:8
14 (DMA-co-mPEGMA)BzSH 4.5 170 163 93:7
15 (PhMA-co-mPEGMA)CCTP 9.0 274 365 92:8
16 (iBuA-co-mPEGMA)CCTP 4.5 109 102 89:11
17 (NMEMA-co-mPEGMA)CCTP 13.0 218 220 93:7
18 (HPhOPA-co-mPEGMA)CCTP 3.5 145 145 91:9
19 (EGPhEA-co-mPEGMA)CCTP 6.5 204 204 87:13

aAggregates were not detected below the CAC. bAs the (MAEA-co-mPEGMA)CCTP copolymerization ratio was outside an acceptable range limit of
between 80:20 and 95:5, it was excluded from the data comparison.
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could be compared to those of these commercially available
surfactants. Furthermore, a review of the data, log CAC versus
clog P for the hydrophobic monomer monomers, highlighted a
general linear downward trend (R2 0.8304) with the increasing
hydrophobic monomer clog P values and confirmed that the
bulkier monomers led to lower log CACs (Figure 3a).
Finally, we sought to confirm that these CAC values

predicted by the HT technique were truly representative of the
actual properties of each candidate and not an artifact of the
technique. The sizes of the colloidal mixture particles were
measured using standard preparation techniques when the
systems for each surfactant were below, at, and above the HT-
predicted CAC (Table 3). This analysis demonstrated that at a
concentration of 0.05 μg/mL, that is, 40 times below the
determined CAC of the 18 surfactants, no aggregates were
observed. However, once the systems were at or above (i.e.,
∼100 μg/mL) the HT predicted values for CAC, the size
measurements confirmed the formation of aggregates as their
hydrodynamic diameters could be detected via DLS.
While in general terms the relationship between the CAC

and log P was encouraging, it was clear from the DLS
measurements that not all the amphiphilic molecules exhibited
as good a correlation. Of the 18 variants explored, one
surfactant (F7BMA-co-mPEGMA300) appeared to exhibit an
overestimation of the CACs when compared to the clog P
values, whereas two (HPhOPA-co-mPEGMA300 and iBuA-co-
mPEGMA300) presented apparent underestimations of the
same property. Thus, it was proposed that the hydrophobic
character of the hydrophobic monomers is not the only
parameter driving/defining the self-assembling and nano-
aggregate stability of these materials.
Such examples of empirical evaluation indicating greater

levels of complexity in polymeric quantitative structure−
activity relationships have precedent from similar HT-based

studies.59 Furthermore, extended evaluation and cross-
referencing of the influence of various molecular descriptors
on materials properties have been shown to be capable of
developing more exact correlations between the monomer/
polymer molecular structure and application performance.59−61

Thus, such a computationally based cross-referencing
evaluation was conducted using the CAC data obtained in
this study in order to resolve the outlying data. To achieve this,
the contribution to influence upon the CAC versus log P
correlation of a broad range of structural features was evaluated
in silico. These included the potential for bond rotation,
physical intermolecular interactions between functional groups,
pendant group steric bulk, and so forth.

2.5. Predictive Computational Model Development.
Machine Learning Data Analysis was performed by applying a
linear multiple regression model using a total number of
20,300 molecular descriptors that considered that all the
surfactants possessed the theoretical molar contribution of
∼90/10 mol/mol hydrophobic monomer/mPEGMA300. The
experimentally derived data have been shown in Figure 3a, and
the model performance has been summarized in Figure 3b,c.
Figure 3b contains the results of a modelling exercise

conducted using 18 synthesized surfactants, and it shows that
the best performing model provided a correlation value (r2) of
0.89, a root-mean-squared error (RMSE) of 0.074, and a leave-
one-out cross-validation root-mean-squared error (LOOCV
RMSE) of 0.090. When this new set of data was compared
with the r2 value (0.83) of the direct experimental comparison,
depicted in Figure 3a, a significant improvement in the fit of
the data by using the derived model was observed.
Furthermore, given that the LOOCV RMSE value is close to
RMSE, it is possible to conclude that the generated
computational model is sufficiently robust.

Figure 3. (a) Logarithmic values of the calculated CACs were plotted against the value of the log P of 14 hydrophobic monomers. CACs of three
surfactants with hydrophobic monomers in the rectangle (a−c) have been excluded from the trend. (b) Experimental log CAC values are plotted
against the predicted log CAC values, and performance metrics are shown. (c) Scatter plot showing how the equation fits the data.
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To better understand how well the model performs in terms
of a “better-than-random prediction”, the RMSE value has
been compared to the standard deviation of the log CAC value
(σlogCAC). This comparison is important in order to establish
the quality of the performance of the regression linear model.
A poor regression would lead to an RMSE that is equivalent to
the standard deviation of the log CAC value. In this study, the
relationship between these two factors was calculated to be
3.027 (see eq S2.1 in the Supporting Information document
for calculations). This suggests that the model performs more
than threefold better than a random model.
The relationship shown in Figure 3c is derived by the

regression model obtained by multiplying the initial broad set
of 200 descriptors by each other and by themselves to widen
the feature space, without any research biased, and thus to have
access to new combined descriptors. The first combined
descriptor is f retherPEOEVSA6, and the second one is
qedFpDensityMorgan1. The original equation generated by
the model is shown in eq 1

= − *

− * +

fr PEOE

qed FpDensityMorgan

log CAC 0.286( )

0.150( 1) 0.933
ether VSA6

(1)

Equation 1: Derived mathematical relationship between log
CAC and the linearly combined descriptors.
Consequently, these components of this equation generated

by the model can be equated to a linearized relationship (i.e., y
= mx + c) where =m 1; x = [−0.286( f rether*PEOEVSA6) −
0.150(qed*FpDensityMorgan1)], and c = 0.933.
The descriptors, shown in the predictive equation above, are

poorly/weakly cross-correlated. In fact, the r2 value between
the two combined factors (qedFpDensityMorgan1 and
f retherPEOEVSA6) is equal to 0.48, while the single components
of qedFpDensityMorgan1 and f retherPEOEVSA6, alone, show r2

values of 0.01 and 0.05, respectively. The poor correlation is,
again, an underlying indication that the prediction performance
of the model is not affected by feature overlapping or
redundancy, thus demonstrating its high level of robustness.
In order to give an interpretable molecular meaning to these

descriptors, they have been associated to tangible physical
features/molecular characteristics of the polymer. This
connection is of importance as the ultimate aim is to fully
understand how to translate these model data into the
molecular design of new polymers with tailored properties.
Examples from literature reports define the specific compo-
nents of the descriptors as follows: (a) PEOEVSA6 is a measure
of the electrostatic interactions within the molecule,62 (b) qed
quantifies the “drug-likeness” of the molecule,63 (c) f rether is the
number of ether oxygen species in the molecule, and (d)
FpDensityMorgan1 pertains to the influence of steric bulk and
the number of heavy atoms present in the structure.64 In
polymer terms, this has been hypothesized to relate to (a) the
potential levels of inter-chain interactions, (b) the ability of the
hydrophobic monomers to be a hydrogen-bond donator and
acceptor, (c) the quantity of the PEG hydrophile that is in the
surfactant, and (d) the hydrophobic monomer pendant group
steric hindrance and molecular mass.65 Thus, it has been
concluded that the results obtained with this prediction model
are very promising, considering the limited number of
materials for which practical results existed. These computa-
tional findings represent a powerful tool which will enable the
rapid and accurate design of a broad range of polymeric

surfactants that exhibit both biological functionality and
tunable self-assembling features without the need of a wide-
ranging screening program.

2.6. CONCLUSIONS
The reported results demonstrate the successful combination
of three HT processes to rapidly design, produce, and define
the aggregation properties of a library of novel, cell-instructive
surface-active polymers. This strategy underpinned the delivery
of specific bacterial responses from particle surfaces produced
via microfluidic processing. The surfactants are used to both
stabilize particle formation and direct the cell-instructive
polymer to the surface of the particles as a unimolecular
thick coating.43 Additionally, conducting these operations in a
single step maximized the efficiency of the use of the cell-
instructive monomers adopted to construct the surfactants and
so reduce cost and waste. It also allows the potential for the
bulk material properties to be varied independently from the
surfactant by simply changing the core monomer that forms
the particle.
The strength of applying HT screening and synthesis was

successfully demonstrated by the conversion of 20 key bio-
instructive functional monomers into comb-graft copolymers
suitable for use as a surfactant at small (1 g) and large (10 g)
scales within a week. It was enhanced by the successful
development of a novel HT strategy to establish the quality of
the surfactants produced. A rapid, fully automated method of
determining the CAC of these materials was achieved via the
use of an inkjet printer at the well plate scale. These data from
this property screen were then utilized to build a proof-of-
concept computational model to assess the molecular
descriptors that identified the four key molecular drivers that
underpin the CAC properties of these types of complex, comb-
graph, architectural polymers.
Thus, the combination of known HT bioscreening, synthesis

techniques and a novel HT inkjet printer-based CAC assay
have successfully led to the generation of a range of novel, bio-
instructive materials that deliver surface bacterial/cell
responses of great interest. This practical strategy, combined
with the novel computational assessment of the molecular
factors that define surfactant behavior of these complex types
of molecular architectures, represents a very powerful tool to
allow “on-demand” product/property design from high-
performing surfactant materials, such as those required to
expand the use of such bio-instructive surfaces into many new
biologically driven applications.
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